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Abstract 
Children spend a quarter of their waking life in classrooms and as the main occupants of 

primary schools represent a vulnerable group. Studying individual aspects of Indoor 

Environment Quality (IEQ) is important for its impact on productivity, comfort, health and 

the well-being of building occupants. On the other hand, IEQ is significantly impacted by 

adaptive behaviours that influence energy consumption, indoor environment or state of 

comfort. Therefore, concerns over the environmental quality of primary school 

classrooms are growing. IEQ is grouped into four main categories: thermal comfort, 

indoor air quality (IAQ), visual and acoustic comfort. This thesis aims to investigate 

children’s thermal comfort, IAQ and visual comfort to find out how they are related to 

children’s adaptive behaviours, IEQ and overall comfort. This thesis was done in eight 

primary schools in Coventry, UK, during Non-Heating and Heating seasons. Through 

transverse sampling, 805 children were observed, and 1390 questionnaires were 

collected in 32 naturally ventilated classrooms. Results suggest that children’s thermal 

comfort (TC(children)) is 1.9K and 2.8K lower than that for adults (TC(CEN)) during non-heating 

and heating seasons, respectively. Yet, around 80% of window operations are carried 

out by teachers who have a higher comfort temperature than children. Children’s 

perception of IAQ is related to both CO2 levels and operative temperatures (Top), 

therefore, Top should be kept within children’s comfort temperature to improve perceived 

IAQ. To provide IAQ and have CO2 levels of 1000±50 ppm, average occupancy densities 

are suggested to be 2.3±0.05m2/p and 7.6±0.25 m3/p. These values correspond to the 

classroom area of 62.1±1.35 m2 and volume of 205.2±6.75 m3 with a height of 3.3 m. It 

is also shown that IAQ is mostly affected by occupants’ adaptive behaviours than other 

occupant-related factors. ‘Open area’ as the most important environmental adaptive 

behaviour is the reflection of Contextual, Occupant and Building (COB) factors. To have 

VR of 8±1.28 l/s.p during non-heating seasons and VR of 8±1.07 l/s.p during heating 

seasons, average open areas of 3.8m2 and 2m2 are required, respectively. This 

difference which is due to the temperature difference between inside and outside should 

be considered by schools’ designers in window design to provide a suitable thermal 

environment, adequate natural ventilation and facilitate the engagement of both teachers 

and children with controls. The results suggest that the highest priority should be given 

to controls that provide IAQ and thermal comfort.  

Keywords: Indoor Environment Quality, Thermal Comfort, Indoor Air Quality, Visual 

Comfort, Children, Adaptive Behaviours, Primary Schools  
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Chapter 1 
1. Introduction 

1.1. Research Background 
Education is often thought of as the cornerstone of each society (Williams, J. 2017) and 

excellence in education is the aim of any modern society (Almeida, R. M. S. F. and De 

Freitas, V. P. 2014). The primary purpose of school buildings is to provide students with 

ideal places for their learning and development (Chatzidiakou, L. et al. 2012). There is a 

strong demand for better conditions in school buildings to improve students’ overall 

educational experience (Catalina and Iordache 2012). Poor classroom environments 

affect children’s health (Ghaziani 2008) and academic performance (Greene et al. 2012, 

Wyon, D. et al. 2010).  

Schools are likely to suffer from poor indoor environmental conditions due to the shortage 

of funding in the educational sector (Schneider 2002). The government implemented 

ambitious programs for replacing or renewing every school in England (Williams, J. 

2017). Primary Capital Programme (PCP) and Building Schools for Future (BSF) were 

proposed in 2003 and 2006, respectively (Ghaziani 2008). However, these programmes 

were cancelled following a change in government in 2010 due to the high costs and 

school’s failure to provide acceptable indoor environments (Williams, J. 2017, 

Montazami et al. 2015). Therefore, it was planned to focus on the schools in greatest 

need, leading to the development of the current Priority School Building Programme 

(PSBP).  

Due to the fast-growing population in the UK and the demand for new schools, retrofitting 

and maintenance is necessary (Chatzidiakou, E. 2014). Indeed, improving classrooms’ 

Indoor Environment Quality (IEQ) is a great opportunity for the economy and the future 

of any country. Fry et al. (2008) state that it is essential to provide all comfort aspects in 

classrooms because the learning process happens through various senses (i.e. listening, 

speaking and visualizing). In the 1990s, it was acknowledged that occupant’s discomfort 

and complaints about the indoor environment were not caused by one single parameter 

(Fransson et al. 2007). The concept of IEQ is grouped into four main categories: thermal 

comfort, indoor air quality (IAQ), visual comfort and acoustic comfort (Dorizas et al. 

2015a, Astolfi and Pellerey 2008). Nagano and Horikoshi (2005) suggest that the 

purpose of combining different environmental factors is to clarify the individual effects of 

each factor and their interaction.   
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Not considering IEQ aspects in schools design creates uncomfortable conditions for both 

staff and students, therefore, evaluation and quantification of IEQ should be investigated 

during the design process (Santamouris, M et al. 2007, Theodosiou and Ordoumpozanis 

2008). Designing schools that can provide IEQ responsive to different aspects of comfort 

can be challenging because different aspects of comfort may conflict with each other 

(Montazami and Nicol, F. 2012). The feeling of comfort is a composite state involving 

occupants’ sensations of all interrelated physical parameters (Kruger and Zannin 2004, 

Nagano and Horikoshi 2005). It is important to find a balance between different aspects 

of IEQ (Vanhoutteghem et al. 2015) to have comfortable buildings. This thesis 

hypothesises that this balance can be impacted by adopting personal or environmental 

adaptive behaviours.  

Occupants usually respond to discomfort in two regulative ways: by adapting their 

environment (environmental adaptive behaviour) or adapting themselves (personal 

adaptive behaviour) (Heerwagen and Diamond 1992, Nicol, J.F. et al. 2004). The UK 

National Adaptation Programme 2018 (NAP) proposes a change in occupant behaviour 

to mitigate the risk of overheating due to global warming. The number of environmental 

adaptive behaviours practised in classrooms depends on the way classrooms are 

ventilated, cooled, heated and lit. Furthermore, controls are usually not designed based 

on children’s physical differences, which can make their environmental adaptive 

behaviours more difficult. Furthermore, children are usually not aware of the 

consequences of their behaviours on energy consumption or indoor environment.  

Global warming is recognised as having a significant impact on the ecosystem, weather, 

health, etc. by an increase in the average global temperature during the last 50 years 

(Wu, J. 2015). Much attention is focused on ways to mitigate the causes of climate 

change, mainly by minimising the use of fossil fuels to generate the energy used in 

buildings. The heavy dependence on air conditioning is one of the key causes of climate 

change (Wu, J. 2015) and global warming. Air-conditioned buildings in the UK consume 

nearly 50% more energy than naturally-ventilated buildings (Baker and Steemers 2000). 

Natural ventilation is a passive cooling strategy that helps reduce CO2 emissions and 

buildings‘ energy consumption (Gratia and De Herde 2003, McCartney and Nicol, J.F. 

2002). Due to climate change and rise in temperature, maintaining thermal comfort, IAQ 

and reducing the risk of overheating in naturally ventilated school buildings are becoming 

a major concern. To deal with global warming, it is significant to improve IEQ in naturally 

ventilated schools and facilitate adaptive behaviours. There is an urgent and increasing 
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demand to design healthy and comfortable school buildings and retrofit existing ones 

based on IEQ aspects.  

1.2. The Rationale of the Research 

The rationale of this research is related to the significance of IEQ in schools, adaptive 

behaviours and occupant-related factors. Children spend a quarter of their waking life in 

classrooms (Luther et al. 2017) and as the main occupants of primary schools represent 

a vulnerable group (Lee, S. C. and Chang 2000, Godoi, R. H. M. et al. 2009). Therefore, 

concerns over the environmental quality of primary school classrooms are growing and 

it is vital to maintain appropriate indoor environmental conditions in schools 

(Chatzidiakou, L. et al. 2015c).  

• Studying individual aspects of IEQ is important for its impact on productivity (Lee, M. 

C. et al. 2012, Mendell, M. J. and Heath 2005), comfort (Asadi et al. 2017, Wargocki, 

P 2009), health, the well-being of building occupants (Wargocki, P 2009, Heinzerling 

et al. 2013), energy use and heat loss (Mendell, M. J. et al. 2013, Coley et al. 2007). 

Poor IEQ results in Sick Building Syndrome (SBS), such as feeling cold, headache, 

dizziness, confusion, nausea, fatigue, respiratory problems and irritation of eyes, 

throat, nose and skin (Yee 2014). IEQ should be improved to increase productivity 

and performance (Lee, M. C. et al. 2012, Mendell, M. J. and Heath 2005), otherwise, 

learning and academic activities may be compromised (Mendell, M. J. and Heath 

2005, Barrett, P. et al. 2013) through discomfort or distraction (Mendell, M. J. and 

Heath 2005).  

• On the other hand, IEQ is significantly affected by adaptive behaviours. The output 

of all adaptive behaviours would be a change in energy consumption (Menezes et al. 

2012, Humphreys, M. et al. 2007), indoor environment or state of comfort (Heebøll 

et al. 2018, Nicol, J. F. and Humphreys, M. A. 1973). Adaptive behaviours 

continuously interact with each other and cannot be regarded as singular (Fabi et al. 

2012). Adaptive Behaviours also affect occupants’ forgiveness and satisfaction 

(Leaman and Bordass 1999, Humphreys, M.A. 2005), their tolerance of higher 

temperatures and reported discomfort (Brager, G et al. 2004). Occupants who can 

control their environment suffer from fewer building-related symptoms (Brager, G et 

al. 2004, Toftum, J. et al. 2009) and report lower degrees of discomfort (Raja, I.A. et 

al. 2001).  

• Children’s adaptive behaviours and their perception of IEQ can be different than that 

for adults due to differences in occupant-related factors as following:  
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o Children have physical and physiological differences with adults (Havenith 2007, 

Teli et al. 2013), which makes them more vulnerable and less resistant to health 

risks from the environment (De Giuli et al. 2012, Vilcekova et al. 2017). 

Physically, children have a smaller body surface area and narrower airways 

(Ciencewicki et al. 2008, Smith et al. 2000). Their organs, tissues and immune 

system are not fully developed (Wargocki, P and Wyon, D. P. 2007b) and their 

body’s defence against infection is limited (Smith et al. 2000). Children breathe 

in more air (approximately 50% more) into their developing lungs relative to their 

body weight (Kalimeri et al. 2016, Moya et al. 2004). Physiologically, children 

have higher metabolic and respiration rates (Nam et al. 2015), which results in 

children producing heat at a rate of 85% of that for adults (CIBSE Guide B2 2016).  

o Children’s environmental adaptive behaviours are more limited than that for 

adults (Wang, Y. et al. 2015, Haddad et al. 2016) because teachers mainly 

control classrooms. The impact of poor IEQ on children is exacerbated because 

they usually do not complain about it (Wargocki, P and Wyon, D. P. 2013, Zhang, 

D. and Bluyssen 2019).  

o Classrooms are more crowded than other workplaces (Wargocki, P and Wyon, 

D. P. 2007b, Clements-Croome, D. J. et al. 2008) and occupancy density of 

classrooms is about four times higher than that of office buildings (Katafygiotou 

and Serghides 2014).  

o Children’s perception of IEQ can negatively be affected by external factors, such 

as the type of their work (Wargocki, P and Wyon, D. P. 2007b, 2013) and their 

stress level (Dascalaki and Sermpetzoglou 2011). Children’s work in schools is 

almost always new to them, while adults frequently perform routine tasks 

(Wargocki, P and Wyon, D. P. 2013). Thus, the impact of environmental 

conditions on schoolwork performance is larger than that on office-work 

performance by adults (Lan et al. 2011). 

Integrated aspects of IEQ including thermal, visual, olfactory and acoustic stimuli can 

influence comfort and adaptive behaviours differently. A clear understanding of Indoor 

Environment Quality (IEQ) in schools and corresponding personal and environmental 

adaptive behaviours are required under various climatic conditions.  

1.3. Research Gaps 
The previous section highlighted the importance of providing healthy and satisfactory 

school environments, however, little evidence is currently available from detailed 

empirical data on IEQ and adaptive behaviours in primary schools. Existing studies are 
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mainly focused on adults’ adaptive behaviours in residential and office buildings. 

Furthermore, research on adaptive behaviours towards integrated aspects of comfort 

needs to be expanded as well since different thermal, visual, air quality or acoustic stimuli 

impact adaptive behaviours differently. Several studies have investigated children’s 

comfort temperature (Teli et al. 2012b, Kim, J. and De Dear 2018), however, studies are 

mainly focused on non-heating seasons. There is limited research on children’s 

perception of IAQ in relation to indoor physical variables and sensations. Several studies 

are conducted on school’s children adaptive behaviours (Humphreys, M.A. 1974, Nicol, 

J. F. and Humphreys, M. A. 1973), however, most of the studies are focused on children’s 

personal adaptive behaviours. It should be noted that children’s adaptive behaviours can 

be restricted (Nicol, J. F. and Humphreys, M. 1998), due to a fixed uniform or limitations 

in operating controls. The review suggests that the importance of school occupants 

remains implied rather than explicitly investigated. From the above introduction, the 

followings gaps can be suggested:  

• The is no robust method to record personal and environmental adaptive behaviours 

in schools. 

• There is lack of information on children’s comfort temperature during heating 

seasons.  

• Information on IAQ and perception of it is limited in primary schools during non-

heating and heating seasons.  

• The relationship between ‘children’s adaptive behaviours’ and individual aspects of 

IEQ needs further development.   

• Different approaches to facilitate the adaptive behaviour of primary school children 

need further investigation.  

1.4. Research Questions 
It is important to find a balance between different aspects of IEQ (Vanhoutteghem et al. 

2015) and adaptive behaviours for having efficient and comfortable buildings. This thesis 

hypothesizes that there is an association between children’s adaptive behaviours in 

schools and their perception of Indoor Environment Quality (IEQ). With the highly 

exploratory nature of this research, five questions are addressed in this research.  

• RQ1: What is the most suitable method to study children’s sensations of IEQ and 

their adaptive behaviours?  

• RQ2: How children’s perception of the built environment including thermal 

environment, IAQ and visual environment is related to building characteristics and 

measured physical variables?  
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• RQ3: How personal and environmental adaptive behaviours change as a response 

to poor IEQ and discomfort?  

• RQ4: How children’s overall comfort is related to IEQ aspects, indoor physical 

variables and children’s sensation of the built environment?  

• RQ5: What are the most important aspects of the built environment to the students’ 

overall comfort?  

1.5. Research Aim and Objectives 
This thesis aims to investigate the relationship between individual aspects of IEQ (i.e. 

thermal comfort, indoor air quality and visual comfort) and adaptive behaviours. The 

study carries out empirical and analytical investigation on IEQ and school children’s 

perception of it during non-heating and heating seasons with the following objectives.  

1. To develop a model for facilitating personal and environmental adaptive behaviours.  
2. To develop a method for recording school children’s sensations and adaptive 

behaviours.  
3. To predict children’s thermal comfort temperature during non-heating and heating 

seasons.  
4. To assess classrooms’ IAQ and children’s perception of it in relation to indoor 

physical variables and sensations.    
5. To examine children’s personal and environmental adaptive behaviours as a 

response to the poor IEQ during non-heating and heating seasons. 

6. To propose a comfort model based on indoor physical variables and children’s 

sensation of IEQ.  

1.6. Research Originality and Novelty 
The thesis is designed to shed light on connections between indoor environmental quality 

and occupant’s adaptive behaviours during heating and none heating seasons. This 

thesis quantifies these connections by investigating the environment from children’s 

point of view. By framing the issue of IEQ from the children’s perspective, it is possible 

to determine what the most important aspects of IEQ which should be considered in 

school design are. This thesis provides a list of recommendations for schools’ design as 

an effective response to IEQ and adaptive behaviours. The result of this thesis can be 

used as a reference for building designers, architects and researchers to provide a 

comfortable indoor environment. 

1.7. Research Methods 
This thesis is organised as a case-crossover study to investigate classrooms’ indoor 

environment against the context in which buildings are located, building characteristics 
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and occupants. The study adopts transverse sampling by collecting data from 32 

classrooms in Coventry, UK to address the aim and objectives of this work:  

• Sampling climate, buildings and occupants to make sure adaptive behaviours are not 

limited.  

Schools are selected in the mild climate of the UK because it can provide higher 

opportunities for buildings’ natural ventilation and reduce the biased impact of one 

extreme climate on window operation. Selected schools in this thesis are naturally 

ventilated, located in quiet and low-polluted areas. In this thesis, 9-11 years old children 

are targeted because primary school children in their late middle childhood (9-11 years 

old) compared to their peers in early middle childhood (6-8 years old) are more likely to 

operate controls and can provide more valid responses to a structured questionnaire.  

• Developing a valid and reliable method to obtain data on children’s adaptive 

behaviours and sensation votes.  

A self-reported questionnaire accompanied with an observation form is designed based 

on children’s ‘here and now’ sensations, their cognitive and linguistic competence. 

Questions and responses are validated by monitoring answer-process, non-participant 

observations, cross-checking questions and statistical tests. The validating process 

improves the wording of the questions and response categories and results in a 

questionnaire with high and valid response rates. The reliability of the questionnaire is 

tested by measuring the variability and standard deviations of responses under similar 

conditions.  

• Acquiring data on occupants’ sensation votes, Adaptive Behaviours (ABs), 

occupancy patterns, and environmental measurements. 

This thesis has observed and surveyed 805 children in 32 classrooms, collecting 1390 

questionnaires from morning and afternoon sessions. Occupancy patterns and window 

operations were observed at 10-min intervals by observation forms and environmental 

variables were recorded at 5-minute intervals. Time-lapse cameras were installed inside 

the classrooms to record the state of windows, blinds and doors at 5-minute intervals. 

• Calculating children’s thermal comfort temperature and comfort band within 

standards.  

The study has calculated comfort temperatures based on EN 15251 (CEN (European 

Committee for Standardization) 2007b) standard that adopts exponentially weighted 

running mean temperature (Trm).  

• Calculating occupants’ CO2 emission rate, hourly air change rates (ACRs) and 

ventilation rates (VRs) in naturally ventilated classrooms.  
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This thesis has applied the transient mass balance method for estimating Air Change 

Rates (ACRs) and Ventilation Rates (VRs), which is a more reliable method than other 

methods such as steady-state, decay and build-up methods (Batterman 2017, Johnson, 

D. L. et al. 2018).  

• Evaluating classrooms’ IEQ against Standards. 

The thesis has evaluated classrooms’ thermal environment including operative 

temperature, humidity and airspeed against recommended values by European standard 

EN 15251. Classrooms’ IAQ is evaluated against recommended values by the European 

standard of EN 13779:2007  and American Society of Heating Refrigerating and Air 

Conditioning Engineers (ASHRAE) (2010). Classrooms’ lighting environment is 

assessed against recommended values by BS EN 12464-1: 2011 and The Society of 

Light and Lighting (2011).  

• Statistical analysis on parametric and non-parametric data using IBM SPSS analysis.  

To decide on the most appropriate statistical tests, parametric and non-parametric data 

are categorized. Statistical analyses are categorized into four main groups: 1) 

Descriptive, 2) Correlational (strength), 3) Predictive (regression) and 4) Group 

differences (cause and effect). The data were analysed using the Statistical Package for 

Social Science (SPSS) (IBM Corp 2016). 

• Mathematical modelling using linear regression, multiple linear regression and binary 

logistic regression. 

Linear regression model describes how a single dependent variable depends on one 

predictor variable and multiple linear regression describes how a single dependent 

variable depends linearly on several predictor variables (Bremer 2012). The logistic 

regression model is used for predicting the probability of the event happening (Peng, C. 

J. et al. 2002). Mathematical models are developed to investigate the relationship 

between physical variables, sensation votes and adaptive behaviours.  

1.8. Research Outline 
The thesis consists of 11 chapters that provide a holistic approach to indoor environment 

quality in UK primary schools. Fig 1.1 shows a flowchart of the thesis structure.  

• Chapter 1 includes an introduction, background, research rationale, gaps, 

questions, aim and objectives.  

• Chapter 2 has provided a relevant literature review on adaptive behaviours and 

related factors.  

• Chapter 3 explains research methodology and methods.  
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• Chapter 4 develops a valid method to collect data on adaptive behaviours and 

sensations.  

• Chapter 5 investigates children’s thermal comfort temperature and related 

adaptive behaviours during non-heating and heating seasons.  

• Chapter 6 investigates children’s perception of IAQ and related factors. 

• Chapter 7 examines the relationship between IAQ and occupant-related factors. 

• Chapter 8 investigates classrooms’ Ventilation Rates and related factors.  

• Chapter 9 evaluates the impact of IEQ on children’s overall comfort.  

• Chapter 10 presents the overall discussion of the thesis.  

• Chapter 11 presents the conclusion, limitations and recommendations.  
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Fig 1.1. Methodological pathways followed in the study 

1.9. Academic output of this thesis 
In total, seven peer-reviewed journal papers and one peer-reviewed conference paper 

were derived from this thesis. Copies of all papers are provided in Appendix A. 
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Chapter 2 
2. Literature Review 

2.1. Introduction 
Occupants usually respond to discomfort in two regulative ways: by adapting their 

environment (environmental adaptive behaviours) or adapting themselves (personal 

adaptive behaviours) (Heerwagen and Diamond 1992, Feriadi and Wong, N.H. 2004). 

Studies have highlighted the role of adaptive behaviours on improving IEQ and comfort 

(Gunay, H. Burak et al. 2013, Herkel et al. 2008), and its impact on the occupant’s 

forgiveness and satisfaction (Leaman and Bordass 1999, Frontczak and Wargocki, P 

2011). Occupants who can control their environment suffer from fewer building-related 

symptoms (Brager, G et al. 2004, Toftum, J. et al. 2009) and report lower degrees of 

discomfort (Raja, I.A. et al. 2001). Occupant behaviour is a major source of building 

performance uncertainty (O’Brien, W and Gunay, H.B. 2014, Humphreys, M. et al. 2007) 

and is the main reason for the gap between predicted and measured energy performance 

of the building (De Wilde 2014, Menezes et al. 2012).  

Limited understanding of occupants’ adaptive behaviours results in increased energy 

consumption, poor IEQ and discomfort. The relationship between comfort and adaptive 

behaviours is quite complex, mainly because factors affecting one aspect of comfort also 

impact other aspects (Montazami et al. 2015, Carlucci et al. 2015). For example, opening 

or closing curtains affects both visual and thermal comfort, possibly in an opposing way. 

State of comfort and energy consumption can also conflict with each other. Occupants’ 

comfort can affect energy demand significantly (Carlucci et al. 2015); for example, the 

study by Dubrul (1988) suggests that while ventilation rate in housing needs to be 

minimized to save energy, an adequate supply of ventilation is required to maintain 

comfortable conditions for the inhabitants and avoid damage to the building fabric from 

pollutants like moisture. It is important to find a balance between different aspects of 

comfort (Vanhoutteghem et al. 2015), indoor environment and energy consumption to 

have efficient and comfortable buildings. The introduction assumes that this balance can 

be achieved by taking appropriate adaptive behaviours. The main contribution of this 

chapter is to develop a design model to facilitate adaptive behaviours.  

2.2. Selecting Materials 

To facilitate adaptive behaviours based on a design model, it is necessary to study 

factors that affect adaptive behaviours and factors that are affected by adaptive 

behaviours. Therefore, selected materials focus on influencing factors of adaptive 
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behaviours (Group A studies) and influenced factors by adaptive behaviours (Group B 

studies). In this chapter, 150 studies were selected for more than four decades (1973 to 

2018), from 23 countries, Fig 2.1.  

 
Fig 2.1. The number of studies in each country by building use 

Reviewing group A studies categorizes all the factors that affect adaptive behaviours into 

three main groups: Contextual, Occupant and Building related (COB). Contextual factors 

include climatic factors, such as ‘temperature, seasonal changes, sun effects and its 

direction’, and urban factors, such as background noise level, pollution level and outside 

views. Building related factors include type and design of spaces, controls and interior 

layouts. Occupant related factors are related to the occupant’s characteristics (i.e. 

psychological, physiological, economic and social background) and their occupancy 

patterns in the building. Reviewing group B studies reveals how adaptive behaviours 

impact Indoor Environment Quality, Comfort perceived by occupants, and Energy 

consumption (ICE factors). Fig 2.2 shows the classification of reviewed studies.  

 
Fig 2.2. Classification of reviewed studies  
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•Occupant-related Factors 
(Personal elements and 
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•Building-related Factors
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•Environmental
(operation on controls)

Group B studies: 

3.2. Influenced factors 
by adaptive behaviours 
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•Indoor Environment
Quality
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This chapter reveals the most important and most recurring factors affecting adaptive 

behaviours and the factors that are influenced by adaptive behaviours.  

2.3. Adaptive Behaviours and Influencing Factors  
The first part of the chapter considers factors that impact both environmental and 

personal adaptive behaviours in office, residential and educational buildings.  

2.3.1. Office Buildings  

• Environmental Behaviours  
Environmental adaptive behaviours, including the operation of windows and shades, 

have a direct consequence on energy consumption. Windows and shades are among 

controls that can easily and quickly change environmental conditions and are closely 

connected to thermal comfort, IAQ, acoustic comfort (Montazami et al. 2012), visual 

comfort (Stazi et al. 2017a, Korsavi et al. 2016), privacy (Reinhart, C. F. F. and Voss 

2003, Inkarojrit, Vorapat 2005) and outside views (Korsavi et al. 2016). Studies show 

that window operation is related to contextual factors, such as temperature and seasonal 

changes (Nicol, J.F. et al. 2004, Inkarojrit, V and Paliaga 2004), building-related factors, 

such as window size (Herkel et al. 2008, Warren and Parkins 1984), distance to windows 

(Raja, I.A. et al. 2001) and occupancy patterns (Yun, G. Y. and Steemers 2008, 

Honnekeri et al. 2014).  

The operation of shades is affected by COB factors. Firstly, contextual factors such as 

‘temperature changes’, ‘sun effects’ and outside views affect shade operation. There is 

evidence that when there is a pleasant outside view, shades are closed less frequently 

as occupants like to enjoy the outside view (Haldi and Robinson 2010b, Sadeghi et al. 

2016). Blinds, as one of the shading devices, are usually closed to avoid direct sunlight 

and glare (Reinhart, C. F. F. and Voss 2003, Haldi and Robinson 2010b). Sun effects 

influence the Mean Shade Occlusion (MSO)1 in each orientation; in northern 

hemisphere, higher MSO is observed on south-facing façade (Inkarojrit, Vorapat 2008, 

Mahdavi, A. et al. 2008), lower MSO on north façade (Rubin,  a. I. et al. 1978, Day, J. et 

al. 2012) and intermediate results for east or west facades (Mahdavi,  a. 2009, Zhang, 

Y. and Barrett, P. 2012a). The frequency of shade adjustment is higher on south (Lindsay 

and Littlefair 1992, Kapsis, K., O’Brien, W., & Athienitis et al. 2013) and west facades 

(Rea, M. S. 1984, Maniccia et al. 1999), and is lower on north and east facades (Rea, 

M. S. 1984). Secondly, shade operation is affected by building-related factors such as 

type of office, type of blind and interior layout. More operation is observed in single 

 
1 Mean Shade Occlusion (MSO)1 in each orientation is defined as the average fraction that shades are 
closed for some group of windows (O’Brien, W et al. 2013).  
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occupancy offices than in double-occupancy and open plan offices (Bordass 1995, Haldi 

and Robinson 2010a), which is due to having a higher level of control over shades. 

Shades are opened more when occupants are sitting near the windows (Raja, I.A. et al. 

2001). Type of blind affects rate of blinds’ operation (Sutter et al. 2006, Kim, J. H. et al. 

2009); automated, remotely controlled and motorized blinds show a higher operation rate 

than manual ones. Thirdly, shade operation is affected by occupants and occupancy 

patterns (arrival and departure). Psychologically, occupant’s behaviour on the operation 

of blinds is affected by long term perception of the environment rather than by short term 

dynamics (Inoue et al. 1988, O’Brien, W et al. 2013); e.g., the state of blinds remains 

usually unchanged for weeks or months (Galasiu and Veitch 2006, Gunay, H. Burak et 

al. 2017). Behaviour is also affected by the need for privacy in the workplace (Inkarojrit, 

Vorapat 2005, Day, J. et al. 2012). Physiologically, blind adjustment is predicted by 

occupants’ brightness sensitivity (Inkarojrit, Vorapat 2008); and socially, blind operation 

is influenced by trying not to upset colleagues in the workplace (Foster and Oreszczyn 

2001). Blind operation is also impacted by occupancy patterns, with more operation upon 

entry or at the end of the workday (Inkarojrit, Vorapat 2005, Haldi and Robinson 2010b).  

Occupants operate artificial light to satisfy their visual needs and comfort (Stazi et al. 

2017b). Bordass (1995) suggests that a limited understanding of occupant behaviour is 

one of the reasons for uncontrolled levels of lighting in open-planned offices, even with 

automatic controls (Bordass 1995). Studies have shown that light operation is impacted 

by illuminance level and work plane illuminance (Reinhart, C. F. F. and Voss 2003, Love 

1998, Escuyer and Fontoynont, M. 2001), type of office (open-plan or individual) (Boyce, 

P. R. 1980, Bordass 1995), access and proximity to controls (Maniccia et al. 1999, 

Boyce, P. R. 1980), control’s ease of use (Slater 1996), occupant’s physiological 

elements (e.g. mood, eyestrain and metabolic rate) (Escuyer and Fontoynont, M. 2001) 

and occupancy patterns (Pigg et al. 1996, da Silva, P. C. et al. 2015). Lights are switched 

on when occupants enter offices (Boyce, P. R. 1980, Moore et al. 2003) and are usually 

switched off when they leave for a long time (Pigg et al. 1996, Hunt 1979). Intermediate 

‘switching on’ usually occurs at lower illuminance (Moore et al. 2003, Reinhart, C. F. 

2004), indicating that switching is usually not an intermediate event (Lindelöf and Morel 

2006).  

Research on doors, fans and HVAC is not as comprehensive as that on other controls 

such as windows, shades and lights. Studies illustrate that door operation is connected 

to indoor temperature (Haldi and Robinson 2008, Rijal, H.B. et al. 2008b), occupancy 

patterns (Pfafferott, J. and Herkel 2007) and internal noise level (O’Brien, W and Gunay, 
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H.B. 2014). Fan operation is affected by temperature changes (Haldi and Robinson 

2008, Rijal, Hom B. et al. 2011), and frequency of heater use is affected by temperature 

(Nicol, J.F. et al. 1999, 2004) and type of heating system (Guerra-Santin and Itard 2010).  

• Personal Behaviours 
Studies on personal behaviours are not developed compared to studies on 

environmental behaviours. Studies highlight that clothing level depends on the variation 

of temperature (Schiavon and Lee, K. H. 2013, Brager, G et al. 2004). Drink consumption 

is also affected by temperature and seasonal changes (Haldi and Robinson 2008, 

2011a). However, activity level is either negatively impacted by indoor temperature 

(Rowe 2001) or not impacted by indoor temperature (Haldi and Robinson 2011b). COB 

factors affecting adaptive behaviours in office buildings are presented in Table 2.1. 
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Table 2.1. Factors affecting adaptive behaviours in office buildings 

Group Study  Country The outcome of the reviewed studies   Author’s perspective of the reviewed studies 
with the aim of facilitating adaptive behaviours 

W
in

do
w

 o
pe

ra
tio

n 

C (Warren and Parkins 1984) UK Window operation is related to Tout (76%), solar gain (8%) and wind speed (4%).  Window’s size and number of openings should be 
designed by considering changes in seasons and 
outdoor variables (i.e. temperature, solar gain, 
wind), especially when variables fluctuate 
significantly during day and night or during 
different seasons. For example, the operation of 
windows is less frequent during winter compared 
to summer, however, designing small openings 
alongside larger openings can provide natural 
ventilation without significant loss of heat and 
energy. Window operation will not be limited by 
factors such as rain, snow, wind and security 
concerns if window is efficiently and properly 
designed. 

(Li, N. et al. 2015) China Few window openings occur when the outdoor temperature is less than 10oC -
15oC, but the percentage increases when the temperature is between 15oC-30oC 
and is at a maximum when temperature is between 25oC-30oC.  

(Zhang, Y. and Barrett, P. 
2012b, Raja, I.A. et al. 2001) 

UK 

(Yun, G. Y. and Steemers 
2007) 

UK  Window control is affected by Tin in summer and by T in/out in winter.  

(Rijal, H.B. et al. 2008a) Pakistan Opening windows is influenced by indoor temperature while how long it stays open 
is influenced by outdoor temperature.  

(Raja, I.A. et al. 2001, Honnekeri et al. 2014)  Window opening increases when indoor temperature is above 20oC in Switzerland 
and UK (Haldi and Robinson 2009, Raja, I.A. et al. 2001) and when is above 16oC 
in the US (Honnekeri et al. 2014).  

(Rijal, H. B. et al. 2007, Zhang, 
Y. and Barrett, P. 2012b) 

UK The percentage of window opening area is the highest in summer, the lowest in 
winter and is in between in spring and autumn, with the highest frequency of 
window operation in spring and autumn and the lowest frequency of window 
operation in summer.  

(Herkel et al. 2008) Germany 

B (Herkel et al. 2008) Germany Small clerestory windows are opened less frequently, remained open for a longer 
time and are usually used for night ventilation, however, large windows are opened 
more frequently for a shorter time and are mostly closed during the night.  

Windows in different designs and sizes can 
provide different aspects of comfort (thermal 
comfort and indoor air quality) and can be kept 
open/closed for a shorter/longer period.   
Workstations should provide occupant’s easy 
access to windows, without locating them in sun 
patches. 

(Warren and Parkins 1984) UK Small windows are usually opened to provide indoor air quality while opening large 
windows is strongly influenced by outdoor temperature. 

(Raja, I.A. et al. 2001) UK Window operations are mostly done by occupants sitting near windows (interior 
layout).  

O (Raja, I.A. et al. 2001) UK Window open is closely connected with thermal sensation of occupants.  Understanding occupants’ thermal sensation 
(based on age group and activity) and occupancy 
patterns to design an environment that is 
positively perceived by them, facilitates their 
efficient window operation.  

(Yun, G. Y. et al. 2008) Cambridge, 
UK 

Windows are used often by occupants with high perceived control and positive 
cognition over environment than with low perceived control.  

(Herkel et al. 2008) Germany Windows are more manipulated in the morning, at lunchtime and then in the 
evening, according to their occupancy schedule.  

Sh
ad

e 
op

er
at

io
n 

C (Lindsay and Littlefair 1992) UK 30% of the blind occlusion is explained by the amount of sunshine on the façades.  Occupants’ type of activity and amount of daylight 
they need during their occupancy schedule help to 
decide over the best orientation for their shared 
space.   

(Kapsis, K., O’Brien, W., & 
Athienitis et al. 2013) 

Canada Shade movement rate is reported 5 times higher for south-facing façade than for 
north-facing façade (sun effects).  

(Haldi and Robinson 2010a) Switzerland Upper blinds are lowered four times more compared to the other blinds as they do 
not obstruct occupant’s view when lowered. 

Careful attention should be paid to the site in 
which buildings are constructed to provide 
occupants pleasant outside views and visual 
comfort. Outside views encourage occupant’s 
efficient operation on blinds.   

(Reinhart, C. F. F. and Voss 
2003) 

Denmark Blinds are left more open for outside views although occupants would have been 
more comfortable if they had pulled down to control solar radiation. 

B (Bordass 1995) UK Blinds are less frequently operated in an open-plan office compared to an 
individual office because it limits controls’ adjustment and makes occupants more 
inactive.  

If designing individual or cellular office is not 
possible, number of occupants sharing an open-
plan office should be reduced to have more active 
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(Raja, I.A. et al. 2001) UK Blind adjustment is more frequent when occupants are sitting near the windows.  occupants. Similarly, if locating blinds close to 
workstations is not possible, remotely controlled 
blinds can be designed.  

(Sutter et al. 2006) France In a similar context, remotely controlled blinds are used three times more than 
manually controlled blinds.   

Li
gh

t O
pe

ra
tio

n 

B (Bordass 1995) UK Lights are often left on in an open-plan office that limits operation of controls 
compared to an individual office.   

The location and friendly-design of the lighting 
controls affect frequent and efficient operation of 
lighting systems because they will be operated 
when light level is low rather than switching lights 
on upon arrival and then switching them off on 
departure.  
Furthermore, local controls can satisfy visual 
needs of higher number of occupants.  

(Boyce, P. R. 1980) Salford, UK Lights’ switches closer to occupants are turned on more frequently.  
(Maniccia et al. 1999) US  Having access to light dimmers on occupant’s desk results in more dimming 

adjustment.  
(Slater 1996) UK  Where lighting controls are not easy to use, occupants choose lighting levels that 

reduce the need for frequent operation.   
(Lindelöf and Morel 2006) Switzerland Lights are switched on and off upon arrival/departure as lights are placed close to 

the door rather than close to occupants’ workplace.  
O (Escuyer and Fontoynont, M. 

2001) 
France 12% of the subjects change electric lighting according to their type of activity.  The number of occupants sharing an open-plan 

office should be reduced with a good 
understanding of their activity type to provide them 
with higher levels of control.  

(Boyce, P. R. 1980) Salford, UK Light switch frequency reduces due to high number of occupants in an open office 
due to social aspect of trying not to upset colleagues.  

Fa
n/

H
VA

C
 

C (Nicol, J.F. et al. 1999) Pakistan  Proportion using fans and heaters is correlated with Tin (R2≅0.75) and Tout 
(R2≅0.8).  

The operation of fans/AC/heating systems is 
mostly related to climatic conditions in office 
buildings. However, occupants are less concerned 
about system’s energy use compared to residents, 
which suggests designing more energy-efficient 
cooling or heating systems in offices.  

(Nicol, J.F. et al. 2004) 6 countries2 AC application for cooling starts at Tout >25oC and for heating stops when Tout 
>15oC.  

(Honnekeri et al. 2014, Haldi 
and Robinson 2008) 

 More fans are on when Tin>26oC in Canada, USA (Honnekeri et al. 2014) and 
when Tin is 20-25oC in Switzerland (Haldi and Robinson 2008).  

(Nicol, J.F. 2001, Rijal, Hom B. 
et al. 2011) 

6 countries 3  Fans are used when Tout>20oC and their use is at Max when Tout>30oC.  

Pe
rs

on
al

 B
eh

av
io

ur
s 

C (Nicol, J.F. et al. 1999) Pakistan Clothing worn is correlated with both T in/out (R2≅0.65), but it remains constant 
outside the interval 20oC -30oC as occupants reach limits of acceptable clothing in 
offices.  

The correlation between temperature and clothing 
level shows how occupants adjust themselves to 
reach comfort. Therefore, giving occupants the 
freedom to choose their clothing level without 
imposing strict uniform policies helps to reach 
higher levels of comfort without using excessive 
energy.  
Similarly, having frequent short breaks in between 
working hours to change metabolic rate and 
activity level can help to achieve more comfort.   

(Barlow, S. and Fiala 2007) UK  Mean Clo values decrease from 0.8Clo to 0.66Clo as mean external temperature 
increases from 6.7oC to 27.3oC. 

(Schiavon and Lee, K. H. 2013) Australia, 
Canada, US 

Clothing insulation is correlated with Tout (r=0.45), Top (r=0.3), Hr (r=0.26), and has 
very insignificant correlation with air velocity (r=0.14) and metabolic activity 
(r=0.12).  

(Honnekeri et al. 2014) Alameda, 
CA 

Clothing level changes from 0.5-0.6 Clo in the summer to 0.7-0.8 Clo in the winter 
which is best explained by running mean outdoor temperature.  

O (Rowe 2001) Australia Activity level is negatively correlated to indoor temperature as occupants 
purposely reduce activities as temperature raises.    

 
2 UK, Pakistan, Sweden, France, Greece Portugal 
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2.3.2. Residential Buildings 
Researches on occupants’ adaptive behaviours in residential buildings are mainly 

focused on window operation, and then on Air Conditioning (AC) and heating systems. 

The operation of lights and shades, and personal behaviours are not treated 

comprehensively. Contextually, studies have shown that window operation is affected by 

seasonal changes and temperature (Johnson, T. and Long 2005, Andersen, R. V. et al. 

2009), CO2 level (Maier et al. 2009, Calì et al. 2016), wind speed (Dubrul 1988, Erhorn 

1988), relative humidity (Brundrett, G. W. 1977, Shi and Zhao, B. 2016), solar radiation 

(Dubrul 1988, Andersen, R. V. et al. 2009), precipitation levels (Dubrul 1988), and 

background noise level (Offermann et al. 2008, Andersen, R. V. et al. 2009). Building 

related factors that affect window operation include type of dwelling (Dubrul 1988, 

Johnson, T. and Long 2005), room type (Erhorn 1988, Dubrul 1988), floor area 

(Andersen, R. V. et al. 2009), window size and design (Dick and Thomas, D. A. 1951, 

Dubrul 1988) and security (Price and Sherman. 2006, Offermann et al. 2008). Occupant 

related factors that affect window operation are residents’ energy-saving concerns (Price 

and Sherman. 2006, Offermann et al. 2008), the number of residents, resident’s activity 

and lifestyle and occupancy patterns (Dubrul 1988, Johnson, T. and Long 2005). 

Fans and doors are usually operated to provide cross ventilation and to increase air 

movement (Wallace et al. 2002). AC operation is affected by temperature changes 

(Peng, C. et al. 2011, Schweiker and Shukuya 2009), occupancy patterns (Ren, X. et al. 

2014, Habara et al. 2013), residents’ health concerns (Iwashita and Akasaka. 1997) and 

their energy-saving concerns (Feriadi and Wong, N.H. 2004). The operation of heating 

systems and thermostats in households is related to outdoor and indoor temperature 

(Lin, B. et al. 2016, Bae and Chun 2009), poor thermal integrity (Weihl, J. S. and 

Gladhart. 1990), room and house type (Lindén et al. 2006, Conner and Lucas 1990), 

type of heating systems and thermostat (Peffer et al. 2011, Shipworth, M. et al. 2010), 

resident’s age (Guerra Santin et al. 2009, Oreszczyn et al. 2006), and energy-saving 

concerns (Lindén et al. 2006).  Door operation is also affected by seasonal changes and 

temperature (Weihl, J. 1986, Indraganti 2010). COB factors affecting adaptive 

behaviours in residential buildings are presented in Table 2.2.  

2.3.3. Educational Buildings  
There are fewer studies in educational buildings compared to office and residential 

buildings. Generally, less adaptive behaviours are taken during teaching activities than 

during breaks as pupils are concentrated on lessons (Stazi et al. 2017a, Santamouris, 

M. et al. 2008). In educational buildings, window operation is influenced by indoor and 
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outdoor temperature (Santamouris, M. et al. 2008, Dutton and Shao 2010), CO2 level 

(Dutton and Shao 2010), humidity (Dutton and Shao 2010, Wallace et al. 2002), noise 

level (Montazami et al. 2012) and security (Mumovic et al. 2009). Blinds are adjusted to 

control glare, sunlight (Theodorson 2009, Montazami and Gaterell 2014), prevent 

overheating (Montazami and Gaterell 2014), provide outside views (Sanati and Utzinger 

2013) and to darken the room for presentations (Theodorson 2009). Window and doors 

are operated more when the temperature is high (Dutton and Shao 2010, Fabi et al. 

2012) rather than when indoor air quality is low (Wyon, D. et al. 2010), because poor 

IAQ may not be perceived due to gradual sensory fatigue or adaptation (Gunnarsen et 

al. 1992). Blind’s ease of use  (Sze 2009, Sanati and Utzinger 2013) and window design 

(Sanati and Utzinger 2013) also affect blinds’ operation. Use of heaters is affected by 

interior layout; the airflow through the heater battery is reduced to decrease discomfort 

to the students sitting near the trench (Mumovic et al. 2009). Students’ clothing level 

usually follows running mean temperature, the sequence of temperature and long term 

fluctuation in temperature (Nicol, J. F. and Humphreys, M. A. 1973, Humphreys, M.A. 

1974). COB factors affecting adaptive behaviours in educational buildings are presented 

in Table 2.3.  
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Table 2.2. Factors affecting adaptive behaviours in residential buildings 

Group Study  Country The outcome of the reviewed studies   Author’s perspective of the 
reviewed studies with the aim of 
facilitating adaptive behaviours 

W
in

do
w

s 
 

C (Brundrett, G. W. 1977) Wales, UK  Window opening is related to humidity in winter and to daily temperature in 
summer.  

Apart from environmental 
variables, type of room (bedroom, 
living room or kitchen), security 
and energy-saving concerns of 
residents should be considered for 
deciding over window’s size, 
design and opening to facilitate 
residents’ efficient window 
operation.  Factors affecting 
window operation in residential 
buildings are more varied than 
those in office buildings because 
of residents’ more varied 
occupancy patterns, age range, 
personal adaptive behaviours, 
household activities, number of 
residents in a house, their energy-
saving and security concerns.  

(Dubrul 1988) 5 countries3 Windows are operated more at higher temperatures, higher solar radiation, 
lower precipitation levels and lower wind velocities.  

(Shi and Zhao, B. 2016) CN, US, KR Windows are opened more often and stay open longer in summer than winter.   
B (Dubrul 1988) 5 countries 4 Window design, its frame and how it opens, affects window opening 

behaviour.  
(Dubrul 1988, Brundrett, G. W. 1977) 5 countries4  Window opening is more common in bedrooms that are the buildings’ main 

ventilation zones. 
(Kvisgaard and Collet. 1990) Denmark Smaller windows are used seldom.  

O (Dubrul 1988, Price and Sherman. 2006) 5 countries4, 
US 

Windows are kept closed mainly due to security and energy-saving concerns. 

(Calì et al. 2016, Jeong, B. et al. 2016) 5 countries4, 
Korea, US 

Windows are operated more in dwellings with smoking behaviour, with more 
house-keeping, cooking, showering activities and in dwellings that are 
occupied longer.  

(Brundrett, G. W. 1977) UK, US, DE Windows are operated more in households with larger families.  
(Dubrul 1988) 5 countries4 Window opening is maximum in the morning, stays high in afternoon and 

decreases gradually until 5 p.m.  

A
C

 

C (Bae and Chun 2009, Habara et al. 2013) CN, KR, JP The probability to switch on AC increases when Tin overcomes 25-30oC.  Type of room, type of AC and 
heating systems, residents’ 
activity and their age range affects 
temperature set for cooling and 
heating systems. To provide 
thermal integrity, the location of 
these systems should be carefully 
designed. To save energy and to 
respond to needs of all residents, 
energy-efficient heating/cooling 
systems alongside with other 
controls such as windows should 
be designed.   
 

O (Ren, X. et al. 2014, Habara et al. 2013) China, 
Japan 

Turning on AC is frequent before eating and sleeping but turning it off is more 
frequent after getting up and when leaving the room.  

(Iwashita and Akasaka. 1997) Japan AC is not used by half of the respondents due to its harmful health effects.  

H
ea

tin
g/

Th
er

m
os

ta
ts

 C (Lin, B. et al. 2016) China Heating systems are more frequently on when Top is between 10-14oC.  
(Conner and Lucas 1990) US Different temperatures are chosen for different parts of the houses, with living 

rooms being about 2°C higher than bedrooms. 
(Weihl, J. S. and Gladhart. 1990) US Thermostats are manipulated frequently due to poor thermal integrity.  

B (Nevius and Pigg 2000, Shipworth, M. et 
al. 2010) 

US, UK Programmable compared to manual thermostats are less likely to be kept at a 
constant temperature, with programmable thermostats having higher settings.  

O (Guerra-Santin and Itard 2010) Netherland Heating systems are on for more hours and ventilation systems are on for less 
hours in presence of elderly people and children.  

(Kane et al. 2010) NL, CN, UK Higher temperature settings are preferred by older people.   
(Lindén et al. 2006) Sweden Residents in detached houses adopt to lower Tin than those in apartments to 

save energy.  

 
3 Belgium, Germany, Switzerland, Netherland, UK 
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Table 2.3. Factors affecting adaptive behaviours in educational buildings 

B F Study  Country The outcome of the reviewed studies    Author’s perspective of the reviewed 
studies with the aim of facilitating 
adaptive behaviours 

W
in

do
w

s 

C (Dutton and Shao 2010) UK Window operation and window intervention (changing window state) are influenced 
by Tout, Hr, fresh air and CO2 level.  

Apart from environmental variables, 
background noise level and security 
concerns can restrict adaptive behaviours on 
windows.  
Appropriate site selection (avoiding noisy 
areas) and secure operable windows that are 
designed based on height of children can 
facilitate adaptive behaviours on windows.  

(Stazi et al. 2017a, 
Santamouris, M. et al. 2008) 

IT, GR Window opening and closing can best be predicted by Indoor temperature.  

(Montazami et al. 2012) UK Windows are closed by teachers and pupils in noisy areas to reduce the effect of 
noise, especially during quiet activities, resulting in overheating and poor air quality.  

B (Mumovic et al. 2009) UK Automatic windows located on the ground floor are shut due to security reasons and 
classrooms rely on mechanical ventilation to provide ventilation.  

Sh
ad

es
 

C (Theodorson 2009) USA  Closing blinds is mainly for controlling sunlight (92%) in south-facing classrooms and 
for darkening the classroom for presentation (81%) in north-facing classrooms.  

To increase windows and blinds’ operation, 
dividing windows by light shelves is a good 
design solution to provide thermal and visual 
comfort, reduce glare, increase daylight level 
and provide outside views. Dividing windows 
into two can also increase natural ventilation. 
To facilitate the efficient operation of blinds, 
the best orientation for classroom activities 
and its effect on size and design of windows 
should be considered. Blinds should be easy 
to access and use for its frequent operation 
as it can save lighting energy, reduce glare 
and provide outside views.  

(Montazami and Gaterell 
2014) 

UK Blinds are closed to reduce glare, prevent overheating and limit outside distractions.  

B (Sze 2009) New 
York, 
USA 

31% of the teachers never operate their blinds, 21% adjust them monthly, 18% 
adjust weekly, 17% daily and 13% selected other. Not operating blinds is because 
blinds are difficult to use or broken after years of use.  

(Sanati and Utzinger 2013) US The major factor for not operating blinds is their hard operation. 
(Sanati and Utzinger 2013) US Blinds are closed less by occupants whose workstations are located within the light 

shelf zone than those who are in the area with conventional windows. Occupants 
raise shades more often when they are given full control over the view part of 
subdivided windows.  

Li
gh

ts
 C (Hunt 1979) USA In intermittently spaces like schools switching activity occurs throughout the day, 

with a decline in use of artificial light as daylight level increases. The probability of 
switching on artificial light is related to minimum working plane illuminance; 
illuminance levels less than 100 lx increase the probability of the switch on.  

To promote intermittent light switching in 
schools, blinds should be accessible and 
easy to use to provide as much natural light 
as possible in the classroom and to block 
unwanted sunlight and heat.  

Pe
rs

on
al

 B
eh
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C (Nicol, J. F. and Humphreys, 
M. A. 1973) 

England, 
UK 

Children’s clothing and their behaviour usually follows running mean temperature or 
the sequence of temperatures than actual temperature.  

Students should be given the freedom to 
adopt personal behaviours, such as drinking 
or changing the combination of their school 
uniform (socks/tights, skirts/trousers, 
trousers/shorts, with or without 
jumper/cardigan). It is important that 
students, especially primary and secondary 
school children, be advised and reminded on 
personal behaviours because they 
sometimes do not think of it or forget it. When 
temperature causes discomfort, type of 
activity in the classroom can be changed 
shortly to provide higher levels of comfort.  

(Humphreys, M.A. 1974) UK Clothing changes little with short term variation of temperature but more with long 
term fluctuation in temperature. Clothing weight depends on the room temperature; 
optimum temperature for students with winter clothing occurs at 18.5oC, for students 
with heavy clothing occurs at 21.5oC and for students with light clothing occurs at 
24.5oC.  

(Humphreys, M.A. 1977a) 

 

UK The number of clothes follows long-term trend of temperature and there is a little 
change in clothes during the day as students do not think of changing or cannot 
make any adjustment to the combination.  

O (Raja, I.A. and Nicol, F. 1997) UK Open activities are preferred within activities’ limitation as temperature increases 
more.  
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2.3.4. Summary of COB Factors Impacting Behaviours  
The review over Contextual, Occupant and Building related (COB) factors influencing 

adaptive behaviours in different building types suggests the following:  

• To facilitate adaptive behaviours, COB factors should be studied holistically for 

designing building’s controls or setting up strategies for personal behaviours. Firstly, 

contextual factors need to be considered to avoid scenarios in which adaptive 

behaviours are restricted; for example, noisy areas can restrict the operation of 

windows specifically in educational buildings. Secondly, building-related factors need 

to be examined to estimate the level of occupants’ practice of adaptive behaviours 

based on architectural features of the spaces; for example, shared spaces in office 

buildings can restrict operations on controls. Thirdly, occupant related factors should 

be studied to discover the impact of occupants and their occupancy patterns; for 

example, energy-saving concerns of residents can restrict their efficient operation on 

controls.   

• The common factor affecting window operation in buildings is indoor or outdoor 

temperature and seasonal changes, with 95% of studies in office, 70% of studies in 

residential and 63% of researches in educational buildings. This thesis suggests that 

considering COB factors in window design can secure different aspects of IEQ and 

can facilitate safe operation of windows without increasing energy use.  

• The most recurring variable on shade operation is ‘sun effects and orientation’ in 

office buildings, which is confirmed by 70% studies. Shade operation has not 

received much attention in residential and educational buildings; however, few 

studies confirm that blinds are adjusted to control sunlight, heat and to darken the 

room for presentations in educational buildings. Blinds should be easy to use, 

accessible and user-friendly for frequent operations.  

• The most recurring variable on light operation in office buildings is primarily 

occupancy patterns, confirmed by 60% of sampled studies, and then illuminance 

level. However, not many research is done in residential and educational buildings. 

For intermittent light operation by light level, it is important to design local controls or 

reduce the number of occupants sharing an office.  

• Studies on controls such as windows, blinds and lights are more comprehensive than 

studies on doors, fans, air conditioners and heating systems. However, most 

reviewed researches show that their operation is related to the indoor or outdoor 

temperature. Similarly, these controls should be designed based on COB factors and 

occupants should be able to override them if needed.  
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• Studies on environmental behaviours are more developed than studies on personal 

behaviours, especially in residential buildings while residents can adopt different 

personal behaviours. Changing clothing level is shown to be mostly related to 

outdoor temperature in office buildings and with ‘long term trend in temperature’ or 

‘sequence of temperature’ in educational buildings. Changing policies towards 

personal behaviours and promoting them can provide higher levels of comfort and 

decrease energy use.  

2.4. Adaptive behaviours and Affected Factors (ICE Factors) 
The second part of this chapter reviews the impact of adaptive behaviours on IEQ, 

energy consumption and comfort (ICE factors).  

2.4.1. Adaptive Behaviours and IEQ  
Studies have shown that using controls like windows and fans in office buildings can 

improve air movement and consequently decrease peak Top (Raja, I.A. et al. 2001, 

Pfafferott, J. U. et al. 2007). Environmental variables in residential buildings also are 

improved by the operation of windows, doors (Weihl, J. 1986, Wallace et al. 2002) and 

fans in summer (Wallace et al. 2002), and heating systems in winter (Weihl, J. 1986). 

There is a large difference between ‘basic ventilation’ during un-occupancy with closed 

windows and doors, and ‘user-influenced ventilation’ during occupancy with the 

operation of windows and doors (Iwashita and Akasaka. 1997). Low air exchange rates 

and consequently high indoor concentrations are found in California homes as 10% of 

63 homes did not have open windows or doors at all and only 16% of homes had open 

windows (Offermann et al. 2008). In educational buildings, the efficacy of improving IAQ 

by opening windows is significantly influenced by schools’ location, climatic conditions, 

occupants’ behaviour towards controls and classroom’s design (Heebøll et al. 2018). IAQ 

in primary schools with manual operation of windows is significant, especially during 

heating seasons (Gao et al. 2014, Santamouris, M. et al. 2008), when most of the 

windows are closed to save energy (Wyon, D. et al. 2010). Therefore, it is important to 

facilitate adaptive behaviours towards windows during all seasons to provide IAQ, 

especially during heating seasons when window operation is lower (Gao et al. 2014). 

Studies show that night ventilation, pre-ventilation and cross-ventilation can improve IAQ 

(Wang, Y. et al. 2015, Mumovic et al. 2009) and not practising efficient adaptive 

behaviours can result in poor IAQ (Kvisgaard and Collet. 1990, Offermann et al. 2008).  
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2.4.2. Adaptive Behaviours and Occupants’ Comfort 
From the biological perspective, if an opportunity is provided human being interacts with 

the environment to secure and restore their comfort (Nicol, J. F. and Humphreys, M. 

1998). According to the adaptive approach by Nicol and Humphreys (2002), “if a change 

occurs such as to produce discomfort, people react in ways which tend to restore their 

comfort” (Nicol, J. F. and Humphreys, M. A. 2002). Table 2.4 shows how adaptive 

behaviours affect comfort in office, residential and educational buildings. Generally, 

higher levels of comfort and satisfaction are observed when occupants have access to 

controls (Escuyer and Fontoynont, M. 2001, Vine et al. 1998, Bordass et al. 1993) and 

when they can adopt personal adaptive behaviours (Nicol, J. F. and Humphreys, M. A. 

1973, Bonte et al. 2014). Thermal and visual comfort are significantly affected by type of 

windows and shades and their operation. Size and type of windows are key factors in 

providing occupants’ thermal comfort as windows connect inside to the outside and 

maintain natural ventilation (Fabi et al. 2012). Occupants usually control shades to 

improve visual comfort than thermal comfort (O’Brien, W et al. 2013), because visual 

stimuli such as glare provoke a more immediate change in behaviour than thermal or 

olfactory stimuli (Robinson and Haldi 2008). However, Ne’eman et al. (1984) shows that 

office occupants rate controls over visual comfort among the least important ones and 

controls over thermal comfort as the most important ones (Ne’eman et al. 1984). 
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Table 2.4. Effect of adaptive behaviours on comfort in different building use 
 

Study  Country The outcome of the reviewed studies    Author’s perspective of the 
reviewed studies with the aim of 
facilitating adaptive behaviours 

O
ffi

ce
 

(Haldi and Robinson 2008) CH, US Occupants’ comfort temperature increases as their control over the environment increases.   Higher level of visual comfort, 
thermal comfort, indoor air quality 
and satisfaction is reported by 
having more access to user-
friendly and easy to use controls.  
Mode and type of controls are 
significant factors to achieve 
comfort and satisfaction among 
occupants. Automatic controls 
should be easy to use and 
occupants should be able to 
override them if needed.  
To avoid conflicting situations 
among occupants, individual 
controls for each station can be 
designed or the number of 
occupants sharing a control can 
be reduced. By providing 
individual controls, occupants can 
adjust their preferred outside view 
and lighting level, which increases 
visual comfort and reduces light-
related health problems.   
Increasing freedom for taking 
more personal behaviours can 
also provide higher levels of 
comfort.  

(Karjalainen 2009) Finland Discomfort is due to a low level of control over space and difficulty is the use of thermostats 
(Bonte et al. 2014) France Thermal comfort is affected by setpoint temperature, clothing insulation, and blinds’ 

operation   
(Huizenga et al. 2006) Canada, 

Finland 
Occupants with and without access to windows show IAQ satisfaction of 0.48 and 0.14, 
respectively. Occupants with access to thermostats are more satisfied with the environment.  

(Yun, G. Y. et al. 2008) UK The highest level of comfort is observed in an office with user-friendly windows.  
(Day, J. K. and Gunderson 
2015) 

USA Satisfaction is higher among occupants who know how to operate automatic blinds.  

(Inoue et al. 1988) US, JP, FR Higher levels of visual comfort can be provided by providing outside views.  
(Meerbeek et al. 2014) NL, CA Occupant’s state of comfort is influenced by controls’ availability, mode and level of control.  
(Day, J. et al. 2012) Washington  Dissatisfaction and stress are caused by occupants’ inability to access controls, resulting in 

light-related health problems such as migraine.  
(Vine et al. 1998)  California, 

UK  
Occupants’ satisfaction over controls is affected by controls’ mode, with 85%, 78% and 57% 
of occupants finding manual, semi-auto and auto mode of lighting comfortable, respectively.   

(Bordass et al. 1993) Belgium Discomfort is reported when automatic systems make sudden and unexpected changes or 
when occupants are negatively affected by the behaviours of others in their environment.  

(Bordass 1995) UK Discomfort is reported due to automatic blinds that operate at the wrong time and create 
conflicting situations by not allowing individuals’ control.  

(Moore et al. 2002) UK  Occupants prefer to choose their lighting environment rather than accepting even the ‘better’ 
lighting level chosen for them.  

(Escuyer and Fontoynont, M. 
2001) 

France Most occupants prefer automatic lighting systems but appreciate having control over the 
system and being able to switch lights on and off.  

(Slater 1996, Carter, D. J., 
Slater 1999) 

UK Occupants are more dissatisfied where many light fixtures are grouped and automatic 
controls are difficult to use, resulting in systems being deactivated. 

H
ou

se
s (Maier et al. 2009) Germany Occupants’ perception of comfort is affected by window openings and CO2 levels.  Providing controls for residents 

can provide higher comfort levels 
and make them more tolerable to 
uncomfortable situations.  

(Indraganti 2010) India Number of uncomfortable residents decreases from 60% to 7% by adopting more adaptive 
behaviours.  

(Feriadi and Wong, N.H. 2004) Indonesia Residents can tolerate uncomfortable conditions more when they can adjust controls.  

Ed
uc

at
io

na
l (Nicol, J. F. and Humphreys, M. 

A. 1973)  
England Students feel more comfortable if they can change clothing level and metabolic rate. 

Sometimes constraints on clothing can cause 4oC departure from the optimum temperature.  
Students can reach higher comfort 
levels by changing activity type 
under teacher’s permission or by 
changing the clothing level.  

(Veitch et al. 1993) Canada Satisfaction is higher when students have access to lighting controls. The more important 
daylight is to them, the more they want to control it.  
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Table 2.5. Effect of adaptive behaviours on energy consumption in different building use 

 Study  Country The outcome of the reviewed studies    Author’s perspective of the reviewed 
studies with the aim of facilitating 
adaptive behaviours 

O
ffi

ce
 

(Moore et al. 2002) UK  Energy can be saved by installations that allow user control without affecting negatively 
occupant’s perception of visual environment.  

Energy can be saved when occupants 
have a positive perception over controls 
and can operate them easily. Therefore, 
the type and design of controls are 
significant for energy consumption. 
Appropriate design of windows and blinds 
with the effective operation can control the 
energy needed to maintain thermal and 
visual comfort by inviting more daylight 
and controlling solar radiation. Lighting 
energy can also be reduced by easy-to-
access, easy-to-use dimmable electric 
lights and well-programmed occupancy 
sensors. Mixed-mode ventilation than 
mechanical ventilation can provide higher 
levels of comfort and save more energy.  

(Bonte et al. 2014) France Total energy demand is mostly affected by operations on set point temperature, blinds and 
lights.  

(Rijal, H. B. et al. 2007) UK Annual heating energy demand can be reduced by adding thermal mass to shading.  
(Slater 1996) UK Where controls are complex to use occupants choose lighting levels that reduce the need for 

using controls, resulting in increased energy consumption.   
(Sadeghi et al. 2016) Indiana, 

USA 
Lighting energy can be decreased by easy-to-access dimmable electric lights and motorized 
roller shades as daylight utilization increases.   

(Foster and Oreszczyn 
2001) 

UK  Increased use of electric light is due to the overglazed building as blinds are down most of the 
time.   

(Pigg et al. 1996) Wisconsin, 
USA 

Energy saving is reduced by 30% by relying on occupancy sensors for switching lights off.  

(Mahdavi, A. et al. 
2008) 

Austria Electrical energy use for lighting can be reduced to 66-71% by using occupancy sensors and 
daylight-responsive dimming devices.   

(Wang, L. and 
Greenberg 2015) 

USA Substantial HVAC energy savings can be provided by using mixed-mode ventilation.  

R
es

id
en

tia
l 

(Palacios-Garcia et al. 
2015) 

Spain Peaks of energy consumption occur in the morning and at night as occupancy rates are higher 
and there is no or little sunlight. The peaks can be lowered by using LED technology; replacing 
50% and 80% of lamps with LED technology results in 40% and 65% energy reduction.  

To explain differences in energy 
consumption in residential buildings, 
physiological, personal, demographic and 
economic variables should be considered.  
 
Well-insulated buildings and efficient 
lighting technologies, for example, LED 
technology, can help to reduce energy. 
Operation of controls is facilitated when 
controls save more energy and remove 
energy-saving concerns of residents.  

(Dubrul 1988) Footnote 4 Heating demand can be quantified by the effect of window use in uninsulated (5-13%), 
moderately insulated (15-33%) and well-insulated dwellings (25-50%). Heating demand is 
mostly affected by occupant behaviour toward windows in well-insulated buildings (25-50%).  

(Sardianou 2008) Greece  The differences toward energy consumption for heating space can be explained by 
physiological, personal, demographic and economic variables like dwelling size, respondents’ 
age, family size, occupancy patterns and income.   

(Guerra-Santin and 
Itard 2010) 

Netherlands Energy consumption is more affected by the number of hours that the heating system is in 
operation than by temperature setting.  

Ed
uc

at
io

na
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(Sanati and Utzinger 
2013) 

US More energy can be saved and better daylight conditions can be provided by using a 
subdivided window than by using unified window design. Averagely, 2 hours less electric light 
is used per day by using light shelves.  

Subdivided windows can secure different 
aspects of comfort, visual, thermal and air 
quality, and can save energy due to 
providing more natural light. Night 
ventilation can reduce cooling costs next 
day, therefore, designing secure windows 
for night ventilation is important (Providing 
windows in different sizes and designs).  

(Montazami and 
Gaterell 2014) 

UK  Energy consumption is affected by closing blinds as occupants keep artificial light on most of 
the time to provide adequate amount of light.  

(Wang, Y. et al. 2015) School in 
Germany 

Energy use depends on the room temperature set-point and occupancy; energy costs for 
cooling for the next day can be reduced by night ventilation.  
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2.4.3. Adaptive Behaviours and Energy Consumption  
Calculating and simulating building energy performance without considering occupant 

behaviour results in error (Roetzel et al. 2010). Careless behaviour can add up to one-

third to the buildings’ energy consumption (Nguyen and Aiello 2013) while appropriate 

behaviour can save one-third (Wbcsd 2009). Sonderegger (1978) shows that 71% of the 

unexplained variation for space heating in 205 townhouses is caused by occupant’s 

energy consumption patterns (Sonderegger 1978). Therefore, to address the issue of 

energy consumption in housing, residents and their behaviours should be considered in 

studies (Sonderegger 1978). Bourgeois, Denis et al. (2006) show that active occupants 

who rely more on daylight than artificial light can reduce overall expenditure on energy 

by more than 40% (Bourgeois et al. 2006). Similarly, Hong & Lin (2013) employed 

building simulations to show that energy saving occupants consume up to 50% less 

energy while occupants with wasteful lifestyle consume up to 90% more energy 

compared to standard occupants (Hong, T. and Lin, H. 2013). The study by Masoso & 

Grobler (2010) in six commercial buildings illustrates that more energy is used during 

non-working hours (56%) than working hours (44%) due to occupants’ behaviour of 

leaving air conditioning systems, equipment and lights on at the end of the day. Another 

study in Canada shows that 66% increase in lighting energy and 33% increase in total 

energy are caused by inefficient blind use (Newsham, G.R. 1994). Furthermore, 

occupants’ perception toward environmental controls is found to affect energy savings. 

Barlow & Fiala (2007) show that occupants’ positive impression towards operation of 

windows, shades and localized switching affects energy consumption (Barlow, S. and 

Fiala 2007). On the effect of personal behaviours on energy consumption, Newsham 

(1997) suggests that as clothing flexibility increases, occupants adapt to higher cooling 

and lower heating setpoints, therefore, they save energy without affecting their comfort 

state (Newsham, Guy R. 1997). Generally, total energy saving is increased by allowing 

user control (Moore et al. 2002), easy to use controls (Sadeghi et al. 2016) and efficient 

design of lights, shadings and windows to provide more daylight (Rijal, H. B. et al. 2007, 

Foster and Oreszczyn 2001, Pigg et al. 1996). Table 2.5 shows how adaptive behaviours 

affect energy consumption in different building use. The most recurring factors affecting 

energy consumption in all building use include type and design of controls, occupancy 

patterns and setpoint temperatures.  

2.4.4. Summary of ICE Factors Impacted by Behaviours 
Summary of factors that are influenced by adaptive behaviours including IEQ, comfort 

and energy consumption (ICE factors) are listed in the following.  
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• To maintain IEQ, it is important to facilitate adaptive behaviours towards controls in 

all seasons, especially during heating seasons when windows are operated less. The 

efficacy of improving IEQ is significantly influenced by the design of controls and 

occupants’ behaviour towards them. Therefore, windows and openings should 

provide opportunities for various types of ventilation (e.g. night ventilation, pre-

ventilation and cross-ventilation).  

• Higher levels of comfort and satisfaction are reported when more opportunities for 

personal and environmental adaptive behaviours are provided. Therefore, individual 

controls or controls shared by a fewer number of people in the space can increase 

comfort level. Comfort is increased when building’s controls are easy to use, 

accessible and can be overridden if required. This can also save energy as controls 

are operated more frequently and efficiently.  

• Energy consumption can be explained by environmental variables, building 

characteristics, the efficiency of the systems and occupants’ behaviour. Designing 

suitable controls impact occupants’ comfort and save energy in all building use. For 

example, subdivided windows allow occupants to pick and choose which parts of 

windows need to be opened or closed to maintain thermal comfort, visual comfort 

and IAQ. In fact, instead of opening a whole window to have fresh air during winter 

and lose large amounts of heat, only one part of it can be opened for natural 

ventilation.  

• Mode, type and design of controls are the most recurring factors affecting adaptive 

behaviours and consequently IEQ, energy consumption and comfort. 

• The importance of facilitating adaptive behaviours can be explained by its impact on 

IEQ, comfort level and energy consumption (ICE factors) and its role in achieving a 

balance between ICE factors. Improved IEQ, reduced energy use and higher comfort 

levels make occupant’s perception of adaptive behaviours more positive.  

Therefore, besides COB factors that should be studied to facilitate adaptive behaviours, 

ICE factors need to be investigated as they are the consequences of adaptive 

behaviours.  

2.5. Conclusion 
This chapter has reviewed researches on occupants’ adaptive behaviours in different 

building use to facilitate adaptive behaviours. The first part of the chapter studies the 

influence of three factors of Context, Occupant and Building (COB factors) on both 

environmental and personal adaptive behaviours to discover changes in adaptive 

behaviours. The second part reviews studies on the impact of adaptive behaviours on 
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IEQ, Comfort and Energy consumption (ICE factors) to find out how the relationship 

between these factors can be balanced by adaptive behaviours. The literature review 

shows that the relationship between Indoor Environment Quality (IEQ) and adaptive 

behaviours is reciprocal and dynamic. IEQ consisting of thermal environment, visual 

environment and IAQ trigger adaptive behaviours. The information on this relationship is 

limited in educational buildings while children’s adaptive behaviours are more limited in 

schools.  
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Chapter 3 
3. Methodology 
3.1. Introduction 
The literature review shows that the information on the relationship between Indoor 

Environment Quality (IEQ) and adaptive behaviours in school buildings is missing. 

Hence, this chapter sets out a robust methodology for evaluating IEQ and adaptive 

behaviours. To capture the full picture of primary schools in England, this body of work 

has two main levels;  

• The national-level investigation to compare the performance of schools against 

standards and regulations.  

• Within-cases investigation to compare the performance of classrooms with each 

other based on their design.  

The main steps carried out in the Methodology section include 1. Research design, 2. 

Sampling (climate, buildings and occupants), 3. Calculations and estimations (thermal 

comfort, occupants’ generation rate and ventilation rates), 4. Evaluating IEQ against 

Standards and Regulations, 5. Statistical methods (descriptive, correlations, regressions 

and group differences) and 6. Mathematical modelling (linear, multilinear and binary 

logistic regressions).   

3.2. Research Design 
The design of the study defines transverse sampling in which according to Nicol et al. 

(2012) bias is lowered or avoided, thus, the results are more representative (Nicol, F. et 

al. 2012). The main advantages of transverse sampling in this type of study include the 

selection of higher numbers of subjects, the generalization of the results and the 

investigation of different classrooms and subjects. The main disadvantage of transverse 

sampling is not being able to compare the subject’s results within a period. However, this 

disadvantage does not apply to this study as environmental conditions change by time 

and comparison would not be possible. In longitudinal sampling, many intervening 

variables may affect understudied variables during a lengthy time (Oppenheim 2000). 

Furthermore, there is a danger of sampling bias in longitudinal studies (Nicol, F. et al. 

2012) which is due to the small population. The main disadvantges of longitudinal 

sampling in this type of study include ‘subjects getting tired and bored after being 

surveyed for a long time’, small population, high number of intervening factors, non-

generalizable results and reduced number of studied classrooms. This study has applied 

a method to use the advantages of both transverse and longitudinal sampling; 
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questionnaire surveys are adminstrated during both morning and afternoon sessions so 

that subjects fill out the questionnaires two times in a day.  

Hence, the study was carried out in 32 different classrooms on 32 distinct days 

throughout one year, July 2017-May 2018. To increase the validity of the study and 

reduce bias, the number of studied classrooms is similar during both seasons, 16 

classrooms during non-heating and 16 classrooms during heating seasons.  

3.3. Sample selection  
Samples were selected with specific attention to climate, buildings and observed 

occupants.  

3.3.1. Location and Climate 
Coventry as the second-largest city in the West Midlands region has a mild climate. 

According to Koppen classification, its climate is type Cfb,  standing for warm temperate 

(C), fully humid (f) with warm summers (b) (Kottek et al. 2006).  
Schools were selected in the mild climate of UK for two main reasons; 1) Mild or 

temperate climates where the outside temperature is lower than indoor temperature can 

provide opportunities for buildings’ natural ventilation, as supported in several other 

studies (Gratia et al. 2004, Mumovic et al. 2018, Levermore 2002). The outdoor 

temperature in the UK is lower than the indoor temperature for most of the year during 

both day and night, therefore, window opening can ventilate and cool the building 

(Mumovic et al. 2018). 2) Mild or temperate climates can reduce the biased impact of 

one extreme climate to let window operation in NV buildings during both heating and 

non-heating seasons.  

The study was carried out in Coventry July 2017 until May 2018 to embrace different 

environmental conditions. Both heating and non-heating seasons were studied because 

variations in temperature and relative humidity would influence students’ perception of 

the indoor environment (Corgnati, S. P. et al. 2009, Teli et al. 2012b). Fig 3.1 shows the 

distribution of outdoor temperature in boxplots for each classroom during schools’ 

occupied period. In boxplots, bars show all values from the minimum to maximum, lines 

in boxes show median values, crosses show mean values and boxes show interquartile 

ranges.  
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Fig 3.1. Outdoor temperature for each classroom during school’s occupancy 

Fig 3.2 shows the distribution of air speed in boxplots for each classroom during schools’ 

occupancy period. 

 
Fig 3.2. Outdoor airspeed for each classroom during schools’ occupancy 

Table 3.1 shows descriptive statistics of outdoor variables that were taken from Met office 

local weather stations (Weather Observations Website 2017). Measurements show that 

mean outdoor temperature, humidity and air-speed are 17.6°C, 73% and 3.0 m/s during 

non-heating seasons and are 7.1°C, 80.5% and 2.8 m/s during heating seasons.  
Table 3.1. Descriptive statistics of outdoor variables 

Mode Outdoor variables Minimum Maximum Mean Std. Deviation 
Non-heating Tout(°C) 9.6 25.1 17.6 3.7 

RH (%) 43.0 94.0 73.0 15.5 
A (m/s) 0.0 7.7 3.0 1.8 

Heating Tout(°C) 0.7 14.6 7.1 3.1 
RH (%) 50.0 94.0 80.5 9.9 
A (m/s) 0.0 9.6 2.8 1.9 
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3.3.2. Buildings 
Schools were selected among the list of 120 primary schools provided by Coventry City 

council. The phone number and emails of all schools were found available online. All 

schools were initially contacted through email; an invitation email describing the aim and 

objectives of the study was sent to all the schools. Multiple follow-up reminder e-mails 

were sent to the schools over 2 weeks in an attempt to recruit additional schools. At the 

end of two weeks, 18 schools showed interest in the study. Interested headteachers 

were contacted by phone to explain more details. All schools required verified ID and 

Disclosure and Barring Service (DBS) check to proceed the request. The researcher 

visited all 18 schools before the final selection. During the first visit, three schools were 

removed from the list due to the following reasons:  

• There were no classrooms for 9-11 years old children.  

• The classroom for 9-11 years children had no windows and controls.  

• The space allocated as the classroom was initially designed as a Chapel.   

Among 15 schools, selected schools should meet below five criteria. Below criteria are 

selected based on the aim of this study to investigate adaptive behaviours and IEQ. All 

criteria aim to facilitate adaptive behaviours or show changes in adaptive behaviours by 

changes in design or IEQ. Further details for each criterion are provided below.  

1. Selected schools are naturally ventilated since the main source of ventilation in most 

UK schools is windows. Furthermore, variations in temperature, relative humidity and 

indoor pollutants from mechanical ventilation can limit our understating about IEQ 

and adaptive behaviours in buildings.  

2. Schools were selected in quiet areas with a considerable distance to the main road 

to not restrict window operation due to high background noise level as recommended 

by Building Bulletin 93: Acoustic Design of Schools to facilitate natural ventilation 

(Anon. 2003). The regional Road Noise, LAeq 16h, is less than 55dB in all selected 

schools according to England Noise Map Viewer (Extrium 2015). This is the 

maximum acceptable external noise level that allows natural ventilation (Anon. 

2003). 

3. Schools were selected in low-polluted areas to not restrict window operation, as 

recommended by CIBSE TM 21: Minimising pollution at air intakes (CIBSE TM 21 

1999). Schools were selected in areas with low Daily Air Quality Index (DAQI) 

according to Air pollution Forecast provided by the Met Office (Metoffice 2017). In 

polluted urban areas, window operation can be limited due to pollution or odour 

(Allocca et al. 2003, Dorizas et al. 2015a, Mumovic et al. 2018) and the exposure 
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levels inside a building result from pollutants generated outside the building (Anon. 

2016). Therefore, school buildings were selected from regions very low in outdoor 

pollutants to focus on indoor pollutants generated by occupants’ exhalation. 

4. Buildings were selected with different architectural features as different buildings 

provide different potentials for practising adaptive behaviours (ABs) and natural 

ventilation. There is evidence that buildings’ design affects IEQ (Batterman et al. 

2017, Heebøll et al. 2018).  

5. Schools were selected among both renovated and existing buildings because 

buildings have different potentials for maintaining IEQ according to their age and 

design (Chatzidiakou, L. et al. 2012). Furthermore, the required IAQ and ventilation 

rates (VRs) are different for renovated and existing buildings (CEN (European 

Committee for Standardization) 2007a). Schools 1, 2 and 6 (14 classrooms) are 

renovated and schools 3, 4, 5, 7 and 8 (18 classrooms) are not renovated. Table 3.2 

shows an overview of studied schools.  
Table 3.2. An overview of the architectural features of schools  

School 
No. 

Seasons Region Form of 
plan  

Material Window 
glazing 

Thermal 
mass 

No. of 
floors 

No. 
classes School 1 Non-

heating 
CV2 Linear Brick & 

cement 
Double G Heavy  2 5 

School 2 CV3 L-shaped Brick & 
cement 

Double G Heavy 2 4 
School 3 

Heating 

CV2 Triangle  Wood and 
ceramic 

Single G Light 2 3 
School 4 CV1 Rectangular 

with 
courtyard 

Brick Double G Heavy 1 3 
School 5 CV6 T-shaped Brick and 

wood 
Double G Heavy 2 5 

School 6 CV3 Linear Brick and 
wood 

Single G Light 2 5 
School 7 Non-

heating 
CV6 Rectangular 

with 
courtyard  

Brick Single 
and 
Double G 

Heavy 2 3 
School 8 CV2 Rectangular 

2 
courtyards 

Brick Double G Heavy 1 4 
 

Before running field studies, the author had ‘face to face’ meetings with headteacher and 

teachers. In the meetings with headteachers, the aim, objectives, day of observation, 

location of instruments, ethical issues, contact with children and the location of exit doors 

in the case of the emergency were discussed. Furthermore, ID and DBS check were 

controlled by the headteachers. In the meetings with teachers, readability of the 

questionnaire surveys, arrangement of children’s seats, the lessons at the time of filling 

out questionnaires and activities in the classroom were discussed.  

On the day of field studies, author received a visitor badge from each school, with 

confirmation on enter and exit hours. The instruments were set up according to the 

confirmed location by headteachers and teachers to provide a safe and accessible 

environment for children.   

3.3.3. Classrooms and Windows’ Features  
Table 3.3 shows recorded architectural features in each classroom during field studies. 

Range of architectural features including classroom area (50-70 m2), volume (130-252 
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m3), classrooms’ depth to height ratio (2-4), the ratio of window area to classroom area 

(0-13%) and the ratio of opening area to classroom area (0-13.6%) are presented in 

Table 3.3.  

Windows design has a significant impact on Environmental adaptive behaviours, natural 

ventilation, thermal environment and consequently IEQ (Gao et al. 2014, Santamouris, 

M. et al. 2008). Based on a comprehensive literature review, aspects of window design 

that affect window operations and natural ventilation are classified into six main groups; 

I) windows’ area and location, II) window/room ratio, III) windows’ arrangement (CIBSE 

TM 21 1999, CIBSE Guide B2 2016), IV) windows’ orientation (Gratia et al. 2004, Gan 

2000), V) windows’ operation method (Sanati and Utzinger 2013, Maniccia et al. 1999) 

and VI) windows’ supplements (Chiang et al. 2005, Ahmed and Wongpanyathaworn 

2012, Anon. 2016). The review helps to classify classrooms with high or low potentials 

for ‘window operation and natural ventilation’, the last column in Table 3.3 (H for High 

and L for Low).  

I) Windows’ Design: Operations on controls and the amount of air going through the 

window opening depends on size, type and location of the opening (Larsen and 

Heiselberg 2008, Mumovic et al. 2018). Windows at different levels (high/low-level 

openings) and sizes (small/large) provide different potentials for adaptive behaviours and 

sufficient ventilation (CIBSE TM 21 1999, CIBSE Guide B2 2016, CIBSE TM46 2008). 

High-level openings provide cross-ventilation if windows are located at two different 

sides. Well-distributed high-level openings direct the airflow above the occupied zone 

and prevent cold draughts from dumping onto the occupants before mixing with the room 

air (Anon. 2016). Therefore, these openings ventilate the space efficiently and cool the 

thermal mass without discomforting occupants, especially during heating seasons. Low-

level openings can provide local ventilation (CIBSE TM 21 1999). It is also found that 

ACR is increased with the window’s height (Li, K. and Teh 1996, Anon. 2016). Large 

openings can be used for still summer days (CIBSE TM 21 1999, CIBSE Guide B2 2016) 

and small openings can be used for winter days to avoid overheating (CIBSE TM 21 

1999, CIBSE Guide B2 2016). Therefore, windows at different heights and sizes provide 

higher potentials for adaptive behaviours and natural ventilation. Features related to 

windows’ design can be found in Table 3.3.  

II) Window/room ratio: Window area in proportion to classroom area should have the 

potential to provide different aspects of IEQ. BREEAM, as an international rating scheme 

on buildings’ environmental performance, sets criteria that minimum proportion of 
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window area to room area should be 5% to provide natural ventilation (CIBSE Guide B2 

2016).  

III) Windows’ Arrangement: ‘Natural ventilation is the flow of air through doors, 

windows, vents, and other openings caused by wind pressure or stack effect’ (Krarti 

2018). There are two main types of windows’ arrangement for natural ventilation: 1) 

single-sided that mostly relies on temperature gradients (room-scale stack ventilation) 

and 2) double-sided (cross-ventilation) that mostly relies on wind turbulence (Gan 2000, 

CIBSE TM 21 1999, Mumovic et al. 2018). Single-sided natural ventilation is possible 

through two different designs; 1) same opening on one side of the room, 2) different 

openings when inlet and exit openings are at different levels on one side of the room 

(Gan 2000). When the same opening provides for both supply and extracts in single-

sided configurations, wind-driven ventilation is restricted (CIBSE Guide B2 2016). 

Therefore, by vertical separation of windows in single-sided ventilation, the room-scale 

stack flow is increased (Gratia et al. 2004, Mumovic et al. 2018), because it lets in cold 

outdoor air into a building via low-level vents and lets out warmer indoor air via high-level 

openings, especially when the temperature difference between inside and outside is 

higher (Mumovic et al. 2018). To ensure that the full depth of a single-sided space is 

adequately ventilated, the depth of the room should be limited to 5.5m or 2 times the 

room’s height (Mumovic et al. 2018, CIBSE Guide B2 2016). However, separating the 

openings vertically increases the effective depth to 2.5 times the room’s height (Mumovic 

et al. 2018, Anon. 2016). Cross-ventilation is usually driven by wind-generated pressure 

differences (Mumovic et al. 2018). To ensure cross-ventilation, openings should be at 

different heights on opposite facades  (Gratia et al. 2004, Mumovic et al. 2018). When 

adequate cross-ventilation is provided, depth of the room can exceed to 7-15m or 5 times 

the room height (Anon. 2016, Mumovic et al. 2018). Therefore, classrooms’ depth-to-

height ratios should be met to provide adequate potentials for natural ventilation. Among 

studied classrooms, 90% of classrooms are single-sided and 10% are double-sided, 

Table 3.3. Around 42% of single-sided classrooms have openings that are designed at 

two different levels (classrooms in schools no. 1, 2 and 5). Fig 3.3 and Fig 3.4 show 

classrooms with single-sided openings at two different sizes and one size, respectively.   
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Fig 3.3. The classroom with single-sided openings at two different sizes  

Fig 3.4. The classroom with single-sided openings at one size  

IV) Windows’ Orientation: Window orientation influences IAQ and ventilation rates 

regarding prevailing wind speed and direction (Gratia et al. 2004, Mumovic et al. 2018). 

When the building is not protected from wind, windows are not parallel to wind direction 

and wind speed is not null, double-sided/cross ventilation is set-up, otherwise, single-

sided ventilation is set-up (Gratia et al. 2004, Gan 2000). It is shown that in double-sided 

classrooms the effect of wind is dominant, however, in single-sided buildings, stack flow 

through temperature difference is more dominant (Gan 2000, Mumovic et al. 2018). 

Therefore, windows that are oriented towards the prevailing wind direction can provide 

higher levels of wind-induced ventilation, especially in double-sided classrooms.  

V) Windows’ Operation: Previous studies have shown that manual operation of 

windows increases window operation and improves IEQ significantly (Hou et al. 2015, 

Stabile et al. 2016), especially during heating seasons (Gao et al. 2014, Santamouris, 

M. et al. 2008). Windows’ ease of use (Slater 1996, Sanati and Utzinger 2013) and 

access and proximity to windows (Maniccia et al. 1999, Boyce, P. R. 1980) are among 

other factors affecting window operation and potentials for natural ventilation. Based on 

children’s physique, windows designed at lower heights are more accessible for 

children’s window operation. Windows’ operation method and their minimum accessible-

height are shown in Table 3.3.  

VI) Windows’ supplements: Windows that are supplemented with ventilation grills can 

provide extra ventilation and increase potentials for natural ventilation (Chiang et al. 

2005, Ahmed and Wongpanyathaworn 2012, Mumovic et al. 2018). Fig 3.5 (school 1) 

and Fig 3.6 (school 6) show louvres with fixed horizontal slats that are angled to let air 

in. In 45% of studied classrooms (schools 1, 2 & 6) louvre openings are designed 

alongside windows, Table 3.3.    

Content removed on data protection grounds.
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Fig 3.6. A classroom in school 6 providing louvre openings alongside windows  

Classrooms that provide at least four out of six above criteria are considered as 

classrooms with high potentials for natural ventilation. Furthermore, the thesis suggests 

that classrooms that provide high opportunities for window operation have a higher 

number of windows, have a low windowsill (≤1m), are manually operated and are located 

within the length of the classroom, Table 3.3. Fig 3.7 and Fig 3.8 show classrooms with 

high and low potentials for children’s window operation, respectively. Fig 3.7 shows a 

classroom with openings at two different sizes and levels that can be operated manually 

alongside the length of the classrooms. Fig 3.8 shows a classroom with 5 small openings 

at high windowsill (1.7m) located at the end of the classroom. In this thesis, 16 

classrooms provide high potentials for ‘window operation and natural ventilation’ and 16 

classrooms provide low potentials for ‘window operations and natural ventilation’, Table 

3.3. 

Fig 3.7. The classroom providing high potentials for children’s window operation. 

Fig 3.8. The classroom providing low potentials for children’s window operation. 

 

Content removed on data protection grounds.

Content removed on data protection grounds.
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Table 3.3. Classrooms’ architectural features 

No. Floor WO CLA Vo WA NW Window Operation Window 
opening  

Ventilation 
Strategy 

D/H MHWS O/WL O/Cl  Blind 
Type  

Door 
Type 

ES ED  Po 

1.1 First  NE 60 192 8 8 Manually Top-hung 
outward 
openings at 
two levels  

Louver 
openings+  
single sided 
windows at 2 
levels 

7/3.2=2.2 1 8/27=30%  8/60=13% 3 roller 
shades 

Single 
internal 
door 

No No  H 
1.2 First  SW 60 192 8 8 Manually 1 No No  H 
1.3 First SW 60 192 8 8 Manually 1 No No  H 
1.4 First  SW 60 192 8 8 Manually 1 No No  H 
1.5 First  NE 60 192 8 8 Manually 1 No No  H 
2.6 First  NW 60 192 8 8 Manually Top-hung 

outward 
openings at 
two levels 

Louver openings 
+ single sided 
windows at 2 
levels 

7/3.2=2.2 1 8/27=30%   8/60=13% 3 roller 
shades 

Single 
internal 
door 

No No  H 
2.7 First  SE 60 192 8 8 Manually 1 No No  H 
2.8 First  SE 60 192 8 8 Manually 1 No No  H 
2.9 First  NW 60 192 8 8 Manually 1 No No  H 
3.10 Ground  S &W 65 227 2 5 Manually Top-hung 

outward  
Single sided 10/3.5=2.9 1.7 2/23=9% 2/65=3% 4 roller 

shades 
sliding Yes Yes L 

3.11 Ground  S &W 70 245 2.2 6 Manually Double-sided 11/3.5=3.1 1.6 Two-sided 2.2/70=3% Vertical 
blind 

Single 
internal 
door 

Yes No  L 

3.12 First  NW 60 192 2.5 5 With a handle Single sided 6.5/3.2=2 2.6 2.5/29=9% 2/60=3.3% Vertical 
blind 

No No  L 

4.13 Ground  W 50 130 0.5 2 Manually Top-hung 
outward  

Single sided 9/2.6=3.5 1.8 0.5/14=3% 0.5/50=1% 1 Vertical 
blind 

Single 
internal 
door 

No Yes L 
4.14 Ground  W 60 156 0.5 2 Manually 9/2.6=3.5 1.8 0.5/14=3% 0.5/60=0.8% No Yes L 
4.15 Ground  No W 50 175 0 0 No window - - - - - - - No No  L 
5.16 First  SW, SE 55 137 5.7 8 Manually Top-hung 

openings at 
two levels 

Single sided at 
two levels 

7/2.5=2.8 0.5 5.7/19=30% 5.7/55=10% 2 Vertical 
blinds 

Single 
internal 
door 

No No  H 
5.17 First  SW 55 137 5.7 8 Manually 0.5 No No  H 
5.18 First  SW & NW 55 137 5.7 8 Manually 0.5 No No  H 
5.19 Ground  SW 55 137 5.7 8 Manually 0.5 Yes Yes H 
5.20 Ground  SW & NW 55 137 5.7 8 Manually 0.5 Yes Yes H 
6.21 First  SE 60 168 1.8 4 Remote Control Top-hung 

outward 
opening 

Louver 
openings+ 
single sided 
windows 

8.5/2.8=3 2.3 1.8/19=9% 1.8/60=3% 2 Internal 
roller 
shades 

Double 
internal 
door 

Yes No  L 
6.22 First  SE 60 168 1.8 4 Remote Control 2.3 Yes No  L 
6.23 First  SE 60 168 1.8 4 Remote Control 2.3 yes No  L 
6.24 First  SE 60 168 1.8 4 Remote Control 2.3 Yes No  L 
6.25 First  SE 60 168 1.8 4 Remote Control 2.3 Yes No  L 
7.26 Ground  SE & SW 70 252 3.9 6 With a handle Top-hung 

outward 
opening 

Double sided 12/3.6=3.3 2.7 Two sided 3.9/70=5% 6 Vertical 
blinds 

Single 
internal 
door 

No No  L 

7.27 Ground  SE & SW 55 137 3.3 3 Manually Single sided 6/2.5=2.4 1.65 3.3/23=14% 3.3/55=6% 2 Vertical 
blinds 

No Yes H 

7.28 First  NE & NW 55 137 5.4 6 Manually Double sided 6/2.5=2.4 1.6 Two sided 5.4/55=10% 3 Vertical 
blinds 

No No H 

8.29 Ground  NE 60 150 
 

2.2 4 Manually Top-hung 
outward 
opening 

Single sided 10/2.5=4 1.4 2.2/15=14.6% 2.2/60=3.6% 3 Internal 
roller 
shades 

Sliding 
Door 

Yes Yes L 

8.30 Ground  NE 60 150 
 

2.2 4 Manually 10/2.5=4 1.4 2.2/15=14.6% 2.2/60=3.6% Yes Yes L 

8.31 Ground NW 55 137 2.2 4 Manually 9/2.5=3.6 1.4 2.2/15.25=14.4% 2.2/55=4.4% Yes Yes L 
8.32 Ground NW 55 137 2.2 4 Manually 9/2.5=3.6 1.4 2.2/15.25=14.4% 2.2/55=4.4% Yes Yes L 
WO=Window Orientation- CLA=Classroom Area- Vo=Volume (m3)- WA=Window Area- NW=Number of Windows- D/H= Depth to Height Ratio-  MHWS= Minimum Height of windowsill (m)- O/WL= Operable Area to Wall 
Area- O/CL= Operable area to classroom area (%)-ES=Exterior Shade- ED=Exterior Door- Po=Potentials for Window Operation and Natural Ventilation (H=High and L=Low)  
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A subset of classrooms (25%) has exterior doors to the playground that are usually 

operated according to occupancy patterns, Table 3.3. Operation of exterior doors can 

increase classrooms’ VRs (Gao et al. 2014). Due to blinds’ potential on resisting airflows 

(CIBSE Guide B2 2016, Sayigh 2013), their impact on obstructing free open area is 

considered in the analysis. The thesis obtained its ethic approval before the start of the 

project and all ethical considerations were followed during the field study, including 

obtaining DBS check and getting consent from heads, teachers and children.  

3.3.4. Occupants 
To study sensations and adaptive behaviours of primary school children, it is important 

to select an age group that has a clear perception of environmental conditions. In this 

thesis, 9-11 years old children were targeted for two main reasons. 1) Primary school 

children in their late middle childhood (9-11 years old) compared to their peers in early 

middle childhood (6-8 years old) are more likely to operate controls because of their 

height. Children’s heights were derived from UK-World Health Organisation (WHO) 

growth charts; the average height of 9-11 years old children are reported to be 133, 138 

and 144 cm, respectively (RCPCH n.d.). The study by Ghita and Catalina (2015) shows 

that older children have more freedom to operate controls whereas the younger children 

are supervised more strictly inside the classrooms. 2) Children in their late middle 

childhood (9-11 years old) compared to their peers in early middle childhood (6-8 years 

old) can provide more valid responses to a structured questionnaire (Fabbri 2015). The 

gender ratio of surveyed girls (51%) and boys (49%) is approximately the same that can 

reduce bias and increase the credibility of results.  

3.4. Calculations and Determination  

3.4.1. Calculating Comfort Temperature  
According to Nicol and Humphreys (2010), comfort or neutral temperature is defined as 

“operative temperature at which the average person is thermally neutral” (Nicol, F. and 

Humphreys, M. 2010). To calculate comfort temperature, standards including ISO 7730, 

ASHRAE 55 and EN15251 rely on thermos-physiological (Fanger, P O 1970) and 

adaptive (Nicol, J. F. and Humphreys, M. A. 2002, De Dear and Brager, GS 1998) 

models. The adaptive model acknowledges that people are in dynamic equilibrium with 

their environment (Humphreys, M. et al. 2007) and can interact with it (Nicol, F. et al. 

2012, Humphreys, M. et al. 2015). Both American (ASHRAE 55) and European 

(EN15251) standards have developed adaptive models for adults in naturally-ventilated 

buildings based on prevailing outdoor conditions (Nicol, F. et al. 2012, De Dear and 

Brager, GS 1998, Humphreys, M.A. 1978). 
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EN 15251 adopts exponentially weighted running mean temperature (Trm) that considers 

the significance of temperatures based on their distance in the past from Equation 3.1.  

Equation 3.1. 𝑇𝑟𝑚 =
𝑇𝑜𝑑−1+𝛼𝑇𝑜𝑑−2+𝛼2𝑇𝑜𝑑−3+⋯

1+𝛼+𝛼2+⋯
  0 < 𝛼 < 1 

Where constant 𝛼 is 0.8, 𝑇𝑜𝑑−1 is the daily mean outdoor temperature for the previous 

day, Tod-1 is the daily mean outdoor temperature for the day before that and so on (Nicol, 

F. et al. 2012). Comfort temperature according to main studies on adaptive models 

(Nicol, F. et al. 2012, Humphreys, M. et al. 2015) and CIBSE, 2006 (CIBSE 2006) is 

calculated from Equation 3.2 during non-heating seasons and from Equation 3.3 during 

heating seasons.  

Equation 3.2. 𝑇𝐶𝐸𝑁 = 0.33𝑇𝑟𝑚 + 18.8°𝐶, 𝑇𝑟𝑚 > 10 

Equation 3.3. 𝑇𝐶𝐸𝑁 = 0.09𝑇𝑟𝑚 + 22.6°𝐶, 𝑇𝑟𝑚 ≤ 10 

EN 15251 considers different building categories; Category I with high expectations for 

sensitive and vulnerable occupants, Category II for normal expectations in new or 

renovated buildings, Category III for moderate levels of expectation in existing buildings. 

Equation 3.4, Equation 3.5 and Equation 3.6 show the calculation of comfort 

temperatures in Building Categories I, II and III. 

Equation 3.4. 𝑇𝐶𝐸𝑁 = 0.33𝑇𝑟𝑚 + 18.8°𝐶 ± 2, 𝑇𝑟𝑚 > 10, Category I buildings 

Equation 3.5. 𝑇𝐶𝐸𝑁 = 0.33𝑇𝑟𝑚 + 18.8°𝐶 ± 3, 𝑇𝑟𝑚 > 10, Category II buildings 

Equation 3.6. 𝑇𝐶𝐸𝑁 = 0.33𝑇𝑟𝑚 + 18.8°𝐶 ± 4, 𝑇𝑟𝑚 > 10, Category III buildings 

3.4.2. Carbon Dioxide (CO2) Generation (G) 
CO2 generation (G) is calculated based on children’s age, metabolic rate, body surface 

area and room temperature. CO2 generation for an average child is given in Equation 3.7 

(Coley and Beisteiner 2002):  

Equation 3.7. 𝐺 =
−0.94(𝐴−5)+52.3

40
𝑘 

Where k is calculated in Equation 3.8.  

Equation 3.8. 𝑘 = 0.148𝛼𝑚
273+𝑡𝑟

273
 

G (kg/s) is CO2 generation  

A (years) is children’s age  
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m (W/m²) is the metabolic rate  

α (m²) is body surface area and 

tr(°C) is room temperature  

Body surface area is calculated from Dubois Equation 3.9 (Coley and Beisteiner 2002) 

with w = weight (kg) and h = height (m).  

Equation 3.9. 𝑎 = 0.202𝑤0.425ℎ0.725 

Children’s height and weight were derived from UK-World Health Organisation growth 

charts (average weight=32Kg and average height=1.38 m) (RCPCH n.d.). Average body 

surface area of 9-11 years old children was found 1.1 m2 (RCPCH n.d.).  

Metabolic Equivalent of Task (MET) is the ratio of the working metabolic rate to the 

metabolic rate at resting condition (Vilcekova et al. 2017). MET equals the energy 

produced per unit surface area of an average person (1.8 m²) seated at rest 

(Katafygiotou and Serghides 2014), where 1 MET=58.2 W·m-2 for seated relaxed 

activities (ISO Standard 7726 2001, Katafygiotou and Serghides 2014). MET expresses 

the physical activity of humans and varies with activity type (ISO Standard 7726 2001). 

The ASHRAE 55 (2013) defines the metabolic rate as the level of transformation of 

chemical energy into heat and mechanical work by metabolic activities within an 

organism (ASHRAE. 2013 2013). Children’s metabolic rate can be modified by 

considering 0.85 value to adults’ metabolic rate (ISO Standard 7730 2005) because 

children produce heat at a rate of 85% of that for adults (CIBSE Guide B2 2016). The 

metabolic rate of 1.2 corresponds to CO2 concentration of approximately 900 ppm, 

assuming outdoor CO2 concentration of 400 ppm (Fanger, P O 1984, Kamaruzzaman 

and Razak 2011). The study by Havenith (2007) has estimated metabolic rate (W.m-2) of 

9-11 years old primary school children for different school activities (language=52, 

writing=53, art=59, drawing=62 and calculus=64 W.m-2). Children’s (Havenith 2007) and 

adults’ (ISO Standard 7730 2005) metabolic rate for different activities are shown in 

Table 3.4.  
Table 3.4. Children’s and adults’ metabolic rate for different activities 
Children (Havenith 2007)    Adult (ISO Standard 7730 2005) 

Type of activities for children  W/m2  MET  Type of activities for adults  W/m2 MET  
Seated activities (working individually, 
listening, writing and following)  

58  1 Seated activities (Office, dwelling, 
school, laboratory)  

70 1.2 

Standing (walking through the classroom 
to get material and light manual work)  

79 1.3 Standing (shopping, laboratory, light 
industry)  

93 1.6 

Standing, medium activity (signing and 
adjusting clothing for PE)  

99 1.7 Standing, medium activity (shop 
assistant, domestic and machine work) 

116 2 
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3.4.3. Determination of Air Change Rates and Ventilation Rates 
This thesis has applied the transient mass balance method for estimating Air Change 
Rates (ACRs) and Ventilation Rates (VRs), as used by several other studies (Dorizas 

et al. 2015b, Luther et al. 2017, Coley and Beisteiner 2002). VRs derived from the 

transient mass balance method are more reliable than VRs derived from other methods, 

such as steady-state, decay and build-up methods (Batterman et al. 2017, Batterman 

2017, Johnson, D. L. et al. 2018). Other methods have limitations for calculation of ACRs 

(Batterman et al. 2017), therefore, they result in inconsistent and unstable data that is 

not relevant to the occupied time (Batterman 2017). Steady-state method requires CO2 

concentrations at equilibrium (Batterman 2017, Johnson, D. L. et al. 2018), however, 

plotting data suggests that equilibrium was seldom achieved in studied classrooms. The 

decay method is ideal for empty classrooms after children have left the classroom 

(Johnson, D. L. et al. 2018, Luther et al. 2017). Build-up method assumes a constant 

generation rate during occupancy (Batterman 2017, Johnson, D. L. et al. 2018), however, 

generation rates are varied in schools due to diverse occupancy patterns. The transient 

mass balance method does not require steady-state conditions, and it can be used for 

different occupancy patterns (e.g. occupied or unoccupied) and for different times of the 

day (e.g. morning and afternoon) (Batterman 2017). 

In buildings where people are the main pollution sources, VRS (l/s.p) are derived by using 

CO2 measurements (CEN (European Committee for Standardization) 2007a). VR for a 

known volume depends on CO2 concentration entering the room, CO2 concentration 

leaving the room and internal generation rate of CO2 added to the room by occupants 

and their physical activities (Gough et al. 2018, Coley and Beisteiner 2002). The time 

derivative of the monitored concentration is given in Equation 3.10:  

Equation 3.10. 𝑉 𝑑𝑐

𝑑𝑡
= 𝐺 + 𝑄𝐶𝑒𝑥 − 𝑄𝐶(𝑡) 

Solving Equation 3.10 by integration leads to Equation 3.11: 

Equation 3.11. 𝐶(𝑡) = 𝐶𝑒𝑥 +
𝐺

𝑄
+ (𝐶𝑖𝑛 − 𝐶𝑒𝑥 −

𝐺

𝑄
) 𝑒−

𝑄

𝑉
𝑡 

where 

C(t) (kg/m3) is internal concentration of tracer gas  

Cex (kg/m3) is external concentration of tracer gas 

G (kg/s) is generation rate of tracer gas emitted from an indoor source 

Q (m3/s) is internal-external exchange rate  

Cin (kg/m3) is initial concentration of tracer gas 
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V(m3) is room volume  

Q/V (ac/s) is air change rate and 

t (s) is time (Gough et al. 2018, Coley and Beisteiner 2002) 

Equation 3.11 assumes that G, Q, and Cex are constant.   

Equipment generally records CO2 levels in ppm, therefore, to convert (ppm) to (kg/m3) 

Equation 3.12 is applied (Liu, F. et al. 2017, Mak et al. 2018). However, to avoid small 

numbers, (kg/m3) is shown in (ppm) and (kg/s) is shown in (cm3/s) in this thesis.  

Equation 3.12. 𝑊 =
10−6(𝑝𝑝𝑚)(12.187)(𝑀𝑊)

(273.15+𝑇°𝐶)
 

Where  

W (kg/m3) is density of CO2 levels  

ppm (parts per million by volume) is the concentration of CO2 levels 

12.187 is a constant of proportionality representing the atmospheric pressure 

MW (Kg) is gas molecular weight that is simply the sum of the atomic masses 

(44.01 grams) and (273.15 + °C) is the temperature expressed in Kelvin. 

ACRs (1/h) were estimated during school’s occupied period by using time-averaged G 

values. Outdoor concentration of CO2 is fairly constant, between 350-450 ppm 

(Seppanen, O. A. and Fisk, William J 2004) but it can vary depending on the location 

and the time of the day (Seppanen, O. A. and Fisk, William J 2004). In this thesis, the 

external CO2 concentration is considered at 400 ppm as suggested in several other 

studies (Fanger, P O 1984, Kamaruzzaman and Razak 2011). To calculate VRs (l/s.p), 

air change rates (1/h) were multiplied by classrooms’ volume and divided by the number 

of the occupants. In this thesis, estimated rates are based on outdoor air supply as the 

internal doors to the classrooms were mostly closed during teaching period.  

3.5. Evaluating Classroom’s IEQ against Standards  
The European standard of EN 13779:2007 recommends IAQ values and expected 

percentage dissatisfied in four different building categories, Table 3.5. I) high level of 

expectation for spaces occupied by very sensitive people with special requirements, II) 

normal level of expectation for new buildings and renovations, III) moderate level of 

expectation for existing buildings and IV) low level of expectation only acceptable for a 

short period.  
Table 3.5. IAQ and PPD by EN 13779:2007 for each category  

Categories IAQ standard PPD Range of CO2 levels Total CO2 level based 
on outdoor CO2 of 400 ppm 

VRs (l/s.p) 

Category I High <15 <400 <800 >10 
Category II Medium 15-20 400-600 800-1000 7-10 
Category III Moderate 20-30 600-1000 1000-1400 4-7 
Category IV Low >30 >1000 >1400 <4 
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The American Society of Heating, Refrigerating and Air-conditioning Engineers 

(ASHRAE) standard 62 recommends CO2 level of 1000 ppm and a minimum of 5 L/s per 

person plus 0.6-0.9 L/s per m2 floor area (a total of approximately 8 L/s.p) for classrooms. 

This amount of VR results in ACR of 3-5 (1/h) per classroom depending on classrooms’ 

size and volume (Daisey et al. 2003, Becker, R. et al. 2007, Luther et al. 2017).  

 For optimal humidity and air speed, European standard EN 15251 recommends 

humidity range of 30-50% and maximum air velocity of 0.15 m/s for Category I buildings. 

For optimal light level, BS EN 12464-1:2011 recommends minimum light level in 

classrooms and tutorial rooms at 300 lx with UGRL of 19 and the minimum light level for 

art classrooms at 500 lx with UGRL of 19 (BS EN 2011), which is also reproduced by 

The Society of Light and Lighting, CIBSE (The Society of Light and Lighting 2011). 

Unified Glare Rating (UGR) values typically range from 13 to 30, with lower values 

providing more comfort (Boyce, P. and Raynham 2009). Boyce and Raynham (2009) in 

SLL Lighting Handbook, CIBSE state that the average illuminance provided should not 

exceed 300 lx for UGR=13, the average illuminance should not exceed 600 lx for 

UGR=16 and it should not exceed 1,000 lx for UGR=19 (Boyce, P. and Raynham 2009). 

To keep UGR values below 19 for higher comfort votes, acceptable light levels are 

considered between 300 lx-600 lx in the thesis. 

3.6. Statistical Analysis  
For statistical analysis, this thesis has done a review of statistical studies in the format 

of the below questions.   

3.6.1. What are the different types of data? 
Studied data can be classified into three groups of categorical, ordinal and interval. 

Categorical data have no order such as sex and marital status (Mccrum-gardner 2008). 

Ordinal data are ordered scales such as Likert. Interval data are continuous and 

numerical such as weight (kg) or length (cm) (Mccrum-gardner 2008).  

3.6.2. How to decide on the most appropriate statistical tests?  
To decide on the most appropriate parametric and non-parametric statistical tests, it is 

important to find out what is the dependent (outcome) variable and what type of variable 

is it (Marshall, Ellen and Boggis 2016). Parametric tests can only be used when data 

fulfil these three conditions: 1) the level or scale of measurement is of equal interval or 

ratio scaling. 2) the distribution of the population is normal 3) the variances of both 

variables are equal (Bryman and Cramer 2011, Scheff 2016, Marshall, E and Samuels 

2017).  
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3.6.3. How to check the normality and homogeneity of the data?  
To check the normality of the interval-scale data, histograms, Kolmogorov-Smirnov or 

Shapiro-Wilks tests and QQ plots can be applied (Mccrum-gardner 2008). In histograms, 

the normally-distributed data peaks in the middle and is symmetrical about the mean 

(bell-shaped) (Marshall, E and Samuels 2017, Mccrum-gardner 2008), however, it does 

not need to be perfectly normally distributed (Marshall, E and Samuels 2017). For 

Kolmogorov-Smirnov or Shapiro-Wilks tests, normality tests are unlikely to detect non-

normality for small sample sizes (n<20) and are too sensitive for larger sample sizes 

(n>50) (Mccrum-gardner 2008). In QQ plots, the points will be close to the line for 

normally-distributed data. Because Kolmogorov-Smirnov or Shapiro-Wilks tests are 

sensitive to outliers, histograms for large samples or QQ plots for small samples can be 

used (Marshall, Ellen and Boggis 2016).  

To check homogeneity of variance, Levene’s test (part of standard SPSS output) can be 

used (Marshall, Ellen and Boggis 2016). 

3.6.4. What is the difference between parametric and non-parametric tests?  
In non-parametric statistics, no assumptions are made about the distribution of data 

(Bryman and Cramer 2011, Scheff 2016). Parametric tests are more powerful than non-

parametric tests when the assumptions about the distribution of the data are true or valid 

(e.g., homogeneity of variance) (Scheff 2016, Marshall, Ellen and Boggis 2016). This is 

because parametric statistics use all of the information and nonparametric statistics do 

not (Scheff 2016). This suggests that parametric tests are more likely to detect true 

differences or relationships that exist (Marshall, Ellen and Boggis 2016). For non-

parametric data, it is inappropriate to report the mean and standard deviation, however, 

the appropriate descriptive statistics are median and range for each group (Scheff 

2016).  

3.6.5. What are the major advantages and disadvantages of non-parametric tests?  
Major advantages of non-parametric statistics include not being restrictive about 

distribution and variance, not being affected by extreme outliers in the data, detecting 

differences between groups, being applicable for very small sample sizes and skewed 

data, being very easy to calculate and understand (Scheff 2016). Major disadvantages 

of nonparametric statistics include being only applicable to relatively “simple” 

experimental designs, not taking advantage of all the information about a sample 

distribution, analysing ranks rather than actual experimental values, having general 

conclusions because hypotheses are less specific (Scheff 2016). 
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3.6.6. What are the main categories for common statistical tests?  
Statistical analysis in this thesis can be categorized into four main groups: 1) Descriptive, 

2) Correlational, 3) Predictive and 4) Group differences (cause and effect).  

Descriptive statistics: Descriptive statistics such as (minimum, maximum, mean, 

median and S.D.) can describe variables’ distribution (Marshall, Ellen and Boggis 2016). 

For continuous normally distributed data, mean and S.D. should be used (Marshall, Ellen 

and Boggis 2016) and for skewed data with influential outliers, median (middle value) 

and interquartile range (Upper quartile–lower quartile) are more appropriate (Chan, Y. 

H. 2003, Marshall, Ellen and Boggis 2016). A big difference between the mean and 

median indicates skewed data or influential outliers (Marshall, Ellen and Boggis 2016). 

Correlational (Strength): Correlation indicates both the strength and direction of the 

relationship between a pair of variables (Bryman and Cramer 2005, 2011). Cohen has 

proposed classifications for the strength of correlations using r values; 0.10 to 0.30 is 

taken as a weak correlation, 0.30 to 0.50 as a moderate correlation and more than 0.50 

as a strong correlation (Cohen, J. 2013). It is assumed that higher absolute values and 

smaller associated P values imply a stronger correlation (Evans 1996). Pearson’s 

correlation coefficient as the most common measure of correlation is used for variables 

that are both continuous and normally distributed (Marshall, Ellen and Boggis 2016). 

Pearson's correlation coefficient is a measure of the strength of the linear relationship 

between two such variables (Hauke and Kossowski 2011). Spearman’s correlation is a 

non-parametric statistical measure for the strength of the relationship between paired 

data, used for ‘ordinal or interval’ and skewed data, Table 3.5 (Marshall, Ellen and Boggis 

2016, Mccrum-gardner 2008, Bryman and Cramer 2005, 2011). Unlike Pearson’s, 

Spearman’s can be used in a wide variety of contexts since it makes fewer assumptions 

about variables. To illustrate the fundamental features of correlation, scatter diagrams 

can be employed (Bryman and Cramer 2005, 2011). 

Predictive (Regression): Regression explains how variables are related and it controls 

the confounding factors when describing a relationship between two variables (Marshall, 

Ellen and Boggis 2016). Regression predicts dependent variable (y) given the 

independent variable (x) to produce a line of best fit (y=a+ bx+e, R2=n) (Bryman and 

Cramer 2005, 2011). The R2 value shows the proportion of the variation in the dependent 

variable which is explained by the model (Marshall, Ellen and Boggis 2016, Bryman and 

Cramer 2005, 2011), or is the measure of how much of the variability in the outcome is 

accounted for the predictors (Field 2013).  
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Group differences (cause and effect): Tests of group differences are used to 

determine whether the groups are the same or not (Chan, Y. H. 2003, Siegel 1956). To 

compare proportions between two or more independent groups Chi-square test can be 

used (Mccrum-gardner 2008, Bryman and Cramer 2011), and to compare the medians 

between groups, Kruskal-Wallis and Mann-Whitney tests can be used, Table 3.6 

(Bryman and Cramer 2005, 2011, Mccrum-gardner 2008). Table 3.6 shows a 

classification of all statistical tests based on the number and nature of dependent 

variables (DV), independent variables (IV), and data distribution (parametric or non-

parametric).
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Table 3.6. Classification of statistical tests based on the number and nature of variables 

Number 
of DVs 

Nature of IVs Parametric Tests Non-parametric Tests 
Nature of Dependent Variable(s) Test (s) Nature of Dependent Variable(s) Test (s) 

1  0 IVs  
(1 population) 

Interval & normal  one-sample t-test Ordinal or interval  one-sample median 
Categorical (2 categories)  binomial test 
Categorical  Chi-square goodness-of-fit 

1 IV with 2 
levels  

Interval & normal 2 independent sample t-test Ordinal or Interval  Wilcoxon-Mann Whitney test  
T-test is used to compare sample means from two independent 
groups for an interval scale when the distribution is approximately 
normal (Mccrum-gardner 2008, Marshall, Ellen and Boggis 2016). If 
the p-value < 0.05, there is a significant difference between the 
means of the two groups (Marshall, Ellen and Boggis 2016). 

Mann-Whitney compares two samples when data are either ‘interval and not normally 
distributed’ or ‘ordinal’ (Mccrum-gardner 2008). It ranks all the data and compares the sum 
of the ranks for each group to determine whether the groups are the same or not (Marshall, 
Ellen and Boggis 2016, Chan, Y. H. 2003, Bryman and Cramer 2005, 2011, Siegel 1956).   
Categorical  Chi-square test 
Chi-square test investigates if there is an association between two nominal-scale variables 
or one nominal and the other ordinal (Bryman and Cramer 2011, 2005). Chi-square compares 
the proportions between two groups (Bryman and Cramer 2011, 2005, Marshall, Ellen and 
Boggis 2016, Scheff 2016). When the value of chi-square is not significant suggests that the 
proportion of variables is the same for categories (Marshall, Ellen and Boggis 2016).  

1 IV with 2 or 
more levels  

Interval & normal  one-way ANOVA Ordinal or interval  Kruskal Wallis 
One Way Analysis of Variance (ANOVA) is used when more than 
two independent groups are being compared, with interval scale 
variable being approximately normally distributed (Mccrum-gardner 
2008, Marshall, Ellen and Boggis 2016). It is used to detect the 
difference in means of 3 or more independent groups and it is thought 
of as an extension of the t-test for 3 or more independent groups 
(Marshall, Ellen and Boggis 2016). If p<0.05, there is significant 
evidence of the relationship between the two variables (Marshall, 
Ellen and Boggis 2016).  

Kruskal-Wallis is used for ordinal data or a not-normally distributed interval-scale (Mccrum-
gardner 2008, Marshall, Ellen and Boggis 2016). Kruskal-Wallis is used to comapre the 
medians of two or more samples to determine if the samples have come from different 
populations or not (Bryman and Cramer 2005, 2011, Marshall, Ellen and Boggis 2016).   
Categorical (binary) Chi-square test 
Chi-square (𝒙𝟐) test compares proportions between two or more independent groups 
(Mccrum-gardner 2008, Bryman and Cramer 2011, 2005). Chi-squared test looks at the 
relationship between categorical variables but does not convey information about the strength 
of a relationship. Therefore, samples with a large chi-square value and strong significance 
level (e.g p<0.001) do not necessarily show a stronger relationship compared to samples with 
a smaller chi-square value and moderate significance level (e.g. p<0.05) (Bryman and Cramer 
2011, 2005). 

1 IV with 2 
levels  

Interval & normal paired t-test Ordinal or interval  Wilcoxon signed ranks test 
Paired t-test can be used when the data is paired or matched. Paired 
t-test can be used before or after measurements of the same variable 
to compare how a group of subjects perform under two different test 
conditions (Marshall, Ellen and Boggis 2016).  

The Wilcoxon signed-rank test is used to compare two related samples, matched samples or 
repeated measurements on a single sample (Marshall, Ellen and Boggis 2016).  
Categorical  McNemar 
It is used for binary nominal variables when changes in subjects’ scores are of interest 
(Marshall, Ellen and Boggis 2016). 

1 IV with 2 or 
more levels 

interval & normal  one-way repeated ANOVA ordinal or interval  Friedman test 
One-way repeated measures ANOVA tests the equality of means in 
3 or more groups (Marshall, Ellen and Boggis 2016). This is the 
equivalent of a one-way ANOVA but for repeated samples and is an 
extension of a paired-samples t-test (Marshall, Ellen and Boggis 
2016).  

The Friedman test is used to detect differences in scores across multiple occasions or 
conditions (Marshall, Ellen and Boggis 2016). The scores for each subject are ranked and 
then the sums of the ranks for each condition are compared (Marshall, Ellen and Boggis 
2016). If the Friedman test is significant (p-value < 0.05) then there are differences in the 
distributions across the time points/ conditions (Marshall, Ellen and Boggis 2016).   
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categorical (2 categories)  Repeated measures logistic regression 
2 or more IVs   interval & normal factorial ANOVA ordinal or interval ordered logistic regression 

categorical (2 Categories)  Factorial logistic regression 
1 interval IV interval & normal  Pearson correlation interval & normal Spearman correlation 

interval & normal  simple linear regression Ordinal or interval  non-parametric correlation 
 Categorical Simple logistic regression 

1 or more IVs  interval & normal  multiple regression Categorical  multiple logistic regression 
analysis of covariance discriminant analysis 

2+ 1 IV (2/more 
levels)  

interval & normal  one-way MANOVA   

2+ interval & normal  multiple linear regression   
0 interval & normal  factor analysis   

2 sets 
of 2+ 

0 interval & normal  canonical correlation   
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Fig 3.9 shows suggested statistical tests and charts for each category of data in this 

thesis.  

 
Fig 3.9. Statistical tests and charts for each category of data 

3.7. Modelling 

3.7.1. Linear Regression 
Regression produces a line of best fit by minimising the residual sum of squares (RSS 

is the difference between an observed y and that predicted by the model). In regression 

equation (y=a+ bx, R2), y and x are the dependent and independent variables, 

respectively. The element ‘a’ is known as the intercept, which is the point at which the 

line cuts the vertical axis (Marshall, Ellen and Boggis 2016). Element ‘b’ is the slope of 

the line of the best fit and is usually referred to as the regression coefficient for linear 

regression (Marshall, Ellen and Boggis 2016, Jeong, B. et al. 2016). ‘Slope’ is the rate at 

which changes in the values of the independent variable (x) affect the values of the 

dependent variable (y) (Marshall, Ellen and Boggis 2016). The R2 value is used as an 

indication of how well the model implied by the regression equation fits the data 

(Marshall, Ellen and Boggis 2016, Bryman and Cramer 2005, 2011).  

3.7.2. Multiple Linear Regression 
Multiple regression is used for assessing the relationship between a dependent variable 

and several independent variables for predicting outcomes of a dependent variable 

(Marshall, Ellen and Boggis 2016, Bremer 2012). After fitting a multiple linear regression 

model and computing the parameter estimates, some decisions should be made about 

the model (Bremer 2012): 

• Is the model a good fit for the data? 
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• Do we need all the predictor variables in the model? (Generally, a model with fewer 

predictors and about the same “explanatory power” is better) (Bremer 2012). 

3.7.3. Binary Logistic Regression 
Logistic regression investigates the relationships between a categorical outcome 

variable and one or more categorical or continuous predictor variables and it leads to a 

model for predicting the probability of the event happening (Peng, C. J. et al. 2002, 

Marshall, Ellen and Boggis 2016).  

The data in this thesis were analysed using the Statistical Package for Social Science 

(SPSS) (IBM Corp 2016). Reviewed statistical tests and modelling are applied in 

Chapters 4-10. 

3.8. Conclusion 
This chapter sets out a methodology for evaluating IEQ and adaptive behaviours. The 

main steps carried out in the Methodology Chapter include Research Design, Sampling, 

Calculations and estimations, Evaluating IEQ against Standards and Regulations, 

Statistical methods and Mathematical modelling. The design of the study defines 

transverse sampling, therefore, the study was done in 32 different classrooms on 32 

distinct days throughout one year. The study was conducted in the mild climate of 

Coventry among naturally ventilated classrooms located in areas with low background 

noise and pollution levels.  

To collect valid data, the next chapter is devoted to developing a valid method for 

collecting data on buildings, environmental variables, occupants’ sensation and adaptive 

behaviours. 
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Chapter 4 
4. Developing a Valid Method for Data Collection  

4.1. Introduction 
It is important to collect information on children’s opinions and behaviours directly from 

them rather than proxy reporting as society is becoming more concerned with children’s 

rights (De Leeuw et al. 2004, Borgers et al. 2000). Methods to obtain children’s views 

about the school environment can be found in the following studies (Ghaziani 2008, 

Malinin and Parnell 2013, Parnell and Patsarika 2011). However, questionnaire surveys 

are the main research methods to study children’s adaptive behaviours (Gilani and 

O’Brien 2017), especially because personal adaptive behaviours such as adjusting 

clothing, posture and activity cannot be easily measured by sensors. It should be noted 

that ambiguity in children’s questionnaires decreases response quality, especially when 

survey forms do not suit children’s cognitive and linguistic competence (De Leeuw et al. 

2004). Therefore, designing valid and reliable questionnaires is more vital for children 

than that for adults (Presser et al. 2004). 

Several studies have developed questionnaires to record children’s perception of the 

environment and their clothing level. One of the first studies on children’s adaptive 

behaviour is the study by Humphreys in the 1970s that has developed a self-reported 

questionnaire consisting of thermal comfort rating scale and clothing checklist 

(Humphreys, M.A. 1977a). The study by Kwok and Chun (2003) presents sketch drawing 

of clothing items to help students identify their clothing level quicker. In another study by 

Haddad et al. (2012) adds custom-designed cartoon illustrations to verbal descriptions 

of thermal sensations to improve the clarity of the rating scale (Haddad et al. 2012). The 

study by Teli et al. (2012) asks children’s thermal sensation, preference, overall comfort 

and clothing layers by pictorial illustration and using colours. The study by Fabbri (2013, 

2015) evaluates thermal comfort of 4-5 years children by using “pedagogical approach” 

in which thermal comfort was related to ideas from school programs, i.e. “it is freezing 

cold or sizzling hot”. A similar study by De Dear et al. (2015) questions clothing level by 

creating twelve clothing ensembles based on the combination of school uniform 

garments. The study by Montazami et al. (2017) asks for children’s clothing behaviour 

and their primary behaviours when they feel hot through an open-ended question. 

Another study by Kim and De Dear (2018) asks student’s adaptive strategy when feeling 

discomfort by ‘What could you do to feel more comfortable?’ (Kim, J. and De Dear 2018).  
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Although clothing behaviour is asked in above-mentioned studies, studies have not 

investigated both personal and environmental adaptive behaviours toward IEQ and 

overall comfort. This chapter proposes a valid and reliable method to collect data on 

children’s sensations, overall comfort, personal and environmental adaptive behaviours 

and environmental variables.  

4.2. Validity and Reliability Indicators 
Surveying children can lead to distinctive methodological complexities, therefore, data 

quality should be improved by paying special attention to questionnaire structure and 

pretesting it (Borgers et al. 2000). Pretesting, preferably by following a pilot study, is an 

important part of survey development, especially when little is known about the survey 

population (Bell 2007). To demonstrate the rigour of research findings and achieve good 

quality outcomes, validity and reliability are considered two important indicators (Morse 

et al. 2002, Roberts et al. 2006, Borgers et al. 2000, Bell 2007).  

4.2.1. Validity 
Validity describes the closeness of what we measure to what we intend to measure or to 

the concept it claims to measure (Roberts et al. 2006, Borgers et al. 2000, Bell 2007, 

Creswell 2009, Mokkink et al. 2010). Validity describes respondents’ understanding of 

what was asked to discover if the obtained data truly reflects what is under investigation 

(Swadi 1990). External validity describes the ability to apply the findings of the research 

to other studies with confidence (Roberts et al. 2006), i.e. results should be generalizable 

(Johnson, R. B. 1997). To maximise the generalizability of the results, it is important to 

achieve high response rates (Hutchison 1989), which is another indicator of the quality 

of responses (Borgers et al. 2000, Bell 2007). Internal validity addresses the reasons for 

the outcome of the study (Roberts et al. 2006) with three main approaches: content, 

construct and criterion validity (Roberts et al. 2006, Creswell 2009, Mokkink et al. 2010). 

Content validity measures the degree to which the content of a questionnaire adequately 

reflects the intended concept (Roberts et al. 2006, Creswell 2009, Mokkink et al. 2010). 

Construct validity shows the relationship between the concepts under study and the 

related hypothesis (Mokkink et al. 2010, Roberts et al. 2006, Creswell 2009), i.e. the 

relationship between variables and factors conformed to what might be expected (Brazier 

et al. 1992). Criterion validity is established if a tool can be compared to other similar 

related measures of the same concept (Roberts et al. 2006, Creswell 2009), which does 

not apply to this thesis.  

Factors affecting questionnaires’ validity include questionnaires’ design, sampling, non-

intentional errors in responding (due to misunderstanding of the questions, difficulties in 
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remembering, lack of knowledge or time) and intentional errors (due to non-

confidentiality) (Swadi 1990). Methods that are used to validate questionnaire data 

include interviews, observations, instrument monitoring (Wagner et al. 2017) and 

cognitive pre-tests (De Leeuw et al. 2004). Cognitive pre-tests discover which questions 

or wordings are problematic, discover sources of misunderstanding and confusion, and 

suggest solutions for improving the questionnaire (De Leeuw et al. 2004). What concerns 

this thesis in terms of validity is a) Whether children understand what is being asked to 

identify wording and conceptual problems and b) Whether questions, responses and 

scales truly reflect what is under investigation and c) Whether invalid responses can be 

removed to obtain more robust data.  

The validity of questions and responses is tested by the below methods:  

• Cognitive pre-tests (monitoring answer-process) help revealing children’s 

interpretation of questions and their misunderstanding of wording. A cognitive pre-

test is usually written in a report by suggesting and explaining the amendments that 

should be applied to questions (Bell 2007).  

• Observation forms are used to observe controls, children and behaviours for cross-

checking with questionnaire results. Observation is used to identify factors that are 

difficult to measure or explain (Gunay, H. Burak et al. 2013).  

• Cross-checking questions with each other is applied to remove invalid responses.  

• Statistical tests provide evidence of construct validity for the responses by testing 

the correlation between variables. Statistical analyses are performed using SPSS 25 

software (IBM 2017). 

4.2.2. Reliability 

Reliability means reproducibility of results (Swadi 1990) or when repeated administration 

of the test gives similar results (Oppenheim 2000), with the assumption that nothing has 

changed (Roberts et al. 2006). To measure internal consistency, the relationship 

between all the results obtained from a single questionnaire should be studied (Roberts 

et al. 2006) and responses should be consistent across constructs (Creswell 2009). 

Cronbach's alpha is the most common measure for internal consistency to determine if 

the scale is reliable (Creswell 2009), however, it is mostly applicable when multiple Likert 

questions form a scale to evaluate one topic, for example, job satisfaction. In this thesis, 

the questionnaire asks different questions on respondents’ gender, way of commuting, 

adaptive behaviours and sensation votes. Therefore, Cronbach's alpha test does not 

provide an appropriate method to measure the internal consistency of this questionnaire. 

Another way to measure internal consistency is test and re-test correlations to investigate 
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if votes are stable over time or not (Creswell 2009). As environmental conditions and 

adaptive behaviours change, test and re-test correlations can not account for results’ 

reliability in this type of questionnaire. Considering that reliability also estimates 

individual differences (Hopkins 2000), what concerns this thesis in terms of reliability is 

within-test variations of children’s votes for an individual question under similar 

environmental conditions. The variability can be calculated by Standard Deviation (SD). 

A low S.D. indicates that the data is clustered around the mean, and a high S.D. shows 

that the data is widely spread over a wider range of values (Hopkins 2000).    

In this thesis, reliability is tested by calculating standard deviations of the votes under 

similar conditions.  

4.3. Methodological Framework 
The methodological framework in this chapter consists of four stages: Designing, 

Running, Testing and Developing, Fig 4.1. 1) Designing a questionnaire for 9-11 years 

old children based on their cognitive and linguistic competence 2) Running designed 

questionnaire in a pilot study and then main field studies 3) Testing quality of questions 

and responses by evaluating reliability and validity 4) Developing a valid and reliable 

method to study sensation votes and both personal and environmental adaptive 

behaviours of primary school children.  

 
Fig 4.1. The suggested framework for validating thesis’s method 

4.4. Designing Stage  
Respondents of the questionnaire and their linguistic and cognitive competence are 

studied to design a suitable questionnaire in terms of wording, administration mode, 

number of questions, the scale of responses and layout.  

4.4.1. Respondents 
Primary school children can describe their perception, tell their viewpoint, and structure 

their memory (Fabbri 2015, De Leeuw et al. 2004). Therefore, 7-11 years old children 

can answer to a structured questionnaire. However, children in their late middle 

childhood (9-11) compared to children in their early middle childhood are chosen for the 

scope of this thesis for five main reasons: 
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• Development of language and literacy skills (Borgers et al. 2000).  

• Development of cognitive ability (Haddad et al. 2012).  

• The ability to think productively and evaluate facts (Fabbri 2015).  

• Development of attention span (Fabbri 2015). 

• Increase in data quality and consistency of findings (Borgers et al. 2000).  

Children in their early middle childhood have a higher tendency to please and gain social 

desirability4 (De Leeuw et al. 2004, Borgers et al. 2000), therefore, there is a risk that 

they reply to questions to please the researcher or teacher.  

4.4.2. Questionnaire Design 
The designed questionnaire presented in Table 4.1 includes a range of questions on 

gender, way of commuting to school, adaptive behaviours (fanning, drinking and 

clothing), sensations, preferences and comfort votes. To design the questionnaire, below 

factors are investigated.  

• Mode of Questionnaire: An overview of similar studies suggests that most adaptive 

behavioural questionnaires are self-reported in educational buildings (Haddad et al. 

2012, Teli et al. 2012b, Fabbri 2015). This can be attributed to the fact that paper-

based questionnaires provide higher response rates (Oppenheim 2000). However, 

several studies have designed web-based questionnaires in office (Haldi and 

Robinson 2008, Sadeghi et al. 2016, Inkarojrit, Vorapat 2008) and residential 

buildings (Andersen, R. V. et al. 2009). In this thesis, a self-reported paper-based 

questionnaire is designed for having high response rates and for easier observation 

on children’s answer-process. 

• Type of Questions: It is important to draw attention to the logical order of questions 

to get valid and reliable responses (Fabbri 2015, De Leeuw et al. 2004, Oppenheim 

2000, Wagner et al. 2017, Bell 2007). There are two types of questions in this thesis, 

factual and non-factual (sensation) questions. Factual questions ask about facts and 

they have true responses. Non-factual questions ask for sensations or attitudes, and 

there is no such thing as a true sensation or attitude (Oppenheim 2000). In the 

questionnaire, ‘factual’ questions on gender, way of commuting to school and 

adaptive behaviours are asked first, followed by ‘non-factual questions’ on 

sensations and preferences, Table 4.1.  

 
4 The tendency for respondents to present a positive image of themselves on questionnaires, or in a way that is 

consistent with societal norms or beliefs (Wagner et al. 2017). 
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• The wording of Questionnaire: As the capacity, speed and processing time of the 

memory are still developing in middle childhood, it is better to use simple words for 

children without ambiguity and complexity (De Leeuw et al. 2004, Borgers et al. 

2000). There are various types of questions: single choice, multiple-choice, nested, 

and open-ended questions (Fabbri 2015). It is recommended to ask one question at 

a time and not use vague quantifiers in questions about the frequency of behaviours 

(De Leeuw et al. 2004, Borgers et al. 2000) as questions on periodical behaviours 

are memory demanding (Oppenheim 2000), such as ‘how often … ?’. Nested 

questions with the following question clarifying a previous question can be confusing 

for children. Negatively formulated questions can make the intended meaning 

ambiguous for children and should be avoided (De Leeuw et al. 2004, Borgers et al. 

2000, Bell 2007). When questions are clear and concrete about ‘here and now’, 

children can provide more credible responses (De Leeuw et al. 2004, Amato and 

Ochiltree 1987, Bell 2007). Adaptive behavioural studies usually ask about 

occupants’ “general” perception of controls and adaptive behaviours (Zhang, Y. and 

Barrett, P. 2012a, Guerra-Santin and Itard 2010, Price and Sherman. 2006). This 

thesis asks about children’s ‘here and now’ feelings and it focuses on adaptive 

behaviours during the recent session by single or multiple-choice questions, Table 

4.1.  

• Number of Questions: To prepare a questionnaire for children, number of questions 

and response categories are important. There is a risk of fatigue in reading after a 

maximum of 15 questions (Fabbri 2015), however, the risk of irritating respondents 

can be reduced by asking a minimal number of questions (Wagner et al. 2017). In 

long questionnaires, lack of motivation and difficulties in concentration result in poor 

data quality (Borgers et al. 2000). To make the questionnaire shorter, a variable such 

as age that is already defined, 9-11 years old, is not questioned. A total number of 

14 questions is designed for morning surveys, Table 4.1, and is reduced to 12 

questions for afternoon surveys by removing two questions on gender and way of 

commuting to school.  

• The Scale of Responses: Scales are commonly used to evaluate personal 

experiences of environmental conditions (Schweiker et al. 2017). In this thesis, 

respondents were provided with a 5-point rating scale for sensation questions due to 

two main reasons; 1) to provide more accurate responses than more precise 
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responses5 and increase children’s ability to discriminate between different scales. 

According to Nicol (2008), “it is generally agreed that accuracy is not improved 

significantly by adding more points to the scale” (Nicol, J.F. 2008). 2) To improve 

children’s understanding of the questionnaire that is also supported by De Giuli et al. 

(2014). A 5-point scale is more comprehensible to respondents (Marton-Williams 

1986) and communicates better with them (Somekh and Lewin 2003). It also 

increases response rate and response quality by reducing respondents’ “confusion” 

and “frustration level” (Babakus and Mangold 1992). Several other studies have 

reported higher validity and reliability levels for five-point rating scales (Jenkins and 

Taber 1977, Lissitz and Green 1975, McKelvie 1978, Remmers and Sageser 1941). 

• Questionnaire Layout: All questions are printed on one single page to make the 

layout easier to follow. Receiving feedback from teachers, Comic Sans MS theme 

Font, size 12 and Bold was chosen for the questionnaire.  

There is a strong connection between respondents’ vocabulary knowledge and their 

comprehension (Davis 1968, Terman 1916). Therefore, 46 heads and teachers were 

asked to confirm children’s perception of the vocabularies in the questionnaire.  
Table 4.1. Questionnaire on children’s sensation and adaptive behaviours 

Behaviour and Comfort in Classrooms-Pupil Questionnaire                                              
1. I am a ….               Girl                         Boy  
2. How did you get to school today? You may need to check more than one box.  
By car                By bicycle                 By Bus                By walking               By scooter  
3. I am wearing … now.  
 skirt or dress with socks                                                            trousers  a skirt or dress with tights                                                            Shorts   
4. Are you wearing a jumper or cardigan now?              
Yes             No, I took it off in the morning          I don’t have a jumper or cardigan today  
5. Did you fan yourself this morning? 
 Yes                                         No  
6. Did you have any drink this morning?  
Yes, I had a cold drink                                          Yes, I had a warm drink         
Yes, I had both cold and warm drink                      No, I did not have any drink  
7. How do you feel now?  

Cold  Cool  OK  
 

Warm  Hot  

8. How would you like the classroom to be now? 
Warmer                                   a little warmer  as it is  A little cooler                   Cooler  

9. How is the air in the classroom now? 
Very fresh                     Fresh                   OK                     Stuffy           Very Stuffy  
10. I like the air to be … now.                           Fresher    As it is  
11. The light in my classroom is … now.  
Much  Enough  OK  Not Enough  Little  
12. I like the light in my classroom to be … now.                                                                                                                                                                                                                                                                                                                                                                                     
                    More                                       As it is                           Less      
13. Do you feel comfortable now?   
I am comfortable                           I am a little comfortable  I am not comfortable  
14. Do you feel tired now?                   
I am tired now                                       I am a little tired now  I am not tired now  

 
5 While precision is a measure of the variation among survey estimates, accuracy is a measure 

of the difference between the survey estimate (Lavrakas and Battaglia 2008).  
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4.4.3. Non-Participant Observations 
Observation forms are generally used to identify factors that are difficult to measure or 

explain (Gunay, H. Burak et al. 2013), to record the state of settings and controls, and to 

observe people and behaviours. In this thesis, ‘what to observe’ and ‘why to observe’ are 

clear for the observer, therefore, the method of non-participant observation was applied. 

The observer was accurate in reporting descriptive information of observations to 

achieve descriptive validity as suggested by Johnson, R. B. (1997). The first observation 

form is designed to record schools and classrooms’ architectural features configurations, 

Table 4.2, which is filled out for each classroom with the help of the headteacher. 
Table 4.2. Observation form designed to record classrooms’ architectural features 

School’s Name: … Date and time: … 
Part I: Observation Form for Architectural features of Schools and Classrooms  
Schools’ Construction year? 
Pre 1900  1900-1940 1940-1960 1960-1980 1980-2000 2000 Onwards 
Schools’ façade material? Choose more than one box if needed.  
Brick Concrete Cement Wood Ceramics Metal 
Schools’ Construction Type?  
Light-weighted  Heavy-weighted 
Which of the following(s) best describe building form? 
Compact               Linear              Enclosed 

Courtyard                    
One Side Open Courtyard Other 

What kind of changes was made to the main building since its construction year, if any?  
Extension Additional building                       Use change of a 

part  
Internal 
change 

Roof cover Other 

Schools’ number of floors? … Number of studied classrooms in the school? … 
Classroom area (m2)? … Classroom Orientation? … Classroom floor level? … 
No. of large operable windows (>1m2)? No. of small operable windows (<1m2)? 

… 
Total No. of operable windows? 
… 

Area of large operable windows 
(>1m2)? 

Area of small operable windows (<1m2)? 
… 

Total area of operable windows? 
… 

No. of non-operable, fixed windows? … Area of non-operable, fixed windows? … Total area of glazing? … 
Window glazing? (single-G, 
double- G) 

Min Height of operable windows? … Max Height of operable 
windows? … 

Type of window operation? … (manual, manual with a handle, automatic, remotely controlled)  
Type of window opening? … (Top hung, side hung, horizontal slider, hopper, awning, casement) 
Depth to Height Ratio? … Opening area to wall area Ratio? ... Openings area to class area 

Ratio? .. 
Type and number of doors?  
(connecting door between classes, internal door, external door to playground)  

Type of door opening? …  
(swing, sliding, double 
swing) 

Type of blinds? …  
(vertical, venetian, roller shades) 

Type and number of blind operation?  
(manual, automatic, remotely controlled) 

Mode of ventilation? …  
(natural, mixed, mechanical) 

Type of AC or fan, If any? … Type of heating system? … 

Drawing location of all controls on classroom’s floor plan  
 

Observation is a very useful tool for enriching data collected from other techniques 

(Briggs et al. 2012). Table 4.3 shows the observation form (Part II) for occupancy 

patterns and adaptive behaviours that was filled out at 10-min intervals. The observation 

form for adaptive behaviours (Part II) was filled out a total of 1090 times by the author. 

Observation results are cross-checked with questionnaire results to make sure that valid 
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results are obtained from questionnaires. Observation provides an in-depth 

understanding of factors affecting IEQ and adaptive behaviours. It also helps to obtain 

information on who operates controls and why.  

Table 4.3. Observation form for adaptive behaviours 
Part II: Observation Form for Adaptive Behaviours in the Classroom 

Personal Adaptive Behaviors 
No. students in the class?  Type of subject?  

(math, English, art, …) 
Type of activity? Seated, Reading and writing, Standing and 
tidying, singing, dancing or performing  

No. students without 
jumper/cardigan? ...  

Number of students fanning? ... Number of students drinking in the classroom? ... 

Occupancy pattern in the classroom?  
Occupied, not occupied, Left for break, left for PE, left for lunch, left for assembly, left for home 

Environmental Adaptive Behaviors 
Type of controls State of controls Reason for adjustment? Adjustment by who? 
Windows Number/percent of fully open 

large windows (>1m2) 
Temperature 
wind 
noise  
rain or snow 
upon arrival 
on departure 
turning the air conditioner or fan on 

Teacher 
Teacher assistant 
Caretaker 
Student on his/her will 
Student on teacher’s 
request  
Teacher on student’s 
request  

Number/percent of slightly open 
large windows (>1m2) 
Number/percent of fully open 
small windows (<1m2) 
Number/percent of slightly open 
small windows (<1m2) 
Total No. of window adjustment? 
… 
Percent of open windows covered by blinds? ... 

Blinds Percent of open blind  Glare, view, occupancy patterns, 
daylight level, temperature  Total No. of blind adjustment? 

Doors Sate of internal door  Noise, ventilation, temperature, 
occupancy patterns Connecting door  

State of exterior door 
Ventilation system On or off? temperature, occupancy patterns 
Fans or Air Conditioner On or off?  temperature, occupancy patterns 
Heating Systems On or off? temperature, occupancy patterns 
Lights On or off? Light level, glare, watching 

something on TV, occupancy patterns 

 

To study each student’s adaptive behaviour, observation form in Table 4.4 was applied. 

Each student and their seating position were given a matching reference number. The 

number was used on top of the questionnaire with one distinct sticker for each reference 

number. Reference numbers that were reflected on the classroom’s floor plan helped 

grouping morning and afternoon surveys. The observation form to record each students’ 

adaptive behaviour (Part III) was filled out a total of 1390 times by the author. 
Table 4.4. Observation form to record each student’s adaptive behaviour 

Part III: Observation form for Adaptive Behaviours of a Single Student  

Reference number? 1, 2, 3 and so 
on… 

Gender? Girl, boy Student’s seating position on floor plan? … 

Clothing level at the time of filling out 
questionnaire (refer to 
questionnaire)? ...   

State of Jumper/Cardigan at the 
time of filling out questionnaire  

Any personal behaviour during the last 
session in the classroom? If yes, what was 
that? 

Did student operate any control? If yes, which control and what was the reason for that? 
 

To increase the validity of observation, semi-structured observation procedure 

underwent piloting to obtain structured observation procedure.  
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4.5. Running Stage  
Running stage results in acquiring data on the classroom’s configurations, sensation 

votes, adaptive behaviours and occupancy patterns. For the observation, the observer 

remained silent in the back of the classroom without interrupting classroom activities or 

operation of controls. To make children feel at ease, the procedure of observation was 

not explained, however, it was explained that time-lapse cameras record the state of 

controls and not children. To run the field studies, a guide on using questionnaires 

alongside observation forms is provided in Table 4.5.  
Table 4.5. Guide on using questionnaire and observation forms 

Stages Guide on using questionnaire and observation form alongside each other 
1 Filling out observation form (Part I) before students’ arrival.  
2 Introduction at children’s arrival (background information and objectives of the project) 
3 Allocating a distinct reference number to each student, questionnaire and seating position.  
4 Filling out following Part III of the observation form: Reference number, gender and seating position 
5 Filling out Part II of observation form upon students’ arrival until their departure (updating at 10 min intervals) 
6 Updating Part III of observation form if a student adopts any personal or environmental behaviour  
7 Following these tips before administrating questionnaires:  

• Students should be seated in their original places when filling out the questionnaires  
• Explaining to students that responses are not judged and are collected anonymously, and the 

questionnaire is not part of school activities  
• Asking children not to discuss their responses with other classmates  
• Giving enough time to children to fill out questionnaires 

8 Filling out clothing questions on Part III of observation form while students are filling out a questionnaire  

 

4.5.1. Children’s Sensations and adaptive behaviours 
There is evidence that spending enough time studying respondents and their 

environment promotes validity (Johnson, R. B. 1997). Therefore, each student was 

asked to fill out the paper-based questionnaire two times in a day. Questionnaires were 

usually administrated once at the end of the morning session and once at the end of 

afternoon session for three reasons: 1) To assure all adaptive behaviours practised 

during the whole session were reflected in the questionnaire, 2) To investigate how 

sensation votes are affected by poor IAQ because at the end of sessions has the poorest 

conditions in terms of IAQ due to accumulation of stale air (CEN (European Committee 

for Standardization) 2007b), 3) To let children adapt to the classroom’s environment to 

safeguard thermoregulation. Goto et al, (2002) suggest that occupants should maintain 

a stable activity level at least 30 minutes before filling out the questionnaire (Goto et al. 

2002). Therefore, it was made sure that children maintained sedentary activities (reading 

and writing) at least 30 minutes before filling out the questionnaires. In total, 805 children 

were observed in 32 different classrooms and 1390 questionnaires were collected from 

morning and afternoon sessions, Table 4.6.  
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Table 4.6. The number of schools, classrooms and observed children 
No. 
School 

Date No. of 
classrooms 

No. of surveyed 
children 

No. of collected 
questionnaires 

School 1 17-21 July 2017 (Pilot Study) 5 130 210 
School 2 21-27 September 2017 4 110 195 
School 3 29-31 October 2017 3 65 115 
School 4 21-24 November 2017 3 85 115 
School 5 29 Jan-02 Feb 2018 5 145 290 
School 6 12-16 Feb 2018 4 85 140 
School 7 17-19 April 2018 3 80 165 
School 8 22-24 May 2018 4 105 160 
Total  July 2017-May 2018 31 805 1390 

 

4.5.2. Environmental Variables 
Environmental variables were recorded at 5-minute intervals by multi-functional SWEMA 

equipment, temperature and humidity data loggers with USB, CO2 meter (TGE-0011) 

and Light Meter. Details of the equipment including their range, resolution and accuracy 

are provided in Table 4.7. SWEMA equipment, designed to comply with ISO Standard 

7726 (2001) and ISO Standard 7730 (2005) standards, collects data from three sensors: 

the air velocity and temperature, air humidity and temperature and radiant temperature. 

The location of the sensors varied in each classroom considering the set-up criteria and 

children’s health and safety. Measurement station was located away from the main 

airflows (e.g. windows), away from heat sources (e.g. projectors) and also away from 

sun patches at a height of 1.1 m as recommended by ISO Standard 7726 (2001). 

Equipment was placed within the vicinity of students’ desks without impairing their visual 

access and seating arrangement. The instruments were usually set up in the classrooms 

before children’s arrival in the morning to let instruments acclimatize to the classrooms’ 

environment before reading (Nicol, F. et al. 2012). Calibrated light meters measured 

illuminance level on each students’ working desk when students were filling out the 

questionnaire. Time-lapse cameras were installed inside the classrooms to record the 

state of windows, blinds and doors at 5-minute intervals. Outdoor variables were taken 

from local weather stations that were maximum 3 miles away from each study site 

(Weather Observations Website 2017).  
Table 4.7. Equipment specifications 

Probe Variables Meas. Range Resolution Accuracy 
SWEMA  Humidity and 

air temperature 
0 to 100 %RH,  
-40 to +60 °C 

0.1% RH 
0.1 °C 

± 0.8 %RH at 23°C  
± 0.3 °C at 23°C 

Air velocity and  
Air temperature  

0.05 to 3.0 m/s at 15 
to 30°C, +10 to 
+40°C 

0.01 m/s 
0.1 °C 

±0.04 m/s at 0.05 to 1.00 
m/s, ±4% read value at 1.0 
to 3.0 m/s 

Radiant temperature 
(Ø globe: approx.150 
mm) 

0 to +50°C 0.1 °C ± 0.1°C 

Data Logger  Temperature  -35 to +80°C 0.1 °C ±0.3°C 
Humidity 0 to 100 %RH 0.5% RH ± 0.2 %RH 

TGE-0011  CO2 0 to 5000ppm 1 ppm 50 ppm  
Light Meter  Light level 0 to 50000 Lux/Fc 0.1 Lux/Fc ±5%±10d (<10000Lux) 
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4.6. Validity  
To obtain a valid and reliable questionnaire for main field studies, each question was 

tested during the pilot study for necessary modifications. Questions are divided into four 

main categories: ‘gender and way of commuting’, ‘adaptive behaviours’, ‘sensations and 

preferences’ and ‘comfort and tiredness’. The procedure of testing, modifying and 

validating questions is explained as follows: 

4.6.1. Gender and commuting 
Question on gender shows the effect of gender on adaptive behaviours. ‘I am a girl/boy’ 

is a checkbox question with discrete two-point scale ‘(yes/no)’, Table 4.1. The question 

achieved 100% valid response rate when compared with observations, Table 4.10. 
Children were also asked ‘How did you get to school today?’, provided with a 5-point 

descriptive rating scale. This question shows the impact of activity level and metabolic 

rate on children’s sensations and consequently their adaptive behaviours, especially 

upon arrival. ‘Monitoring answer-process’ of this question during the pilot study, several 

children commented ‘I usually get to school by X but today I got to school by Y’ and 

several mentioned ‘I got to school by X and Y’. Therefore, the word today was underlined, 

and the phrase ‘You may need to check more than one box’ was added to the question, 

Table 4.1. This question had also a response rate of 100% during both the pilot and main 

field studies, Table 4.10. However, there is no way to test the accuracy of the responses 

through observations.  

4.6.2. Personal behaviours  
The procedure of revising and validating questions on personal behaviours (i.e. clothing, 

fanning and drinking) is explained in the below:   

Clothing behaviour: There is a school uniform policy in the UK that can restrict available 

clothing choices (Teli et al. 2012a). Table 4.8 shows uniform combinations in studied 

classrooms with a total of eight different Clo values. Clothing values were estimated 

according to ISO 7730 (ISO Standard 7730 2005) by considering children’s fixed layers 

(i.e. worn for the whole day) and adjustable layers (i.e. Jumper/cardigan). All 

combinations include underwear, and when jumper/cardigan is worn, 0.25 is added to 

Clo value (Teli et al. 2012b).  
Table 4.8. School uniform clothing combinations 

Cat No. School Uniform Clothing Combinations  Clo Cat No. Clothing Combinations Clo 
A 1 Shirt/blouse, shorts, socks, shoes 0.30 C 2 No. 1+ jumper/cardigan 0.55 

3 Shirt/blouse, light skirt, socks, shoes 0.39 4 No. 3+ jumper/cardigan 0.64 
B 5 Shirt/blouse, light skirt, tights, shoes 0.47 D 6 No. 5+ jumper/cardigan 0.72 

7 Shirt/blouse, normal trousers, socks, shoes  0.49 8 No. 7+ jumper/cardigan 0.74 
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To make the questionnaire more straightforward, top part of clothing uniform is not 

questioned as ‘short-sleeve shirt/blouse’ and ‘light-weight long-sleeve shirt/blouse’ have 

similar Clo values (ISO Standard 7730 2005).  

Fig 4.2. The uniform mostly observed in studied primary schools  

The third and fourth questions in the questionnaire, Table 4.1, focus on children’s 

clothing to discover how children adjust clothing under different environmental 

conditions. To achieve content validity, children and their answer-process were observed 

during the pilot study. Initially, the question on the clothing layer was ‘What are you 

wearing today?’ and then changed to ‘What are you wearing now?’. This is because 

visual observations showed that students might change their school uniform for Physical 

Education (PE) or drama. Indeed, what children are wearing at the time of filling out 

questionnaire might differ from what they wear for the day of the questionnaire. 

Furthermore, ‘now’ is less memory demanding than ‘today’, which can lead to more valid 

responses. According to Presser et al. (2004), the validity of surveys can be evaluated 

by comparing revised versions of surveys with original ones (Presser et al. 2004). By 

improving this question, the validity of responses in the revised version improved by 3%, 

Table 4.10. To check ‘construct validity’ for this question and to figure out if the clothing 

level is linked to a stimulus such as outdoor temperature, responses were compared with 

recorded outdoor temperature. Results show that the average Tout is significantly different 

in different response categories (p<0.001, ANOVA). Fig 4.3 shows that when Tout is 

lower, students mostly wear ‘trouser’ or ‘skirt with tights’ with higher Clo values. 

Conversely, when Tout is higher, students mostly wear ‘shorts’ or ‘skirt with socks’ with 

lower Clo value. Seventy-nine invalid votes on children’s clothing question were specified 

by observations. Furthermore, eleven invalid votes were specified by both observation 

and cross-checking gender and clothing questions. Those votes are for boys who voted 

‘I am wearing a skirt with socks or tights’.   

Content removed on data protection grounds.
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Fig 4.3. Clothing adjustments by Tout  

Similarly, the question ‘Did you take off your jumper this morning?’ was replaced with 

‘Are you wearing a jumper/cardigan now?’, Table 4.1. The question provided discrete 

two-point scale (yes/no)’ during the pilot study but changed to descriptive three-point 

scale after monitoring answer-process of children in the pilot study. Several students 

commented ‘What if I do not have a jumper/cardigan with me today’, therefore, ‘I don’t 

have a jumper/cardigan today’ was added to response categories to assure content 

validity, Table 4.1. By doing observations on the state of jumper/cardigan and comparing 

them with questionnaire results, the percentage of valid responses can be obtained. As 

a result of improving this question, the validity of responses improved by 3% from the 

pilot study to main filed studies, Table 4.10. For construct validity, responses were 

compared with recorded operative temperature to check if the state of jumper/cardigan 

is linked to a stimulus such as indoor operative temperature. Results show that the 

average operative temperature is significantly different in different response categories 

(p<0.001, ANOVA). Fig 4.4 shows that when the mean Top is lower, students wear a 

jumper or cardigan and when Top is higher, students do not wear a jumper or cardigan.  

  
Fig 4.4. Jumper/cardigan adjustment by mean Top 
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Fanning behaviour: Children were asked on fanning behaviour by ‘Did you fan yourself 

this morning?’ with discrete two-point scale ‘(yes/no)’, Table 4.1. The question provided 

a response rate of 99% during the pilot study and of 98% during main field studies, Table 

4.10. Results show that the average Top is significantly different in two categories of ‘Yes’ 

and ‘No’ (p<0.001, T-test). This question achieves construct validity since fanning 

behaviour increases as mean Top goes higher, Fig 4.5.   

 
Fig 4.5. The relationship between fanning and Top 

Drinking behaviour: Drinking behaviour was questioned by ‘Did you drink water this 

morning?’ during the pilot study. Students asked questions such as ‘What about drinking 

juice or milk? Or ‘What about drinking a cup of hot tea in the morning?’ The question was 

changed to ‘Did you have any drink this morning?’ in main field studies to include both 

warm and cold drinks, Table 4.1. It is difficult to validate responses to this question by 

observations as many children drink out of the classroom and during breaks. However, 

results suggest that mean Tout is significantly different in different drinking categories 

(p<0.001, ANOVA). Children have cold drinks when Tout is higher and a mix of cold and 

warm drinks when Tout is lower, Fig 4.6.  

 
Fig 4.6. The relation between drinking and Tout 
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4.6.3. Environmental behaviours 
Environmental adaptive behaviours include the operation of controls such as windows, 

blinds, doors and fans. During the pilot study, children were asked on window operation; 
‘Did you open or close any window this morning/this afternoon?’ 

‘Yes, I opened the window/  Yes, I closed the window/  No, I did not open or close any window’. 

According to observations in Table 4.9, only 13% of operations were carried out by 

children, however, questionnaires’ results claim that 62% of adjustments were done by 

children. This shows a significant gap between what has been claimed and what has 

happened. Furthermore, a low response rate for this question (33%) and a low 

percentage of valid responses (55%) show that children failed to provide valid responses 

for this question, Table 4.10. Several reasons for misunderstanding to this question can 

be discussed: 1) The pronoun ‘you’ is the second-person pronoun that is both singular 

and plural, hence, children might interpret ‘you’ as the whole classroom. 2) Children 

might have ignored adverbs of time (this morning/this afternoon) and their window 

operation in the near past could drive them to check ‘yes, I opened/closed the window’. 

3) It was observed that several children looked at windows when answering this question 

and if they found the window open, they checked the box ‘Yes, I opened the window’. 

Therefore, this question was removed from the questionnaire to leave environmental 

behaviours to visual observations and time-lapse cameras.  
Table 4.9. Cross-checking questionnaire results with observations and time-lapse photos 

Window operations: Observation VS Questionnaire Day1 Day2 Day3 Day4 Day5 Total  
Total Number of window adjustment, obtained from observations 14 21 11 8 9 63 
Number of adjustments by children, obtained from observations 3 2 3 0 0 8 
Number of adjustments by children, obtained from questionnaire    9 10 8 4 8 39 

 

4.6.4. Open-ended questions 
One type of questions is open-ended in which respondents can write their opinion freely 

and from every aspect. During the pilot study, two open-ended questions were designed: 

‘Please explain what you do when the classroom is hot or warm’ and ‘Please explain 

what you do when the air is not fresh’. Out of 210 questionnaires collected during the 

pilot study, only 48 children responded to open-ended questions (response rate=23%), 

Table 4.10. This is because children prefer checkbox questions without challenging their 

writing skills! Children tend to write much slower than they read (Oppenheim 2000), 

which can be another reason for skipping open-ended questions. Therefore, open-ended 

questions were removed from the questionnaire to make it shorter and easier for 

children.  
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Table 4.10. Response Rate (RR) and valid responses for adaptive behaviours   

Questions A pilot study (210 votes) Main field studies (1180 votes) 
Response rate  Percent Valid/ Validity  Response rate  Percent Valid/ Validity 

Gender 100 100% V (observations) 100 100% (observations) 
Commuting 100 Not applicable 100 Not applicable 
I am wearing 98% 90% V (observations),  

21 invalid votes 
96% 93% (observations),  

79 Invalid votes 
Jumper/cardigan 98% 92% V (by observations),  

16 invalid votes 
97% 95% (observations) 

57 Invalid votes 
Fan 99% Construct Validity (✓) 98% Construct Validity (✓) 
Drinking 98% Construct Validity (✓) 97% Construct Validity (✓) 
Window operation 33% 55%, 31 invalid votes Removed from questionnaire 
Open-ended 
questions 

23% Not applicable Removed from questionnaire 

 

4.6.5. Sensations and Preferences 
The next part of the questionnaire is focused on non-factual questions on sensations and 

preferences over classrooms’ environmental conditions.  

Thermal Comfort: In the questionnaire, the thermal sensation was questioned by ‘How 

do you feel now?’ with a five-point rating scale in colour as ‘Cold’, ‘Cool’, ‘OK’, ‘Warm’ 

and ‘Hot’, Table 4.1. Several other studies have used the 5-point rating scale for 

evaluating thermal sensation (cold, cool, neutral, warm, hot) (Jazizadeh et al. 2013, De 

Giuli et al. 2014), however, ‘Neutral’ is replaced with ‘OK’ for children’s better 

understanding of the questionnaire as applied in similar studies (Teli et al. 2012a, 2013, 

2012b, Montazami et al. 2017a, 2017b). To check ‘construct validity’, statistical tests 

show that TSVs and Top are positively correlated (p<0.001, Spearman’s correlation) and 

children find the classroom warmer when Top is higher, Fig 4.7.  

 
Fig 4.7. Changes in TSV by Top  

Children’s thermal preference was questioned by ‘How would you like the classroom to 

be now?’ with a five-point rating scale ‘warmer’, ‘a little warmer’, ‘As it is’, ‘a little cooler’ 

and ‘cooler’, Table 4.1. Three of the responses were considered inconsistent in the 
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dataset (less than 1%) by cross-checking thermal sensation and preference questions, 

Fig 4.8. These responses are for children who found the classroom hot (TSV=2) and 

preferred it to be warmer (TPV=2) or children who found the classroom cold (TSV=-2) 

and preferred it to be cooler (TPV=-2), i.e. TSV+TPV=±4, Table 4.11. This method for 

removing inconsistent responses has already been applied in similar studies (Montazami 

et al. 2017a, Teli et al. 2013). Inconsistent data constituted 7% of the gathered data in 

the study by Teli et al. (2013) and 5-8% of the data in the study by Montazami et al. 

(2017a). The low percentage of inconsistent data in this section (less than 1%) highlights 

the validity of responses and the applied method.  

 
Fig 4.8. Comparing TSVs with TPVs to find inconsistent votes  

Indoor Air Quality: According to Building Bulletin 101 (2018),  the internal air quality in 

schools is determined largely by odour (from people and materials) and CO2 levels, 

rather than by any other pollutants (Anon. 2016). Indoor air quality was questioned by 

two questions on freshness and the smell in the classrooms. The level of freshness was 

questioned by ‘How is the air in the classroom now?’ with a five-point rating scale as 

‘very fresh’, ‘fresh’, ‘OK’, ‘stuffy’, ‘very stuffy’, Table 4.1. The same rating scale is used 

in the study by Montazami et al. (2016) for evaluating schools’ IAQ in the West Midlands, 

UK. The study by Ramalho et al. (2013) has assessed air stuffiness by a score from 0 

(no stuffy air) to 5 (extremely stuffy air), depending on occurrence and intensity of CO2 

concentration. In the study by Dorizas et al. (2015a), air quality was questioned by ‘How 

would you characterize the air current in the classroom right now?’ Fresh or stale. To 

test ‘construct validity’, statistical tests show that children’s ASVs on freshness and CO2 

levels are correlated (p<0.001, Spearman’s correlation). Children find the classroom 

stuffier when mean CO2 levels are higher, Fig 4.9. Several other studies confirm that 

children’s perception of air freshness and stuffiness are affected by CO2 concentrations 

(Dorizas et al. 2015a, Ramalho et al. 2013, Cao et al. 2012). 



72 
 

 
Fig 4.9. Changes in perception of indoor air quality as CO2 level changes 

Children’s preference for air quality was questioned by ‘I like the air to be fresher/as it is 

now’, Table 4.1. Cross-checking questions on ASVs and APVs shows that less than 1% 

(12 out of 1390) votes are inconsistent. Inconsistent responses are for children who 

found the classroom ‘stuffy’ or ‘very stuffy’ and preferred the classroom ‘as it is’.  

Another question for evaluating children’s ASVs during pilot study was ‘Is your classroom 

smelly now?’ Out of 193 responses collected for this question, only two children checked 

the box ‘Yes’, even when the CO2 levels were high. Children mostly relate this question 

to strong smells. This is mainly because occupants already in the room will not be aware 

of odour. It is because the reaction to odour is immediate and olfactory sense rapidly 

adjusts to odour (Fanger, P. O. 1988). Therefore, this question was removed for main 

field studies. Several other studies support that student’s perception of air freshness 

better accounts for CO2 levels in the classroom than children’s perception of smell 

(Montazami et al. 2016, Cao et al. 2012, Ramalho et al. 2013).    

Visual Comfort: Among different aspects of the visual environment, illuminance level 

(lux) that is more likely to be affected by adaptive behaviours was questioned by ‘My 

classroom is a) Very bright, b) Bright, c) OK, d) Dark or e) Very dark’. Students’ votes 

were compared with measured illuminance levels on each students’ working desk and 

no correlation was found between these two (p=0.288, Spearman’s correlation). It can 

be suggested that the scale conveys the colour of the classroom rather than the level of 

light in the classroom. The question and scale were changed to ‘The light in my 

classroom is a) Much b) Enough c) OK d) Not enough e) Little’, Table 4.1. The scale is 

comparable to the scale in a similar study that questioned light availability by following 

scale ‘a) Much b) Enough c) Average d) Not enough e) Little’ (Korsavi et al. 2016). The 

present study used ‘OK’ instead of ‘average’ or ‘neutral’ to make it more understandable 

for children. The use of ‘OK’ instead of ‘Neutral’ in thermal comfort scale is applied in 
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several other studies (Teli et al. 2013, Montazami et al. 2017a). By changing the question 

for main field studies, the illuminance level is found to be correlated with visual 

sensations (p<0.001, Spearman’s correlation). When illuminance levels are higher, 

children find higher light levels in the classroom, Fig 4.10. Visual sensation in schools is 

questioned in the studies by De Giuli et al. (2014), ‘Do you think there is too much light 

in your classroom now?’ [‘not at all’, ‘not much’, ‘yes-somewhat’, and ‘yes-extremely’] 

and Gao et al. (2014), ‘How was the classroom this week?’ [‘too much light (1) to too little 

light’ (7)]. Students’ visual preference vote was questioned by ‘I like the light in my 

classroom to be more/as it is/less now’, Table 4.1. Cross-checking visual sensation and 

preference questions, 97 of the votes are found inconsistent, Table 4.11. Inconsistent 

votes are for children who found the light in the classroom ‘not enough’ or ‘little’ and 

preferred the light to be ‘less’ (84 votes), and children who found the light in the 

classroom ‘much’ and preferred the light to be ‘more’ (13 votes). 

  
Fig 4.10. Changes in VSVs by illuminance level  

4.6.6. Overall Comfort and Tiredness 
Evidence shows that poor environmental conditions reduce overall comfort and 

academic performance (Haverinen-Shaughnessy et al. 2011, Wyon, D. et al. 2010). 

Therefore, the last two questions focus on the student’s comfort and tiredness. Both 

questions provide two-point scale responses during the pilot study: ‘Yes, I am 

comfortable/tired- No, I am not comfortable/ tired’. However, the scale changed to a 

three-point response category after pilot study because several children asked questions 

such as ‘What if I am a bit tired’ or ‘What if I am a little comfortable’. Therefore, ‘I am a 

little tired/ comfortable’ was added to the questionnaire to improve content validity, Table 

4.1. This scale is approved in a similar study that questioned ‘level of tiredness’ by a ‘3-

point rating scale’ (Teli et al. 2012b).  
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Fig 4.11. Changes in tiredness by CO2 levels 

Monitoring answer-process showed that children relate discomfort and tiredness to many 

factors such as ‘The chair is not comfortable’, ‘I am hungry’, ‘I do not like math’ or ‘I want 

to go home’. However, unacceptable environmental conditions were among the most 

common factors related to student’s tiredness and discomfort; ‘I am boiling’ or ‘It is so 

hard to breathe in here’. ‘CO2 level’ is one of the environmental factors that affects 

children’s level of tiredness and comfort. Results show that with higher CO2 levels, 

children feel more tired (p<0.01, Spearman’s correlation) and less comfortable (p<0.01, 

Spearman’s correlation), Fig 4.11, and Fig 4.12.  

 
Fig 4.12. Changes in comfort by CO2 levels 

Among children who provided invalid responses on clothing questions, 46% felt tired, 

42% felt a little tired and 12% did not feel tired, Fig 4.13. This shows the impact of 

tiredness on the number of invalid responses. Similarly, among children who provided 

inconsistent responses on sensation and preference questions, 30% felt tired, 46% felt 

a little tired and 24% did not feel tired. Percentage of invalid responses is less among 

students who were not tired, Fig 4.13. Therefore, high CO2 levels in the classrooms 

impact children’s overall comfort and tiredness, and consequently errors in responding.  



75 
 

 
Fig 4.13. The relationship between tiredness level and invalid responses 

The response rate of the last two questions (96%) is lower than the response rate of 

other sensation questions that can be explained by children getting tired at the end of 

the questionnaire and skipping these two questions, Table 4.11.  
Table 4.11. Response rate and valid responses for sensation questions 

Questions on … Pilot Study (210 votes) Main field studies (1180 votes) 
RR (%)  Validity  RR (%)  Validity 

TSVs  97% Construct Validity (✓) 98% Construct Validity (✓) 
TPVs 97% 1 inconsistent vote  98% 2 inconsistent votes  
ASVs  97% Construct Validity (✓) 98% Construct Validity (✓) 
APVs  97% 3 inconsistent votes  98% 9 inconsistent votes 
Smelly classroom? 96% Removed from the questionnaire, not correlated with CO2 levels 
VSVs  97% Not valid () 98% Construct Validity (✓) 
VPVs  97% 21 inconsistent votes  98% 76 inconsistent votes  
Comfort  96% Construct Validity (✓) 96% Construct Validity (✓) 
Tiredness 96% Construct Validity (✓) 96% Construct Validity (✓) 

 

4.7. Reliability  
To test the reliability of the questionnaire there is a need to check how responses vary 

under similar conditions. Findings suggest that mean clothing values increase from 0.41 

in summer (Top=26.4°C) to 0.69 in winter (Top=22.3°C), however, it remains around 0.6 

during mid-seasons of spring (Top=22.4°C) and autumn (Top=24.2°C), Table 4.12. 

Standard Deviations (S.D.) of clothing values for summer, autumn, winter, and spring 

are 0.12, 0.14, 0.09, and 0.14, respectively. Standard Deviations are higher during mid-

seasons (autumn and spring) than during extreme seasons (summer and winter). Low 

standard deviations indicate that the numbers are clustered around the mean (Ghita and 

Catalina 2015).  Standard Deviations show that clothing values are generally clustered 

around the mean for each season, suggesting consistency and reliability of results under 
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similar conditions. Summer results (Top=26.4°C, Clomean= 0.41 and SDClo=0.12) are 

comparable with counterpart results in Australia (Top=25.1°C, Clomean= 0.45 and 

SDClo=0.13) (De Dear et al. 2015) and in Japan (Top=27.0°C, Clomean= 0.38 and 

SDClo=0.11) (Kwok, A. G. and Chun 2003). Mean TSVs for summer, autumn, winter and 

spring are 0.52, 0.35, 0.36 and 0.31, respectively, and SDTSV for above seasons stand 

at 0.99, 1.08, 0.99 and 1.06, Table 4.12. Summer results in this thesis (Top=26.4°C, 

TSVmean= 0.52 and SDTSV=0.99) are comparable with counterpart results in Australia 

(Top=25.1°C, TSVmean= 0.45 and SDTSV=1.38) (De Dear et al. 2015). Furthermore, 

TSVmean and SDTSV vary between [0.3-1.3] and [1.2-1.6], respectively, from April to July 

in a study in England [22.1°C≤Top≤24.4°C] (Teli et al. 2013). Standard deviations of TSVs 

(S.DTSV) are lower than counterparts in the above-mentioned studies (De Dear et al. 

2015, Teli et al. 2013), suggesting the reliability of TSVs by being clustered around the 

mean.  
Table 4.12. Mean and S.D. for clothing values and TSVs 

Season Summer Autumn Winter Spring  Whole year 
Top(mean) 26.4 24.2 22.3 22.4 23.5 
S.D.Top 0.95 1.02 1.79 1.45 2.02 
Clomean 0.41 0.61 0.69 0.58 0.59 
S.D. Clo 0.12 0.14 0.09 0.14 0.15 
TSVmean  0.52 0.35 0.36 0.31 0.37 
S.DTSV  1.06 1.08 0.99 0.99 1.03 

 

4.8. Conclusion  
This chapter aims to develop a valid and reliable method to realize how children in their 

late middle childhood (9-11) practise adaptive behaviours as a response to the 

classroom’s Indoor Environmental Quality (IEQ). A self-reported questionnaire 

accompanied by an observation form is designed based on children’s ‘here and now’ 

sensations, their cognitive and linguistic competence. The validity and reliability of the 

questionnaire were tested by running pilot and field studies in eight primary schools. 

Several challenges were faced during the pilot study including children’s perception of 

the questions (question on visual comfort), scales, type of questions (open-ended) and 

question’s topic (environmental adaptive behaviours).  

• The question on the way of commuting to schools did not cover all possible ways.  

• Drinking behaviour was not fully explained on the scale.  

• The designed scale for visual comfort could not show children’s perception of the 

amount of light in the classroom.  

• Open-ended questions did not receive an acceptable response rate.  
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• The question about the environmental adaptive behaviours did not receive valid 

responses.  

• Morning and afternoon surveys showed potential changes in design and 

questions.  

Above challenges and errors were addressed to have valid and reliable questionnaires 

during main field studies. Questions and responses of the designed questionnaire were 

validated by monitoring answer-process, non-participant observations, cross-checking 

questions, and statistical tests. Results of this chapter show that monitoring answer-

process is the main method for validating the content of all questions. This method helps 

to modify wording and scale categorises to remove misunderstandings. Similarly, 

statistical tests are the main method for validating responses to achieve construct 

validity. Observations and cross-checking questions with each other also help to remove 

invalid and inconsistent votes from the dataset. Question on window operation and open-

ended questions received a low response rate and the low percentage of validity, 

therefore, they were removed from the questionnaire. The validating process improved 

the wording and response rates of the questionnaire. The reliability of the questionnaire 

was tested by measuring the variability of responses under similar conditions. The study 

introduces a questionnaire and an observation form that should be used together to study 

children’s sensations and adaptive behaviours. Further details on methods to address 

the challenges can be found in section ‘10.3. Develop a method for data collection’.  
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Chapter 5 
5. Thermal Comfort and Adaptive Behaviors 
5.1. Introduction 
Due to climate change and rise in temperature, maintaining thermal comfort and reducing 

the risk of overheating in school buildings is becoming a major concern. Reducing the 

risk of overheating and improving the thermal environment in schools improve children’s 

health, well-being, productivity, academic performance (Mendell, M. J. and Heath 2005, 

Bakó-Biró et al. 2007) and impacts energy consumption (De Dear et al. 2015, Nicol, F. 

et al. 2012, Wang, Y. et al. 2015). Children are less resilient to adverse environmental 

conditions compared to adults, therefore, unacceptable environmental conditions impact 

children more significantly (Wargocki, P and Wyon, D. P. 2011). It is shown that when 

classrooms' indoor temperature exceeds 23.9°C students' respiration rate increases 

(Jago and Tanner 1999). High temperatures cause sluggishness, tiredness, fatigue and 

reduced concentration (Haverinen-Shaughnessy et al. 2012, Wargocki, P et al. 2002). It 

is shown that by reducing classroom temperature from 25°C to 20°C, task speed of 10-

12 years old children increases by 2% per 1°C reduction in temperature (Wargocki, P 

and Wyon, D. P. 2011). Similarly, by 1°C reduction in temperature, academic 

performance in standardized tests improves by 2-4% (Bakó-Biró et al. 2007, Seppanen, 

O. et al. 2006).  

To improve the thermal environment in primary schools, it is vital to estimate comfort 

temperatures. According to Nicol, F. et al. (2012), “Comfort temperature or the neutral 

temperature is the temperature at which the largest number of participants will be 

comfortable”. Comfort temperature is also defined as “the operative temperature at which 

the average person will be comfortable” (Nicol, F. and Humphreys, M. 2010). According 

to ANSI/ASHRAE (2013), “Thermal comfort is the condition of mind that 

expresses satisfaction with the thermal environment and is assessed by subjective 

evaluation”.  

Comfort temperature varies in different studies under different climatic conditions around 

the world. In the temperate climate of England, comfort temperature of 11-16 years old 

children is found at 16.5°C during winter (Auliciems, A. 1969) and 19.1°C  during summer 

(Auliciems, A. 1973). Furthermore, the comfort temperature of 7-11 years old children is 

found at 20.5°C during spring (Teli et al. 2012b). In the temperate climate of Korea, 

comfort temperature is found at 22.1°C for 4-6 years old children during spring (Yun, H. 

et al. 2014). In subtropical Australia, comfort temperature is found at 24.2-24.5°C during 
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winter (Auliciems, Andris 1975) and 22.5°C during summer (De Dear et al. 2015) for 

primary and secondary school children. In subtropical Taiwan, comfort temperature 

changes from 23-24°C (Hwang et al. 2009) and from 22.4-29.2°C (Liang et al. 2012) for 

11-17 years old students during Autumn. In subtropical China, comfort temperature is 

reported at 20.9°C during summer (Zhang, G. et al. 2007). In tropical locations, comfort 

temperature increases up to 26.8°C in Hawaii, US (Kwok, A. 1998) and up to 28.8°C in 

Singapore (Khoo et al. 2003). In another study done in Iran with warm dry summers and 

cool winters, comfort temperature of 10-12 years old children is found 23.3°C during 

summer (Haddad et al. 2016).  

According to De Dear and Brager et al. (1998), differences in thermal comfort are related 

to occupants’ physiological (acclimatization), psychological (expectations) and 

behavioural (clothing adjustments) adaptations. Behavioural thermoregulation affects 

heat balance between the human body and surrounding thermal environment (De Dear 

and Brager, GS 1998, Khoo et al. 2003) through the change in clothing layers, posture, 

metabolic rate, location or use of buildings’ controls (Nicol, F. et al. 2012). This reaction 

is either ‘Personal Behaviour’ with the occupants adapting to the building or 

‘Environmental behaviour’ with the occupants adapting the building to suit their 

preferences. Adaptive Behaviours influence classrooms’ environmental quality and 

school occupants’ comfort significantly (Heebøll et al. 2018, Nicol, J. F. and Humphreys, 

M. A. 1973, Montazami et al. 2017a). Therefore, adaptive behaviours should be 

facilitated in schools to achieve higher comfort levels for children. Therefore, a clear 

understanding of both environmental and personal behaviours in schools is required 

under various climatic conditions. This chapter aims to investigate children’s perception 

of the classrooms’ thermal environment and estimate their comfort temperature in 

relation to the existing adaptive comfort models. It also examines children’s personal and 

environmental adaptive behaviours as a response to thermal discomfort during non-

heating and heating seasons.  

5.2. Overview of the Recorded Data 

Outdoor temperature (Tout) and operative temperature (Top) at the time of filling out 

questionnaires, day’s running mean temperature (Trm), comfort temperature predicted by 

EN 15251 (TC(CEN)), temperature offset form comfort temperature ‘Tdiff=Top- TC(CEN)’, mean 

Thermal Sensation votes (TSVs) and mean clothing values (Clo) are presented in Table 

5.1 to characterize classrooms’ thermal environment and children’s thermal perception.  
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Table 5.1. Overview of recorded data in each classroom 

Classroom No Top Tout Trm TC(CEN) Tdiff TSV Clo Value 
1.1 25.5 22.8 15.4 23.9 1.6 0.1 0.46 
1.2 27.6 24.3 16.5 24.2 3.4 1.0 0.38 
1.3 26.5 20.7 17.7 24.7 1.8 0.5 0.36 
1.4 26.4 16.6 18.3 24.8 1.6 0.4 0.47 
1.5 25.4 17.4 18.2 24.8 0.6 0.5 0.38 
2.6 23.9 14.1 9.3 23.4 0.5 -0.1 0.55 
2.7 24.4 15.6 12.2 22.8 1.6 0.7 0.60 
2.8 25.2 17.4 12.7 23.0 2.2 0.6 0.58 
2.9 25.3 17.5 13.1 23.1 2.2 0.6 0.56 
3.10 22.5 9.5 8.7 23.4 -0.9 -0.2 0.64 
3.11 24.0 12.7 7.3 23.3 0.7 0.5 0.68 
3.12 21.8 11.9 6.8 23.2 -1.4 0.3 0.69 
4.13 24.7 11.6 6.0 23.1 1.6 0.6 0.64 
4.14 23.5 14.2 7.2 23.2 0.3 0.1 0.69 
4.15 24.1 6.4 8.0 23.3 0.8 0.4 0.65 
5.16 22.3 8.1 5.9 23.1 -0.8 0.2 0.72 
5.17 21.2 5.9 6.3 23.2 -2 -0.1 0.71 
5.18 19.5 4.6 5.7 23.1 -3.6 0.1 0.71 
5.19 23.4 5.7 5.7 23.1 0.3 0.4 0.70 
5.20 22.8 6.7 5.5 23.1 -0.3 0.8 0.69 
6.21 25.0 5.1 2.4 22.8 2.2 0.6 0.69 
6.22 22.8 4.2 2.3 22.8 0 0.5 0.67 
6.23 21.8 7.8 2.3 22.8 -1 0.4 0.63 
6.24 20.8 7.1 3.0 22.9 -2.1 0.2 0.69 
7.26 22.9 13.8 7.6 23.3 -0.4 0.6 0.68 
7.27 23.4 20.4 8.5 23.4 0 0.3 0.49 
7.28 22.5 24.5 10.2 22.2 0.3 0.6 0.62 
8.29 23.5 18.7 11.7 22.7 0.8 0.4 0.47 
8.30 19.6 16.5 11.6 22.6 -3 -0.2 0.55 
8.31 22.8 11.5 12.0 22.8 0 -0.1 0.65 
8.32 21.9 14.3 12.0 22.8 -0.9 0.2 0.63 

 
Fig 5.1 shows the percentage of children in each category of TSVs and TPVs. Around 

15% of the children during non-heating seasons and 14% during heating seasons are 

overheated (i.e. the proportion of children who feel warm or hot and prefer a cooler 

classroom).   

 
Fig 5.1. Percentage of children in each category of TSV and TPV 

Cold Cool OK Warm Hot Cold Cool OK Warm Hot

Non-Heating Heating
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Fig 5.2 shows the percentage of children in each category of Clothing value. During 

heating seasons, 77% of children’s clothing values are in Cat D. During non-heating 

seasons, clothing values are more diverse, 32% in Cat A, 30% in Cat B, 12% in Cat C, 

and 26% in Cat D, Fig 5.2.   

 
Fig 5.2. Distribution (%) of children’s clothing values 

5.3. Children’s Comfort Temperature (TC(children))  
To investigate children’s adaptive behaviours as an action to reach thermal comfort, 

there is a need to discover children’s thermal comfort (TC(children)). The Equations by EN 

15251 for optimum comfort temperature were developed based on data collected from 

office workers in the SCATs project (Nicol, F. et al. 2012). Therefore, predicted comfort 

temperature estimates adults’ comfort temperature (TC(CEN)) more reliably than that for 

adults. Evidence shows that outdoor climatic conditions affect thermal adaptation to 

indoor conditions significantly (CEN (European Committee for Standardization) 2007b). 

Therefore, the distance between indoor operative temperature (Top) and the day’s 

comfort temperature by EN 15251 (Tdiff=Top- TC(CEN)) is considered as the criteria for 

suggesting TC(children). Applying ‘Tdiff’ for estimating comfort temperature is supported in 

similar studies exploring children’s comfort temperature at schools (Montazami et al. 

2017a, Kim, J. and De Dear 2018). Children’s mean TSVs and TPVs for each survey 

were compared with ‘Tdiff’ to provide a more detailed presentation of results. The method 

to calculate comfort temperatures is presented in the following three steps:  

Step 1) The difference between Top and the day’s comfort temperature predicted by EN 

15251 adaptive model (Tdiff=Top- TC(CEN)) was calculated. Tdiff values greater than 0 

account for temperatures higher than comfort temperature predicted by EN 15251 and 
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Tdiff values lower than 0 account for temperatures lower than comfort temperature by EN 

15251. Step 2) The proportion of children with Warm Sensation (i.e. 0 <TSV, the one 

who voted Warm or Hot), Cool Sensation (i.e. TSV<0, the ones who voted Cool or Cold) 

and Neutral sensation (i.e. TSV=0, the ones who voted OK) was calculated for each 

classroom and plotted against corresponding Tdiff, Fig 5.3 and Fig 5.4. The intersection 

point of ‘Warm sensation’ and ‘Cool sensation’ graphs is the point at which the proportion 

of children feeling warm and feeling cool is similar. Indeed, it introduces the point at which 

equilibrium is reached. To suggest this point as TC(children), the proportion of children 

feeling ‘OK’ should approximately be maximum at this point. Step 3). Similarly, the 

proportion of children with Warmer preference (i.e. 0<TPV, the ones who preferred a bit 

warmer or warmer classroom), Cooler preference (i.e. 0>TPV, the ones who preferred a 

bit cooler or cooler classroom) and ‘As it is’ preference was calculated and plotted against 

the related Tdiff, Fig 5.3 and Fig 5.4. Similarly, the intersection point of ‘Warmer 

preference’ and ‘Cooler preference’ graphs suggests the ‘preferred temperature’. At this 

point, the proportion of children preferring the classroom ‘as it is’ should approximately 

be maximum. This approach is supported in similar studies (De Dear et al. 2015, Kim, J. 

and De Dear 2018, Hwang et al. 2009) that show intersection point of ‘Want warmer’ and 

‘Want cooler’ probit models as the preferred temperature.  

Non-heating seasons: As it can be seen in Fig 5.3, the intersection point of warm 

sensation and cool sensation curves is at Tdiff=-1.9 during non-heating seasons, 1.9K 

cooler than TC(CEN). It represents the point at which 30% of the children have Cool 

sensation and 30% have Warm sensation. The proportion of children with neutral 

sensation (the rest 40%) is at its peak at this point, Fig 5.3. Similarly, the intersection 

point of warmer and cooler preference curves is at Tdiff=-0.8 where 34% of children prefer 

cooler, 34% prefer warmer and 32% prefer ‘As it is’, Fig 5.3. As shown in Fig 5.3, there 

is a 1.1K difference between children’s comfort and preferred temperature. However, this 

difference is still within 4K distance between the upper and lower margin of comfort band 

by EN 15251 for Category I buildings (TC(CEN)=0.33Trm+18.8°C±2). Suggested TC(children) 

which happens at Tdiff=-1.9 is close to the lower margin of the comfort band predicted by 

EN 15251 (Tdiff=-2). Therefore, comfort temperature by EN 15251 (TC(CEN)) overestimates 

children’s comfort temperature (TC(children)) by 1.9K during non-heating seasons. At 

comfort temperature by EN 15251 (Tdiff= 0), the percentage of children who feel warm 

increases to 40% and the percentage of children who feel OK starts to decline, Fig 5.3. 

At the upper limit of comfort band predicted by EN 15251 for Category I buildings 
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(Tdiff=+2), more than 50% of children feel warm or hot and prefer a cooler classroom, Fig 

5.3.  

 
Fig 5.3. The proportion of children in relation to Tdiff (NH) 

Heating seasons: As can be seen in Fig 5.4, the intersection point of warm and cool 

sensation curves is at Tdiff=-2.8 during heating seasons, 2.8K cooler than TC(CEN). It 

represents the point at which 30% of the children have Cool sensation, 30% have Warm 

sensation and the rest 40% have neutral sensation. At this point, the proportion of 

children having neutral sensation is approximately at its maximum. The intersection point 

of warmer and cooler preference curves is at Tdiff=-2.4 where 34% of children prefer 

cooler, 34% prefer warmer and 32% prefer ‘As it is’, Fig 5.4. At comfort temperature 

predicted by EN 15251 (Tdiff=0), the proportion of children who feel ‘warm or hot’ 

increases to 47% and the proportion of children who feel ‘OK’ declines to 35%. The 

results confirm that comfort temperature predicted by EN 15251 (TC(CEN)) overestimates 

children’s comfort temperature (TC(children)) by 2.8K during heating seasons.  
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Fig 5.4. The proportion of children in relation to Tdiff (H) 

When Top equals to TC(CEN) (Tdiff=0), the proportion of children who have warm sensation 

is higher during heating seasons (47%) than during non-heating seasons (40%). At 

Tdiff=0, children are 12% and 20% more likely to prefer a cooler classroom than a warmer 

classroom during non-heating and heating seasons, respectively, Fig 5.3 and Fig 5.4.  

5.3.1. Top against TC(CEN)   
To estimate values for TC(children) and TC(CEN) during both seasons, operative temperatures 

(Top) are plotted against TC(CEN) in Fig 5.5. Values for TC(children) and TC(CEN)  were estimated 

using equation of "Tdiff=Top-TC(CEN)" in Fig 5.3 and Fig 5.4 and equations in Fig 5.5. Based 

on these equations, TC(children) during non-heating seasons which is at Tdiff=-1.9 

corresponds to Top of 20.7°C and TC(children) during heating seasons which is at Tdiff=-2.8 

corresponds to Top of 20.2°C. TC(CEN) which is at Tdiff=0 corresponds to Top of 23.2°C 

during non-heating seasons and 23.4°C during heating seasons.   
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Fig 5.5. Top against TC(CEN) during non-heating and heating seasons  

5.3.2. Validation 
To validate derived values of TC(children) from Fig 5.3, Fig 5.4 and Fig 5.5, the mean TSVs 

and TVPs are plotted against Top using linear regression models, Fig 5.6 and Fig 5.7. 

Linear regression models are weighted according to the number of votes falling in each 

category of operative temperature. The intersection point of linear regression models 

suggests TC(children) of 20.9°C during non-heating seasons and 20.2°C during heating 

seasons. TC(children) derived from linear regression models, Fig 5.3 and Fig 5.4, validate 

the proposed method to estimate comfort temperature. Results of a similar study show 

that comfort temperatures from Probit regression model (Top=22.2°C) and linear 

regression model (Top=22.4°C) are similar (De Dear et al. 2015).    

 
Fig 5.6. Mean TSVs and TPVs against Top during non-heating seasons 
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Fig 5.7. Mean TSVs and TPVs against Top during heating seasons 

5.3.3. Sensitivity 
The regression slope is a measure of sensitivity to temperature changes (Humphreys, 

M. et al. 2007). The gradient of the regression equation for linear models is inversely 

proportional to the adaptability of the building occupants (De Dear et al. 2015). A shallow 

gradient shows that subjects adapt more effectively to room temperature and accordingly 

their votes do not change quickly (De Dear et al. 2015, Haddad et al. 2016). Fig 5.6 and 

Fig 5.7 suggest that children’s adaptability to temperature changes is higher during non-

heating seasons because the slope of the linear model is shallower during non-heating 

seasons (b=0.09) than heating seasons (b=0.14). Equation in Fig 5.6 (TSVmean=0.09Top-

1.78) can be compared with equations in similar studies in Australia (TSVmean=0.12Top-

2.88) (De Dear et al. 2015) and China (TSVmean=0.05Top-0.96) (Zhang, G. et al. 2007) 

during summer. Fig 5.6 and Fig 5.7 show that a temperature change of 11.1°C is required 

to shift one score on thermal sensation scale during non-heating seasons, however, this 

change is 7.7°C during heating seasons.  

5.4. Adaptive Behaviours  

5.4.1. Personal Adaptive Behaviours   
Children in schools adapt themselves to the environment by several personal adaptive 

behaviours including changing clothing level (Nicol, J. F. and Humphreys, M. A. 1973, 

Nam et al. 2015, Kwok, A. G. and Chun 2003), changing activity type and posture (Raja, 

I.A. and Nicol, F. 1997, Nicol, F. et al. 2012), drinking and fanning (Montazami et al. 

2017a). ‘Cooling personal adaptive behaviours’ in this thesis refer to all personal actions 

that children adopt to reach a cooler sensation. Fig 5.8 shows the proportion of cooling 
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jumper/cardigan. Fig 5.8 shows that proportion of children who practice two and three 

cooling personal behaviours (total of 45.7%) is higher during non-heating seasons and 

proportion of children who do not practice any cooling adaptive behaviour is higher during 

heating seasons (39.4%).  

 
Fig 5.8. The proportion of cooling personal behaviours  

Fig 5.9 shows the breakdown of cooling personal adaptive behaviours during non-

heating and heating seasons. When children practice only one cooling personal adaptive 

behaviour, drinking cold water is the most frequent one, followed by taking off 

jumper/cardigan, Fig 5.9. This is mainly because children have cold drinks frequently 

during breaks, after or before PE and assembly. When two personal behaviours are 

practised, the combination of having a cold drink and removing jumper/cardigan has the 

highest frequency.  

 
Fig 5.9. Breakdown of cooling personal adaptive behaviours  
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run between ‘clothing values’ and ‘Tdiff’. Spearman Correlation which is a test to examine 

the relationship between an ordinal variable with the skewed dependent variable 

(Mccrum-gardner 2008, Bryman and Cramer 2005) is used in this thesis.   

Non-heating seasons: Children’s clothing values and Tdiff are significantly correlated 

during non-heating seasons (Spearman Correlation coefficient=-0.3, P<0.001). Fig 5.10 

shows that by the increase in Tdiff, the proportion of children wearing lighter levels of 

clothing [Clo value=0.3 & 0.39] increases significantly and the proportion of children 

wearing thicker layers of clothing decreases. At children’s comfort temperature (Tdiff=-

1.9K and TC(children)=22.9°C), average Clo value is around 0.58, however, it decreases to 

0.38 when Top is 6K higher than TC(children) (Tdiff=4K and Top=28°C), Fig 5.10. Previous 

studies confirm that children’s clothing level is correlated with a running mean 

temperature, the sequence of temperature, long term fluctuation in temperature (Nicol, 

J. F. and Humphreys, M. A. 1973, Nam et al. 2015) and operative temperature (Yun, H. 

et al. 2014, Nam et al. 2015).   

 
Fig 5.10. Clothing values against Tdiff during non-heating seasons 
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clothing) starts to increase, however, the proportion of children who follow categories B, 

C and D (the heavier levels of clothing) starts to decrease. According to Fig 5.3, the 

proportion of children with a warm sensation and cooler preference at the upper limit of 

comfort band (Tdiff=+0.1 and Top≈23°C) is 42%, however, the proportion of children with 

the lightest clothing level is only 20% at this point. This suggests that a higher proportion 

of children could potentially achieve thermal comfort at this point by adopting personal 

adaptive behaviours.  
Table 5.2. The proportion of children in categories of clothing 

Categories for 
Clothing Values 

Proportion of children with a certain clothing level 
Within the comfort band 

(Tdiff=TC(children)±2) 
Outside of the comfort band 

(Tdiff>TC(children)+2) 
Mean Minimum Maximum SD Mean Minimum Maximum SD 

Cat A [0.3 & 0.39] 12 9 18 3.2 48 20 83 22.6 
Cat B [0.47 & 0.49] 34 29 37 2.6 24 10 35 9.2 
Cat C [0.55 & 0.64] 21 13 29 5.8 12 11 13 0.8 
Cat D [0.72 & 0.74] 35 31 38 2.5 18 0 33 12.3 

 
Heating Season: Children’s clothing values and Tdiff are correlated during heating 

seasons (Spearman Correlation coefficient=-0.1, P<0.01). However, the correlation is 

less significant than that during non-heating seasons because most of the children (76%) 

have the same clothing values (0.72 or 0.74) during heating seasons, Fig 5.2. Fig 5.11 

shows that by the increase in Tdiff, the proportion of children wearing lighter layers of 

clothing [value=0.47 & 0.49] increases and the proportion of children wearing thicker 

layers of clothing [value=0.72 & 0.74] decreases. At children’s comfort temperature 

(Tdiff=-2.8K and TC(children)=20.2°C), average Clo value is around 0.68 that is 0.1 higher 

than that during non-heating seasons (0.58). This can be among one of the reasons that 

TC(children) is lower during heating seasons (20.2°C) than that during non-heating seasons 

(20.9°C). By a 2K increase from children’s comfort temperature (Top≈22.5°C), the 

proportion of children in category D (the heaviest clothing level) drops only by 8%. At this 

point, the proportion of children with warm sensation and cooler preference is 43%. 

When Top is 6K higher than TC(children) [Top≈28°(NH) and Top≈26.5°C(H)], average Clo value 

decreases 0.2 and 0.03 during non-heating and heating seasons, suggesting that 

children make fewer changes to their clothing uniform during heating seasons.  
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Fig 5.11. Clothing values as a function of Tdiff during heating seasons 

5.4.2. Cooling Personal Behaviours 
The probability of practising cooling personal behaviours differs at different temperature 

intervals during non-heating seasons. Besides clothing adjustment, having cold drinks 

and fanning are also investigated as cooling personal behaviours in Fig 5.12. When 

children feel in discomfort, the proportion of them having cold drink is the highest, 

followed by choosing lighter levels of clothing and then fanning, Fig 5.12. The proportion 

of children having cold drink is always high irrespective of temperature changes because 

having cold drink can be related to several other factors such as occupancy patterns, 

activity levels and thirst. The results show that Tdiff is a statistically significant predictor of 

fanning (Logistic Regression coefficient=-0.57, P<0.001) during non-heating seasons, 

however, it is not a predictor of fanning (P=0.74) during heating seasons. Logistic 

regression is suitable for testing relationships between a categorical outcome variable 

and one or more categorical or continuous predictor variables (Peng, C. J. et al. 2002).  
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Fig 5.12. Cooling personal behaviours against Tdiff during non-heating seasons 

The proportion of children engaged with cooling behaviours has a turning point at the 

upper limit of comfort band (Tdiff=TC(children)+2K, Top≈23°C). The speed of children’s 

engagement with cooling behaviours within and outside of the comfort band is shown in 

Table 5.3. The speed of engagement is higher outside of the comfort band than inside 

of the band. The speed of engagement with clothing behaviour is higher than that with 

fanning and drinking behaviours, especially outside of the comfort band.  
Table 5.3. Changes in the proportion of children engaged with personal behaviours 

Behaviours  Changes in the proportion of children engaged with personal adaptive behaviours 
Within Comfort Band  Outside of Comfort Band when 

-3.9<Tdiff<+0.1 +0.1<Tdiff<+1 +1<Tdiff<+2 +2<Tdiff<+3 +3<Tdiff<+4 
Light clothing  10% 10% 15% 20% 20% 
Fanning  7% 8% 8% 11% 14% 
Cold drink 10% 2% 5% 6% 7% 

 

5.4.3. Environmental Adaptive Behaviours 
Window Operation: Window operation as one of the most important environmental 

behaviours (Rijal, H. B. et al. 2007) was recorded using non-participant observation 

method. Results show that teachers or teacher assistants undertake around 78% of 

windows’ adjustments, Fig 5.13. Children carry out another 5% of adjustments which are 

requested by teachers. Around 16% of window operations are carried out directly by 

children and 2% of them are requested by children, Fig 5.13. In total, 82% of operations 

are carried out based on teachers’ perception of thermal environment and 18% are done 

based on children’s perception. Hence, teachers and teacher assistants are mainly in 

charge of operating windows, as supported in previous studies (Teli et al. 2012b, De 
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Giuli et al. 2012, Montazami et al. 2017a, Nicol, J. F. and Humphreys, M. 1998). In only 

three of the studied classrooms (10%) children were encouraged on environmental 

adaptive behaviours. Among window operations done by children, 87% of adjustments 

were done in Schools 1, 2 and 5 that have high potentials for window operation.   

 
Fig 5.13. Role of classrooms’ occupants on window operation 

Window Opening Temperature (WOT): To investigate how window operation in 

classrooms is related to thermal discomfort, window opening temperature (WOT) is 

compared with TC(CEN) and TC(children), Fig 5.14. Temperatures at which windows were 

opened upon teacher’s arrival to the classroom were removed from the database. A total 

number of 35 window openings during non-heating seasons and 20 window openings 

during heating seasons are presented in Fig 5.14. Results show that among 97% of the 

cases during non-heating seasons and 80% during heating seasons, WOT is higher than 

TC(children), Fig 5.14. However, among 63% of the cases during non-heating seasons and 

20% during heating seasons, WOT is higher than adults’ comfort temperature 

(WOT>TC(CEN)).  

 
Fig 5.14. The gap between WOT, TC(children) and TC(CEN) 
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Table 5.4 shows that among 63% of the cases during non-heating seasons and 50% 

during heating seasons, the difference between WOT and TC(children) is more than 2K 

(WOT-TC(children)>2K). Hence, more than half of the windows are opened at a temperature 

that is outside of the children’s comfort band during non-heating seasons. However, 

almost all windows are opened within adults’ comfort band during non-heating seasons 

(Only in 3% of the cases, WOT-TC(CEN)>3K). This indicates that WOT follows teachers’ 

thermal perception rather than children’s thermal perception.  
Table 5.4. The relation between WOT, TC(CEN) and TC(children) 

Proportion of cases when … Non-heating Heating 
Adults Children Adults Children 

WOT>TC (WOT higher than TC(children) and TC(CEN)) 22/35=63% 34/35=97% 4/20=20% 16/20=80% 
WOT-TC(children)>2K (WOT Outside of children’s comfort band) 4/35=11% 22/35=63% 0/20=0% 10/20=50% 
WOT-TC(CEN)>3K (WOT Outside of adult’s comfort band) 1/35=3% 21/35=60% 0/20=0% 4/20=20% 

 

5.4.4. Open Area vs Comfort Temperature 
The probability of opening windows as a function of thermal discomfort is estimated via 

calculating the percentage of open areas at 10-min intervals against Tdiff, Fig 5.15. As 

the size of operable areas is different in each classroom, the percentage of open areas 

(open windows and external doors) is considered for a more precise analysis of 

operations as a response to thermal discomfort. Results show that the percentage of 

open area and Tdiff are significantly related during non-heating (Spearman Correlation 

coefficient=0.32, P<0.001) and heating seasons (Spearman Correlation coefficient=0.5, 

P<0.001). The proportion of open areas increases by the increase in Tdiff and Top, as 

supported in previous studies in educational buildings (Santamouris, M. et al. 2008, Stazi 

et al. 2017a, Dutton and Shao 2010, Fabi et al. 2012). Fig 5.15 shows that the percentage 

of open area is 30% at TC(CEN) and 22% at TC(children) during non-heating seasons. During 

heating seasons, the percentage of open area is 50% at TC(CEN) and around 20% at 

TC(children), Fig 5.15. The difference between the percentage of open area at TC(CEN) and 

TC(children) is around 10% during non-heating seasons and 30% during heating seasons. 

During non-heating seasons, the proportion of open area at the upper limit of adults’ 

comfort band (Tdiff=TC(CEN)+3K and Top≈26.5°C) is 63% that is more than twice the 

proportion of open area (30%) at the upper limit of children’s comfort band 

(Tdiff=TC(children)+2K and Top≈23°C). This suggests that not only WOT is based on teachers’ 

thermal perceptions, but also the proportion of the open area is based on adults’ thermal 

perceptions. When Tdiff>-2.5, the proportion of open area in relation to Tdiff is higher during 

heating seasons, suggesting teacher’s more sensitivity to temperature changes during 

heating seasons than non-heating seasons.  
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Fig 5.15. The proportion of open area as a function of Tdiff 

5.5. Conclusion 
This chapter aims to study children’s thermal comfort and related Adaptive Behaviours 

in UK primary schools. Children’s TSVs, TPVs and adaptive behaviours were compared 

against temperature offset from comfort temperature by EN 15251 (Tdiff=Top-TC(CEN)). 

Results suggest that children’s thermal comfort (TC(children)) is 1.9K and 2.8K lower than 

that for adults (TC(CEN)) during non-heating and heating seasons, respectively. Children 

have lower comfort temperature and higher sensitivity to temperature changes during 

heating seasons. The proportion of children engaged with personal behaviours is one-

third lower during heating seasons. As the indoor temperature goes above children’s 

thermal comfort band, the proportion of children practising personal behaviours 

increases during non-heating seasons.  
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Chapter 6 
6. Children’s Perception of Indoor Air Quality 
6.1. Introduction 
Classrooms are the second most important indoor environment for children after their 

homes (Hou et al. 2015) because children spend around 25-30% of their life in schools 

(Luther et al. 2017, De Giuli et al. 2012, Daisey et al. 2003). Concerns over adverse 

effects of poor indoor air quality (IAQ) on children’s health, productivity and wellbeing are 

growing (Stabile et al. 2017, Toftum, J et al. 2015, Johnson, D. L. et al. 2018, Anon. 

2016), especially because indoor air can be 10 times as polluted as the outdoor air in 

real conditions (Kamaruzzaman and Razak 2011). Poor IAQ leads to some psychological 

or physiological costs (Maxwell 2000), and influence students’ health and performance, 

especially in younger ages. Building regulatory frameworks for the provision of adequate 

IAQ is framed around CO2 levels rather than other pollutants (Chatzidiakou, L. et al. 

2012). IAQ is often characterized by CO2 concentrations (Shendell et al. 2004, ASHRAE 

2106 2016, Chatzidiakou, L. et al. 2015c), in buildings where exhaled air, people or bio-

effluents are the main pollution sources (Norbäck and Nordström 2008, Lugg and Batty 

1999, CEN (European Committee for Standardization) 2007b). Carbon dioxide (CO2) as 

the most important human bio-effluent (Santamouris, M. et al. 2008, Olesen, B W 2004, 

Turanjanin et al. 2014) is produced by human respiration in proportion to their metabolic 

rate (Olesen, B W 2004).  

The introduction signifies the importance of CO2 levels on children’s absenteeism, health 

and academic performance by reviewing the results of several studies. Studies have 

shown that children’s exposure to poor IAQ increases school absenteeism (Peters et al. 

1997) and deteriorates respiratory system (Fraga et al. 2008, Liu, M. M. et al. 2013, 

Peters et al. 1997). The study by Shendell et al. (2004) shows that when CO2 

concentrations increase by 1000 ppm, around 10-20% of absenteeism is increased. 

Seppänen, O. A. et al. (1999) suggest that decreasing CO2 concentrations below 800 

ppm can decrease the risk of Sick Building Syndrome (SBS) symptoms, such as 

headache, fatigue or eye/throat irritation. Myhrvold et al. (1996) show that CO2 

concentrations greater than 1500 ppm may lead to headache, dizziness, tiredness, 

difficulties in concentrating, and unpleasant odour in classrooms  

It is shown that adverse health effects and absenteeism caused by poor IAQ can 

negatively affect children’s academic performance (Wargocki, P and Wyon, D. P. 2013, 

Satish et al. 2012, Petersen et al. 2016). Several studies have found a negative 
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correlation between high CO2 levels and performance on cognitive and concentration 

tests (Coley et al. 2007, Dorizas et al. 2015a, Berner 1993). Coley et al. (2007) show 

that increase of CO2 levels from a mean of 690 ppm to a mean of 2909 ppm leads to a 

5% decrease in Power of Attention. Berner (1993) shows that average students’ test 

scores increase 5.4 points (p<0.05) for each improved category of building conditions 

(i.e. ‘poor’ to ‘fair’ to ‘excellent’). Myhrvold et al. (1996) by studying 550 subjects aged 

15-20 in 20 classrooms in Norwegian schools show that increased CO2 levels, 

corresponding to 0-999, 1000-1499 and 1500-4000 ppm, are associated with mean 

performance indices of -0.8, 0.02 and 0.13, respectively (negative scores representing 

better scores). Children as the main occupants of primary schools represent a vulnerable 

group (Lee, S. C. and Chang 2000, Godoi, R. H. M. et al. 2009, Batterman et al. 2017), 

therefore, improving IAQ is significant for them. Above mentioned studies highlight the 

impact of CO2 levels on IAQ, health and productivity, however, there is a lack of 

information on children’s perception of IAQ with regards to environmental and sensation 

variables, especially in primary schools. This chapter aims to investigate the association 

between children’s perception of IAQ with environmental variables (such as CO2 levels 

and operative temperature) and thermal sensations in naturally ventilated classrooms. It 

also looks at the impact of children’s Air Sensation Votes (ASVs) on their overall comfort 

and tiredness levels.  

6.2. Overview of the recorded data 

6.2.1. Perception of Indoor Environment  
The frequency of children’s ASVs (%) and Air Preference Votes (APVs) during different 

seasons is shown in Fig 6.1. Fig 6.1 shows that proportion of ‘OK’ votes is the highest 

(40.3%), followed by ‘fresh or very fresh’ votes (36.2%) and then ‘stuffy or very stuffy’ 

votes (23.5%).  
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Fig 6.1. Frequency (%) of ASVs and APVs during different seasons. 

The frequency (%) of comfort and tiredness votes during different seasons is shown in 

Fig 6.2. Fig 6.2 shows that ‘comfortable’ votes are the highest (51.4%), followed by ‘a 

little comfortable’ (34.7%) and ‘not comfortable’ (13.9%). Similarly, ‘a little tired’ votes are 

the highest (40.8%), followed by ‘tired’ votes (33.8%) and ‘not tired’ (25.4%) votes, Fig 

6.2.  

 
Fig 6.2. Frequency (%) of comfort and tiredness votes during different seasons 

6.2.2. Indoor Environmental Conditions  
Descriptive statistics of environmental variables at the time of filling out questionnaires 

are presented in Table 6.1. Mean CO2 level is higher during heating seasons (1310 ppm) 

than that during non-heating seasons (1180 ppm). Maximum air velocity is below 0.1 m/s 

in this thesis, therefore, operative temperature (Top) was calculated based on the average 
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of indoor air temperature and radiant temperature (Nicol, F. et al. 2012, ASHRAE 2017). 

Mean operative temperature and humidity during non-heating seasons (24.2°C and 

50.9%) are higher than those during heating seasons (22.8°C and 37.3%). 
Table 6.1. Environmental variables at the time of filling out the questionnaire 

Season Parameters Minimum Maximum Mean Std. Deviation 
Non-heating CO2 level (ppm) 662 3277 1180 488 

Air velocity (m/s) .00 0.1 .08 .05 
Operative Temperature (°C) 19.0 28.1 24.2 2.1 
Relative Humidity (RH) 38.3 66.6 50.9 7.8 

Heating  CO2 level (ppm) 842 2106 1310 351 
Air velocity (m/s) .00 .09 .05 .03 
Operative Temperature (°C) 18.9 26.8 22.8 1.7 
Relative Humidity (RH) 25.8 53.4 37.3 7.4 

Fig 6.3 shows frequency (%) of ‘at the time CO2 levels’ in each category of IAQ during 

non-heating and heating seasons. Measurements of ‘at the time CO2 levels’ are mostly 

distributed in Categories III and IV and CO2 levels in Cat I are only recorded during non-

heating seasons, Fig 6.3.  

 
Fig 6.3. Frequency (%) of ‘at the time CO2 levels’ in each category of IAQ  

Table 6.2 shows mean operative temperatures and their standard deviations (SD) in 

each Category of IAQ. As can be seen in Table 6.2, the mean operative temperature and 

SD are higher when CO2 levels are lower than 800 ppm (Category I) compared to other 

categories.  
Table 6.2. Mean and S.D. of Top in each Category of IAQ  

Categories  CO2 levels Frequency (%) Top  (Mean) Top  (SD)  
Category I <800 14.7 23.31 3.01 
Category II 800<CO2<1000 16.5 22.93 2.26 
Category III 1000<CO2<1400 38.1 22.94 1.93 
Category IV CO2>1400 30.7 22.88 1.13 

 
The first part of the chapter shows factors affecting ASVs including physical parameters 

(such as CO2 levels, operative temperature and humidity) and thermal sensation. The 

second part shows factors that are affected by ASVs such as comfort and tiredness 
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Fig 6.4. Classification of results and findings   

6.3. The impact of CO2 levels on ASVs 
The impact of CO2 levels on ASVs is investigated by predicting the strength of the 

relationship (correlations), degree of variations (regressions) and Predicted Percentage 

Dissatisfied (PPD).   

6.3.1. Strength of Relationship (Correlations) 
CO2 levels affect occupants’ perceived IAQ (Norbäck and Nordström 2008, Seppänen, 

O. A. et al. 1999) and determine occupants’ perception of air freshness and stuffiness 

(Ramalho et al. 2013, Cao et al. 2012). Results of this section, using 

Spearman correlation coefficient test, show that children’ ASVs and CO2 levels at the 

time of filling out the questionnaire are significantly correlated during non-heating 

seasons (Spearman Correlation coefficient=0.17, P<0.001), however, the correlation is 

less significant during heating seasons (Spearman Correlation coefficient=0.10, P<0.01). 

CO2 measurements are recorded at 5-min intervals, therefore, ‘at-the-time CO2 level’ 

refers to the average CO2 levels during the last 5 minutes. Correlations suggest that the 

strength of the relationship between CO2 levels and ASVs is higher during non-heating 

(17%) than heating seasons (10%).  

Correlations between ASVs and CO2 levels were compared with the average of CO2 

levels during the last 10 and 15 minutes of the survey to estimate which range of CO2 

better indicates children’s perception of IAQ, Table 6.3. During non-heating seasons, the 

correlation between ASVs and 5-min CO2 levels (Correlation coefficient=0.17) is higher 

than that with an average of 10-min (Correlation coefficient=0.15) or 15-min (Correlation 

coefficient=0.14) CO2 measurements. During heating seasons, the correlation between 

ASVs and 5-min CO2 levels (p=0.01, Correlation coefficient= 0.10) is more significant 

than that with average of 10-min CO2 measurements (p=0.04, Correlation coefficient 

=0.09) and it is not significant for 15-min CO2 (p=0.25> 0.05), Table 6.3. Children’ ASVs 
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and average CO2 levels during the whole session were not correlated (P=0.41>0.05). 

Correlation coefficient shows the strength of the relationship between a pair of variables 

(Bryman and Cramer 2005, 2011), therefore, the last 5-minutes CO2 measurements are 

used for further analysis due to a stronger relationship with ASVs.   
Table 6.3. The correlation between ASVs and 5, 10 and 15-min averages of CO2 levels  

Seasons CO2 level Sig. (2-tailed) with ASVs Correlation with ASVs Votes  
 

Non-heating 
5-min Average 0.000 0.172*** 
10-min Average 0.000 0.148*** 
15-min Average 0.000 0.142*** 

 
Heating 

 

5-min Average 0.018 0.103* 
10-min Average 0.042 0.089* 
15-min Average 0.251 0.050 

*P<0.05, **P<0.01, ***P<0.001 
 

The stronger relationship between ASVs and ‘5-min CO2 measurement’ than ’10 or 15 

min CO2 measurement’ suggests that children get adapted to indoor CO2 levels after 5 

minutes. After 5-min adaptation, children’s ASVs in this thesis are independent of CO2 

levels. Similar studies support that due to adaptation, ASVs show high acceptability, and 

adapted subjects would not distinguish between high and low levels of concentration 

(Gunnarsen et al. 1992, Zhang, X. et al. 2017). The study by Cain (1985) found that after 

3-minutes of adaptation, perceived intensity reaches a stable level of 40% of the initial 

amount. Another study by Gunnarsen et al. (1992) shows that 95% of the votes on IAQ 

change due to adaptation which took place within 6 minutes of exposure. After 5-min, 

adapted votes that are independent of CO2 levels are obtained, therefore, the study uses 

at the time CO2 levels (5-min measurement) for further analysis. Standards and 

regulations usually consider average CO2 levels as an indicator of IAQ because 

concentrations are generally spatially non-uniform (Seppänen, O. A. et al. 1999). 

However, these results suggest that children’s instantaneous perception of IAQ is more 

related to CO2 levels at the time of the survey. Therefore, children’s ASVs in short 

intervals should also be evaluated to have a better understanding of perceived IAQ.  

6.3.2. Degree of Variations (Regressions) 
For each survey, the proportions of ‘very fresh/fresh’ (i.e. ASV=1 or 2), ‘OK’ (i.e. ASV=3) 

and ‘stuffy/very stuffy’ (i.e. ASV=4 or 5) votes were calculated and plotted against CO2 

levels during non-heating and heating seasons, Fig 6.5 and Fig 6.6. Similarly, the 

proportion of children who prefer the air quality to be ‘fresher’ (i.e. APV=1) or ‘as it is’ (i.e. 

APV=2) was calculated and plotted against CO2 levels, Fig 6.5 and Fig 6.6. 

Non-heating seasons: As can be seen in Fig 6.5, by the increase in CO2 levels, 

‘fresh/very fresh’ votes decrease, and ‘OK’ and ‘stuffy/very stuffy’ votes increase during 

non-heating seasons. Regressions in Fig 6.5 suggest that 33% variations in ‘fresh/very 
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fresh’ votes, 28% variations in ‘OK’ votes and 5% variations in ‘stuffy/very stuffy’ votes 

are explained by CO2 levels. To predict how votes change by CO2 changes, ‘slope’ and 

‘intercept’ of each linear model are also considered, as suggested in other studies 

(Bryman and Cramer 2005, 2011). Slopes in Fig 6.5 show that the rate at which CO2 

changes affect ASVs is highest for ‘fresh/very fresh’ votes, then ‘OK’ votes and then 

‘stuffy/very stuffy’ votes during non-heating seasons.  

Fig 6.5 shows that ‘fresh/very fresh’ line intersects with ‘OK’ line at CO2 level of 950 ppm 

and it intersects with ‘stuffy/very stuffy’ line at CO2 level of 1450 ppm. This indicates that 

at CO2=950 ppm, the proportion of ‘fresh/very fresh’ and ‘OK’ votes are equal and at CO2 

level=1450 ppm, the proportion of ‘fresh/very fresh’ and ‘stuffy/very stuffy’ votes are 

equal. When CO2>950 ppm, the proportion of ‘OK’ votes is more than ‘fresh/very fresh’ 

votes and when CO2>1450 ppm, the proportion of ‘stuffy/very stuffy’ votes is more than 

‘fresh/very fresh’ votes. This suggests that ‘at the time CO2 levels’ should not exceed 

1450 ppm, otherwise the proportion of ‘stuffy/very stuffy’ votes would be more than 

‘fresh/very fresh’ votes. CO2 level of 1450 ppm is close to the upper limit of Category III 

buildings which corresponds to a moderate level of expectation for existing buildings.  

 
Fig 6.5. Proportions of ASVs and APVs by CO2 levels during non-heating seasons 

 
Heating Seasons: As can be seen in Fig 6.6, by the increase in CO2 levels, ‘fresh/very 

fresh’ votes decrease, ‘OK’ votes do not change and ‘stuffy/very stuffy’ votes increase 

during non-heating seasons. Regressions in Fig 6.6 reflect that only 10% variations in 
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‘fresh/very fresh’ votes, 6% variations in ‘stuffy/very stuffy’ votes and 2% variations in 

‘OK’ votes are explained by CO2 levels. Slopes in Fig 6.6 show that the rate of CO2 

changes is highest for ‘fresh/very fresh’ votes, then ‘stuffy/very stuffy’ votes and then 

‘OK’ votes during heating seasons. The graph shows that ‘fresh/very fresh’ line intersects 

with ‘OK’ line at CO2 level=1150 ppm and it intersects with ‘stuffy/very stuffy’ line at 

CO2=2000 ppm. This shows that at CO2=1150 ppm, the proportion of ‘fresh/very fresh’ 

and ‘OK’ votes are equal and at CO2=2000 ppm, the proportion of ‘fresh/very fresh’ and 

‘stuffy/very stuffy’ votes are equal.  

 
Fig 6.6. Proportions of ASVs and APVs by CO2 levels during heating seasons  

Comparing Fig 6.5 and Fig 6.6 shows that the proportion of ‘OK’ votes increases by the 
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is symmetrical with more acceptable votes in the middle and less acceptable ones at the 

ends. Air-sensation-scale has a direction from the acceptable to unacceptable votes, 

with ‘OK’ votes in the middle as a transition point. Therefore, only ‘fresh/very fresh’ and 

‘stuffy/very stuffy’ votes change by CO2 variations. 
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6.3.3. CO2 levels and Predicted Percentage Dissatisfied (PPD) 
CEN (European Committee for Standardization) (2007b) and ASHRAE (2016) suggest 

that for acceptable IAQ, the percentage of dissatisfaction among occupants should not 

be more than 20% (Hui et al. 2008, Mui and Wong, L. T. 2007, ASHRAE 2106 2016, Lai 

et al. 2009). Maximum PPD of 20% regarding thermal comfort is generally acceptable, 

therefore, it is prudent to adopt a 20% PPD level regarding IAQ (Lugg and Batty 1999).  

EN 13779:2007  for categories I and II and ASHRAE (2016) recommend CO2 levels 

below 1000 ppm for maintaining IAQ; this level is also recommended in several other 

studies (Chatzidiakou, L. et al. 2015c). Therefore, PPD is calculated for CO2 levels more 

than 1000 ppm or less than 1000 ppm, Fig 6.7. Results show that when CO2<1000 ppm, 

Expected Percentage Dissatisfied (PPD) with IAQ is 17.4%. Two more studies confirm 

that the threshold for PPD of 20% is approximately 1000 ppm (Lugg and Batty 1999). 

When CO2>1000 ppm, ‘stuffy/very stuffy’ votes increase around 9% and ‘fresh/very fresh’ 

votes decrease around 13%. This means by keeping CO2 levels below 1000 ppm, around 

22% improvement in ASVs can be maintained. Furthermore, when CO2<1000 ppm, 

‘Fresh/Very Fresh’ votes are 27% higher than ‘Stuffy/Very Stuffy’ votes, however, this 

difference is only 5% when CO2>1000 ppm.  

 
Fig 6.7. Frequency (%) of ASVs in each category of IAQ 

6.4. Impact of Operative Temperature and Humidity on ASVs  
Humphreys. et al (2002) suggest that physical variables such as air temperature and 

relative humidity affect IAQ perception directly (Humphreys, M A et al. 2002). Wargocki 

and Wyon (2017) also show that the mechanisms that mediate the impacts of IAQ and 

thermal environment on performance are surprisingly similar (Wargocki, P and Wyon, D. 
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P. 2017). To discover how operative temperature (Top), humidity (RH %) and ASVs are 

related, correlation tests were run between ASVs, Top and RH%, Table 6.4. Previous 

studies have shown that lower humidity improves perceived IAQ (Chatzidiakou, L. et al. 

2015c, Berglund, L G and Cain, W. 1989, Cain, W. S. et al. 1983, Seppänen, O. A. et al. 

1999), however, results show that humidity does not affect children’s ASVs (P(NH)=0.072 

and P(H)=0.46>0.05), Table 6.4. This is mainly because children are not exposed to very 

low or very high humidity levels in this thesis (38-66% during non-heating and 26-53% 

during heating seasons), Table 6.1. It is also shown that humidity has a modest effect on 

thermal sensation and perceived IAQ for moderate environments (<26°C) (ISO Standard 

7730 2005) activity levels (<2 met) (ISO Standard 7730 2005). As can be seen in Table 

6.4, there is a correlation between CO2 levels and humidity during non-heating 

(Spearman correlation coefficient=0.11, P<0.005) and heating seasons (Spearman 

correlation coefficient=0.43, P<0.001). This is mainly because relative humidity and CO2 

levels are both emanated through occupants’ respiration and sweating, as suggested by 

Ghita and Catalina (2015), therefore, relative humidity and CO2 variations have similar 

patterns (Ghita and Catalina 2015).  

Results of this section show that operative temperature (Top) is not correlated to 

children’s ASVs during non-heating seasons (P=0.27>0.05), however, it is significantly 

related to their ASVs during heating seasons (Spearman correlation coefficient=0.15, 

P<0.001), Table 6.4. During non-heating seasons, ASVs are correlated to CO2 levels 

(Spearman correlation coefficient=0.172, P<0.001) and not to Top (P=0.27>0.05), Table 

8. During heating seasons, ASVs are more correlated to Top (Spearman correlation 

coefficient=0.15, P<0.001) compared to CO2 levels (Spearman correlation 

coefficient=0.1, P<0.05), Table 6.4. To assure that impact of Top on ASVs is not 

influenced by CO2 levels, the correlation between CO2 levels and Top is also investigated 

in Table 6.4. Results show that CO2 and Top have a negative correlation; suggesting that 

the impact of Top on ASVs is not skewed by CO2 levels. The negative correlation between 

CO2 levels and Top(°C) in this thesis is due to more open windows during non-heating 

seasons compared to heating seasons.  
Table 6.4. The correlation coefficient between parameters  

Seasons Parameters ASVs Operative Temperature (Top) Humidity (RH%) 
Correlation Sig. Correlation Sig. Correlation Sig. 

Non-heating  ASVs 1.000 . 0.04 0.27 -0.067 0.072 
CO2 level 0.172*** 0.000 -0.12*** 0.002 0.11 0.004 

Heating ASVs 1.000 . 0.15*** 0.000 -0.03 0.46 
CO2 level 0.10* 0.018 -0.10* 0.026 0.43 0.000 

*P<0.05, **P<0.01, ***P<0.001 
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Children’s mean ASVs are calculated for each survey based on scale codes (very 

fresh=1, fresh=2, OK=3, stuffy=4, very stuffy=5). Fig 6.8 shows the relationship between 

mean ASVs for each survey, CO2 levels (ppm) and Top (°C) at the time of filling out the 

questionnaire. As can be seen in Fig 6.8, by an increase in CO2 levels and Top, mean 

ASVs increase. Regressions in Fig 6.8 suggest that 24% and 6% variations in ASVs are 

explained by CO2 levels during non-heating and heating seasons, respectively. Similarly, 

5% and 18% variations in ASVs are explained by Top during non-heating and heating 

seasons, respectively. Results show that for 1°C increase in Top (°C), ASVs increase 0.8 

and 0.5 points on the 5-point rating scale during non-heating and heating seasons. For 

200 ppm increase in CO2 levels, ASVs increase 0.45 and 0.85 points during non-heating 

and heating seasons. A similar study shows that by 1°C change in room temperature, 

average ASV of university students changes 0.3-0.4 points on the 6-point rating scale 

(Norbäck and Nordström 2008).  

 
Fig 6.8. Impact of CO2 levels (ppm) and Top (°C) on mean ASVs  

Results show that lower temperatures improve children’s perception of IAQ. Previous 
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perceived IAQ and higher temperatures degrade IAQ (Fang et al. 1998, Seppanen, O. 
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temperatures. Temperature changes the energy content of the air and the cooling effect 

CO2 (NH) = 461*ASV (mean) - 206
R² = 0.24

CO2 (H)= 237*ASV (mean) + 639.9
R² = 0.06

Top (NH)= 1.4*ASV (mean) + 20.23
R² = 0.05

Top (H) = 2.03*ASV (mean) + 17.11
R² = 0.18

12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

22.0

23.0

24.0

25.0

26.0

27.0

28.0

600

700

800

900

1,000

1,100

1,200

1,300

1,400

1,500

1,600

1,700

1,800

1,900

2,000

2,100

2,200

2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50 3.60

T o
p

(°
C

)

C
O

2
le

ve
ls

 (
p

p
m

)

ASV(mean), ASV= 1 (Very Fresh)....ASV=5 (Very Stuffy) 

CO2 level (NH) CO2 level (H) Operative Temperature (NH)

Operative Temperature (H) Linear (CO2 level (NH)) Linear (CO2 level (H))

Linear (Operative Temperature (NH)) Linear (Operative Temperature (H))



106 
 

in the respiratory tract (Fang et al. 1998). When the temperature is considerably lower 

than the mucosal temperature (30-32°C), the thermal sense is stimulated due to 

convective and evaporative cooling of the respiratory tract (Chatzidiakou, L. et al. 2015c). 

When the respiratory cooling effect decreases to a certain level, the air is perceived very 

poor whether the air is clean or polluted (Fang et al. 1998). A similar study shows that 

for the median indoor temperature of 22.31°C, students were totally satisfied with IAQ 

while for temperatures greater than 25°C, they were dissatisfied (Dorizas et al. 2015a). 

Thermal conditions can also affect IAQ indirectly by influencing emission sources and 

indoor concentrations of pollutants (Chatzidiakou, L. et al. 2012). Fig 6.9 shows that the 

impact of temperature on ASVs decreases with an increasing level of CO2 concentration. 

As can be seen in Fig 6.9, when CO2 level=800 ppm, by 1°C decrease in temperature 

from 24.5°C to 23.5°C, children’s ASVs change from ‘stuffy/very stuffy’ to ‘fresh/very 

fresh’. However, when CO2 level>1400 ppm, a decrease in temperature does not change 

or improve children’s ASVs significantly.  

 
Fig 6.9. Impact of temperature on ASVs with increasing CO2 level 

Fig 6.10 shows that the influence of CO2 concentration on ASVs decreases with 

increasing temperature. As can be seen in Fig 6.10, when Top=19°C, around 300ppm 

decrease in CO2 level from 1500 to 1200 ppm improves children’s ASVs from ‘stuffy/very 

stuffy’ to ‘fresh/very fresh’. However, when Top>26°C, the decrease in CO2 levels does 

not significantly improve children’s ASVs. 
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Fig 6.10. Impact of CO2 levels on ASVs with increasing temperature 

The results show that the impact of temperature on ASVs decreases with increasing CO2 

levels, and the influence of CO2 concentration on ASVs decreases with increasing 

temperature. Both findings are supported in a similar study by Fang, et al, 1998 (Fang et 

al. 1998) on the impact of temperature and humidity on the perception of IAQ. These 

findings can be explained by two reasons; warm air can be interpreted stuffy and 

perceived unacceptable, whether the air is fresh or stuffy (Fang et al. 1998). It is shown 

that temperature affects IAQ especially when the air is overheated (Fang et al. 1998). 

Stuffy air can also be interpreted as warm in the respiratory tract and perceived 

unacceptable (Toftum, J et al. 1998, Fang et al. 1998).  

6.4.1. Comfort Temperature 
In chapter 5, it was shown that the upper limit of the thermal comfort band for surveyed 

children is around 23°C. Therefore, the frequency (%) of ASVs in two categories of 

operative temperature (Top<23 °C and Top>23 °C) is investigated. The result of the Chi-

square test shows that there is a significant difference in the frequency of ASVs in two 

categories of operative temperatures [𝑋2(2, N=1359) = 19.9, p<0.001]. As can be seen 

in Fig 6.11, when Top<23°C, ‘Fresh/Very Fresh’ votes are around 9% higher and ‘Stuffy/ 

very stuffy’ votes are around 11% lower compared to when Top≥23°C. Therefore, around 

20% improvement in ASVs can be observed when Top is within or lower than children’s 

thermal comfort band. Furthermore, when Top<23°C, ‘Fresh/Very Fresh’ votes are 25% 

higher than ‘Stuffy/Very Stuffy’ votes, however, this difference is only 5% when Top>23°C. 
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Fig 6.11. The effect of Top (°C) on ASVs  

6.5. Impact of Thermal Perception on ASVs  
The study shows the effect of TSVs and TPVs on ASVs in boxplots, Fig 6.12 and Fig 

6.13. Results of Kruskal-Wallis H test show that there is a statistically significant 

difference in mean and median of ASVs between different groups of TSVs during non-

heating (χ2(4)= 26.89, p=0.000) and heating (χ2(4)= 58.97, p=0.000) seasons. Similarly, 

there is a statistically significant difference in ASVs between different groups of TPVs 

during non-heating (χ2(4) =62.13, p= 0.000) and heating (χ2(4) = 61.2, p= 0.000) 

seasons.  

Fig 6.12 shows that children’s ASVs are oriented towards stuffy/very stuffy votes when 

children feel hot [ASV(mean)= 3.3-3.5] and cold [ASV(mean)= 2.6-3.2]. This finding is 

confirmed by Humphreys, M A et al. (2002) that show when occupants are uncomfortably 

warm, they perceive IAQ poorly. The most favourable ASVs [ASV(mean)= 2.4-2.5] are 

given when children feel ‘cool’ during both seasons.  

 
Fig 6.12. ASVs change within different categories of TSVs 
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Fig 6.13 shows that when children have ‘cooler’ preference, they give the least 

favourable ASVs [ASV(mean)= 3.4]; however, when they have ‘as it is’ preference, they 

give the most favourable ASVs [ASV(mean)= 2.4-2.5].  

 
Fig 6.13. ASVs changes within different categories of TPVs 

Humphreys, M A et al. (2002) also support that respondents give the most favourable 

ASVs when they require no change in the thermal environment. Therefore, the most 

favourable ASVs are given when children feel ‘cool’ and have ‘as it is’ preference.  

However, these results may be different in another climate.    

In Table 6.5, crosstabs were created by using TSVs, TPVs and ASVs. Among children 

who feel ‘hot’, nearly half of them (47%) find the classroom ‘stuffy/very stuffy’ while less 

than a quarter (23%) find the classroom ‘fresh/very fresh’. Among children who feel ‘cool’, 

more than half of them (53%) find the classroom ‘fresh/very fresh’ and only 13% find the 

classroom ‘stuffy/very stuffy’; ‘fresh/very fresh’ votes are 4 times more than ‘stuffy/very 

stuffy’ votes, Table 6.5. 
Table 6.5. Frequency of TSVs and TPVs in each category of ASVs 

TSVs/TPVs Air Quality 
Very Fresh Fresh Stuffy Very Stuffy 

Number  % Number  % Number  %  Number  % 
TSVs Cold 12 21.8 8 14.5 9 16.4 6 10.9 

Cool 30 15.0 75 37.5 22 11.0 4 2.0 
OK 44 8.9 133 26.8 66 13.3 7 1.4 
Warm 47 11.7 96 23.8 97 24.1 13 3.2 
Hot 14 6.9 33 16.2 50 24.5 45 22.1 

TPVs Cooler 24 9.7 34 13.7 69 27.8 50 20.2 
A little cooler 24 6.9 72 20.8 95 27.5 11 3.2 
As it is 52 12.0 146 33.6 34 7.8 3 0.7 
A little warmer 26 11.7 69 30.9 29 13.0 6 2.7 
Warmer 21 19.6 24 22.4 17 15.9 5 4.7 

 

Among children who have ‘cooler’ preference, 23% find the classroom ‘fresh/very fresh’ 

and 48% find the classroom ‘stuffy/very stuffy’; ‘stuffy/very stuffy’ votes are more than 
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two times ‘fresh/very fresh’ votes, Table 6.5. Among children who prefer the classroom 

‘as it is’, 46% find the classroom ‘fresh/very fresh’ and 8% find the classroom ‘stuffy/very 

stuffy’; ‘fresh/very fresh’ votes are 5.8 times more than ‘stuffy/ very stuffy’ votes, Table 

6.5. This indicates the impact of TSVs and TPVs on ASVs; when children are more 

satisfied with their thermal environment, they give more favourable ASVs.  

6.6. Integration 
Results show that by keeping CO2 levels below 1000ppm, ASVs improve by 23%. 

Furthermore, by keeping operative temperatures within or below thermal comfort band 

(Top<23°C in this thesis), ASVs improve by around 20%. To integrate the impact of both 

Top and CO2 on ASVs, the proportion of children in each category of ASVs based on Top 

and CO2 is presented in Table 6.6.  
Table 6.6. Frequency (%) of children’ ASVs based on Top and CO2 

CO2 level (ppm) Top ASVs Percent (%) 
<1000  

 
 
 
  

Top<23°C 
  

Fresh or very fresh 53.0 
OK 37.0 
stuffy or very stuffy 10.0 

Top>23°C 
  

Fresh or very fresh 41.4 
OK 38.6 
stuffy or very stuffy 20.0 

>1000 
 
 
 
  

Top<23°C 
  

Fresh or very fresh 36.7 
OK 41.4 
stuffy or very stuffy 21.9 

Top>23°C 
  

Fresh or very fresh 28.7 
OK 42.2 
stuffy or very stuffy 29.1 

 

According to Table 6.6, when CO2<1000 ppm and Top<23°C (operative temperature is 

below the upper limit of thermal comfort band), only 10% of children find the classroom 

‘stuffy/very stuffy’, which is lower than PPD recommended by EN 15251 for category I 

buildings. A similar study by Chatzidiakou, L. et al. (2015) estimates that keeping 

CO2<1000 ppm and Top<22°C can reduce PPD to 15%. Table 6.6 shows that when 

CO2<1000 ppm and Top>23°C, PPD increases to 20%. When CO2<1000 ppm and 

Top>26°C, PPD will rise to 25% (Chatzidiakou, L. et al. 2015c). Table 6.6 shows when 

CO2>1000 ppm and Top>23°C, 29.1% of children find the classroom ‘stuffy/very stuffy’. 

When ‘CO2<1000ppm & Top<23°C’ compared to when ‘CO2>1000ppm & Top>23°C’, 

‘stuffy/very stuffy’ votes are 19% less and ‘fresh/very fresh’ votes are 24% more (43% 

improvements on ASVs).  

Improving ASVs by 43% is hard to achieve just by lowering CO2 levels and increasing 

ventilation rates, therefore, decreasing operative temperatures within thermal comfort 

band can also help to improve children’s perception of IAQ. The study by Bakó-Biró et 

al. (2012b) recommends UK schools managers to consider CO2, temperature and 
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humidity for maintaining IAQ, to keep temperatures within comfortable ranges [20-22°C 

during winter] and [22-24°C during summer] and humidity levels below 60% during winter 

time but preferably above 40%. The study by Chatzidiakou, L. et al. (2015) confirms the 

need for an integrated approach providing simultaneously adequate IAQ and thermal 

comfort to improve the perception of IAQ. There is evidence that in case of insufficient 

cooling, increasing ventilation rate would be a waste of energy without any improvement 

in environment, however, decreasing air temperature up to the comfort threshold would 

succeed to provide a more pleasant perception of IAQ (Fang et al. 1998). Fanger (1998) 

suggests ventilation standards such as ASHRAE do not consider the impact of 

temperature and humidity on perceived IAQ (Fang et al. 1998). The review by 

Salthammer et al. (2016) shows that poor IAQ in schools can be related to lack of 

budgets for local administrative bodies and inefficiency of regulations for better IAQ 

(Salthammer et al. 2016). Results suggest that standards and regulations should 

consider the integrated impact of both temperature and CO2 levels on perceived IAQ. 

6.7. The impact of TSVs and ASVs on Overall Comfort  
The study examines the effect of ASVs on different comfort groups as boxplots in Fig 

6.14. Results of Kruskal-Wallis H test show that there is a statistically significant 

difference in mean and median of ASVs between different comfort groups during non-

heating (χ2(4) =48.5, p= 0.000) and heating (χ2(4)= 104.5, p= 0.000) seasons. Results 

show that when children are comfortable, mean ASVs are the most favourable (ASVNH= 

2.6, ASVH= 2.4) and when children are not comfortable, mean ASVs are the least 

favourable (ASVNH= 3.2, ASVH= 3.7), Fig 6.14.  

 
Fig 6.14. ASV changes in different comfort groups  

To examine the combined effect of ASVs and TSVs on comfort level, classrooms’ mean 

ASVs and TSVs for each comfort group are presented in Fig 6.15. Fig 6.15 shows that 



112 
 

range of TSVs and ASVs for ‘comfortable’ children is narrower than that for ‘a little 

comfortable’ and ‘uncomfortable’ children. Fig 6.15 shows that TSVs range from ‘-0.4 to 

+1’ for comfortable votes, while they range from ‘-2 to +2’ for uncomfortable votes. The 

difference between the range of TSVs for comfortable and uncomfortable votes is 2.6   

[(-2-2)-(-0.4-1)]. On the other hand, ASVs range from ‘+2.2 to +2.9’ for comfortable votes, 

while they range from ‘+2.2 to +4’ for uncomfortable votes. The difference between the 

range of ASVs for comfortable and not comfortable votes is 1.1 [(4-2.2) - (2.9-2.2)]. This 

suggests that changes in TSVs compared to ASVs are more significant in different 

comfort groups.   

 
Fig 6.15. The combined effect of ASVs and TSVs on different comfort levels  

6.8. Impact of CO2 levels, ASVs and TSVs on Tiredness  
The frequency (%) of children in each group of tiredness for different IAQ categories is 

depicted in Fig 6.16. The result of Chi-square test shows that there is a significant 

difference in frequency of (%) of tiredness groups in four categories of IAQ [𝑋2(6, 

N=1216) =26.2, p<0.001]. Fig 6.16 shows that as classrooms’ IAQ deteriorate from 

category I to IV, the proportion of children feeling not tired decreases around 16% and 

the proportion of children feeling tired increases around 12%. In total, by improving 

classrooms’ IAQ from Category IV to I, 28% of tiredness votes can be improved.  
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Fig 6.16. Frequency (%) of children in each group of tiredness for IAQ categories  

To examine the combined effect of ASVs and TSVs on tiredness level, classrooms’ mean 

ASVs and TSVs for each tiredness group are presented in Fig 6.17. Fig 6.17 shows that 

TSVs range from ‘-1 to +1.25’ for the ‘not-tired’ group, while it ranges from ‘-1 to +1.5’ for 

the ‘tired’ group. The difference between ranges of TSVs for tired and not tired groups is 

0.25 [(-1-1.5)- (-1-1.25)]. On the other hand, ASVs range from ‘+2.5 to +3’ for the ‘not-

tired’ group, while they range from ‘+2 to +3.5’ for the ‘tired’ group. The difference 

between the range of ASVs for ‘not tired’ and ‘tired’ groups is 1.1 [(3.5-2)- (3-2.5)]. This 

suggests that changes in ASVs compared to TSVs are more significant in different 

groups of tiredness.  

 
Fig 6.17. The combined effect of ASVs and TSVs on different levels of tiredness 
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Results show that by the increase in CO2 levels, tiredness levels increase. Previous 

studies have also shown that higher CO2 levels are related to higher tiredness (Myhrvold 

et al. 1996) and discomfort (Johnson, D. L. et al. 2018) levels. It is important to reduce 

the CO2 level before discomfort and tiredness levels set in. Results in Chapter 4 highlight 

that high CO2 levels in classrooms impact children’s errors in responding, therefore, 

among children who provide invalid and inconsistent responses to questionnaires, 

around 80% are tired or a little tired. It is shown that at concentrations over 1000 ppm, 

failures in decision making start to show and that at 2500 ppm failure in decision making 

is clear (Satish et al. 2012). Another study shows that in classrooms where CO2 levels 

are high, students are less attentive and cannot concentrate well on what the teacher is 

saying, which over time can have detrimental effects on their learning performance 

(Coley et al. 2007). CO2 is seen as a harmless gas and is given little significance (Bakó-

Biró et al. 2012), however, as it contributes directly to the loss of concentration and 

increased tiredness (Kajtár et al. 2006), it should be regarded as a very significant air 

pollutant (Bakó-Biró et al. 2012). By lowering CO2 levels and improving IAQ, children 

would feel more comfortable and less tired (Bakó-Biró et al. 2012, Johnson, D. L. et al. 

2018), which can consequently increase their productivity and learning performance 

(Satish et al. 2012, Wyon, D. et al. 2010). The importance of ensuring acceptable IAQ in 

classrooms is distinguished as a contributing factor to the learning performance of 

students (Alwetaishi 2016). Mechanisms that mediate the effects of thermal conditions 

and IAQ on performance are similar (Wargocki, P and Wyon, D. P. 2017), therefore, it is 

expected to improve both collectively.  

6.9. Conclusion  
This chapter investigates how children’s perception of IAQ is affected by environmental 

variables and thermal sensation. Results show that Air Sensation Votes (ASVs) are more 

correlated to CO2 levels than to operative temperatures (Top) during non-heating seasons 

and more correlated to Top than CO2 levels during heating seasons. The impact of Top on 

ASVs decreases with an increase in CO2 levels and the effect of CO2 levels on ASVs 

decreases with increase in Top. The most favourable ASVs are given when children feel 

‘cool’ and have ‘as it is’ preference. By keeping CO2<1000 ppm and Top within children’s 

thermal comfort band, ASVs are improved by 43%. The study recommends that 

standards should consider the impact of both temperature and CO2 levels on perceived 

IAQ. Perception of IAQ also affects children’s overall comfort and tiredness levels, 

however, this influence is more significant on tiredness level than that on overall comfort 

level. 
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Chapter 7 

7. Indoor Air Quality and Occupant-related Factors 
7.1. Introduction 
IAQ in classrooms is mainly assessed by CO2 levels, especially in buildings where 

people, exhaled air or bio-effluents are the main pollution sources (Norbäck and 

Nordström 2008). Healthy IAQ is vital for the health of children as they are more sensitive 

towards indoor air pollutants. Hence, the effect of occupant-related factors on IAQ is 

remarkable in the context of primary school buildings, especially considering the potential 

unpredictability of those factors. This chapter aims to provide a detailed analysis of IAQ 

as a function of occupant-related factors during heating and non-heating seasons to 

deliver healthier classrooms for the next generation of children.  

7.2. Overview of the Recorded Data 
Descriptive statistics of CO2 levels during teaching and total occupied period (teaching + 

non-teaching) are presented for non-heating and heating seasons in Table 7.1. The 

study on a total of 969 CO2 measurements shows that mean and median concentrations 

are 1155 and 1063 ppm during the teaching period, and 1122 ppm and 1021 ppm during 

the total occupied period, Table 7.1. 
Table 7.1. CO2 levels for teaching and the total occupied period  

Mode Period No Minimum Maximum Mean Median S.D. 
Non-heating (NH) Teaching 359 475 3360 1087 1002 440 

Total 526 475 3430 1050 953 444 
Heating (H) Teaching 358 555 2269 1224 1125 422 

Total 443 555 2659 1208 1084 427 
Whole Year (WY) Teaching 717 475 3360 1155 1063 436 

Total 969 475 3430 1122 1021 443 
 

Fig 7.1 shows median CO2 levels for teaching and total occupied period during both 

seasons. Median values for teaching and total occupied period are 1002 and 953 ppm 

during non-heating seasons and 1125 ppm and 1084 ppm during heating seasons.  
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Fig 7.1. Cumulative frequency (%) of CO2 measurements 

 

Fig 7.2 shows the number of classrooms with high and low potentials for ABs in each 

category of IAQ. Fig 7.2 suggests that 23% of classrooms with high potentials for ABs 

and 56% classrooms with low potentials for ABs provide CO2 levels lower than 1000 

ppm.  

 
Fig 7.2. Classrooms with high and low potentials for ABs in each category of IAQ 

Fig 7.3 shows the number of renovated and existing classrooms in each category of IAQ. 

Fig 7.3 suggests that 46% renovated classrooms and 44% of existing classrooms 

provide CO2 levels lower than 1000 ppm.   
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Fig 7.3. The number of renovated and existing classrooms in each category of IAQ.  

7.3. CO2 Concentration 
This section provides an overview of CO2 measurements and their comparison with 

those in other studies. 
7.3.1. Distribution of CO2 level  
Frequency (%) of CO2 measurements falling in four categories of EN 13779:2007 is 

shown in Fig 7.4. During non-heating seasons, 29.1% of CO2 measurements fall in 

category I (CO2<800 ppm), 20.1% in category II (800<CO2<1000 ppm), 27.5% in 

category III (1000<CO2<1400 ppm) and 23.2% in category IV (CO2>1400 ppm), Fig 7.4. 

During heating seasons, 13% of CO2 measurements fall in category I, 27% in category 

II, 30.6% in category III and 29.4% in category IV, Fig 7.4. Category I has the highest 

frequency (29.1%) of CO2 measurements during non-heating seasons and category III 

has the highest frequency (30.6%) during heating seasons.  

 
Fig 7.4. Frequency (%) of CO2 measurements falling in four categories of IAQ 

Overall, 45% of CO2 measurements are below 1000 ppm and 55% of all CO2 

measurements are above 1000 ppm. In a similar study, 53% of CO2 measurements 

exceed the concentration value of 1000 ppm due to classrooms’ insufficient ventilation. 
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Results of another study show that 17% of the measurements exceeded CO2 level of 

1,150 ppm, only 22.5% exceeded ASHRAE’s upper limit of 1,000ppm, and 34% 

exceeded CO2 level of 850 ppm because windows and doors were usually kept open 

during most of the occupancy hours (Dascalaki and Sermpetzoglou 2011). 

7.3.2. Mean and Median CO2 levels  

Mean CO2 concentrations during teaching periods [1087(NH), 1224(H) and 1155 (T)] are 

above 1000 ppm which is recommended by ASHRAE standard 62 and several other 

studies (Chatzidiakou, L. et al. 2015c). The average CO2 level is higher than average of 

1070 ppm in the study by Santamouris, M. et al. (2008) due to frequent window openings 

and it is lower than average of 1957ppm in the study by Coley and Beisteiner (2002) due 

to not frequent window opening. Mean CO2 concentration for the total occupied period 

(T) is slightly lower than that for teaching period because the total period includes non-

teaching period with low occupancy density. This finding is supported in the study by 

Dorizas et al. (2015b) with lower CO2 levels during the non-teaching period (1055 ppm) 

than teaching period (1482 ppm). Daily mean concentrations exceed 1000 ppm in 55% 

of the classes, exceed 1500 ppm in 10% of the cases and exceed 2000 in 3% of cases. 

In a similar study, daily mean concentrations exceed 1000 ppm in 52% of NV classes, 

exceed 1500 ppm in 29% of cases and exceed 2000 ppm in 10% of classes 

(Santamouris, M. et al. 2008). In the study by Batterman, (2017), median CO2 level 

during school day exceeds 1000 ppm in only 28% of classrooms due to the use of 

mechanical ventilation systems.   

7.4. CO2 levels and Occupant-related Factors  
Occupant-related factors that affect IAQ including occupants’ adaptive behaviours, 

occupancy patterns, occupants’ CO2 generation rate and occupancy density are 

presented in Fig 7.5.  

 
Fig 7.5. A summary of occupant-related factors affecting IAQ 
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7.5. Occupants’ Adaptive Behaviours (ABs) 
Due to the significant effect of adaptive behaviours on IAQ, this thesis focuses on window 

operation as the main environmental practice.  

7.5.1. Window Operations; Potentials and Practices  

According to the classrooms’ features in the Methodology Section, 50% of classrooms 

provide high potentials for practising ABs, however, it is also important to consider school 

occupant’s practice of environmental ABs. This thesis introduces two terms of ‘good 

practice’ and ‘poor practice’ for occupants’ environmental ABs. Good practice suggests 

occupants’ adequate operation of windows to erase accumulated CO2 concentrations 

(an average open area more than 50% in each classroom) and poor practice suggests 

occupants’ inadequate window operation to provide IAQ (average open area less than 

50% in each classroom).  

The study has defined four groups of ABs based on potentials and practices; 1) High 

potentials and good practice, 2) High potentials and poor practice, 3) Low potentials and 

poor practice, 4) Low potentials and good practice. Results of the Kruskal-Wallis test 

show that there is a significant difference in median CO2 levels [𝑋2 (3) =24.3, p=0.001] 

between these defined groups, Fig 7.6. To test categorical independent (such as groups 

of ABs) with interval dependent (such as CO2 levels), analysis of covariance is used. 

Mean CO2 levels in defined categories are 896, 1459, 1380 and 1007 ppm, respectively. 

Mean CO2 level is lowest in group 1 (high potentials and good practice) and then in group 

4 (low potentials and good practice), Fig 7.6. Classrooms with good practice (mean= 896 

and 1007) compared to classrooms with poor practice (mean= 1459 and 1380) can 

provide lower CO2 levels disrespectful of their potentials for ABs. Results show that to 

maintain mean and median CO2 levels lower than 1000 ppm, classrooms with both high 

potentials and good practice are required, however, occupants’ practice is more 

important than classrooms’ potentials. This suggests that classrooms with high potentials 

do not necessarily lower CO2 levels and good practice of ABs is also required.  
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Fig 7.6. CO2 levels based on classrooms’ potentials for natural ventilation  

It is shown that ‘high performance’ buildings do not determine CO2 levels (Batterman et 

al. 2017); IAQ is mostly affected by maintenance, operation practices, operating 

schedule and teacher behaviour (Batterman et al. 2017). Another study indicates that 

classrooms should be designed capable of supplying enough fresh air, however, 

occupants should avail themselves of this capability (Coley and Beisteiner 2002). 

Findings suggest that good practice of ABs at the right time can prevent CO2 build-up 

and increase IAQ, as supported in several other studies (Dascalaki and Sermpetzoglou 

2011, Ramalho et al. 2013, Coley and Beisteiner 2002). A review of published studies 

spanning 1983–2013 suggests that behavioural changes have the potential to reduce 

indoor air pollution by 20%–98% in laboratory settings and 31%–94% in field settings 

(Barnes 2014).  

7.5.2. Window Operation and Environmental Variables 
In studied classrooms, teachers are mainly in charge of window operations, as supported 

in previous studies (Teli et al. 2012b, Nicol, J. F. and Humphreys, M. 1998, De Giuli et 

al. 2012), and only 16% of operations are carried out by children. To discover how 

window openings are affected by environmental variables, CO2 levels and operative 

temperatures (Top) at which windows are opened and average CO2 levels in 

corresponding classrooms are plotted in Fig 7.7. Results show that CO2 levels at which 

windows are opened and average CO2 levels in corresponding classrooms are strongly 

correlated (Spearman Correlation coefficient=0.60, P<0.001). According to Cohen’s 

classification (Cohen, J. 2013), high correlation coefficient and small P values suggest a 

strong correlation.  

Results show that 52% and 16% of window openings occur when CO2 levels are higher 

than 1000 and 1500 ppm, respectively. Around half (52%) of window openings occur 
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when CO2 levels>1000 ppm which can be attributed to the following reasons: 1. Window 

operation can be affected by the inappropriate design of windows and controls. 

Furthermore, some openings are not designed based on children’s ergonomics. Results 

suggest that 55% of classrooms provide low potentials for the practice of ABs. 2. Window 

operation is more limited and less frequent among children than their teachers as they 

are mainly in charge of controlling classroom condition (Teli et al. 2012b, De Giuli et al. 

2012, Zhang, D. and Bluyssen 2019). Only 16% of environmental ABs are done by 

children due to the above reasons. 3. Window operation can also be affected by 

operative temperature. Teachers who are mainly in charge of the classrooms have 

higher comfort temperature than children (Teli et al. 2012b, Kim, J. and De Dear 2018). 

As discussed in Chapter 5, the upper limit of thermal comfort band for studied children 

is around 23°C, while for their teacher the upper limit is higher. Fig 7.7 shows that among 

cases that window opening occurs at CO2 levels higher than 1000 ppm, 20% of them 

have Top<23 °C. This suggests that despite high concentrations (CO2>1000 ppm), 

windows were kept closed by teachers to avoid their thermal discomfort in 20% of the 

cases.  

 
Fig 7.7. CO2 levels and Top at which windows are opened  

7.5.3. Windows’ Open Area and IAQ  

Occupants’ environmental adaptive behaviours by changing total open areas (open 

windows and external doors) affect IAQ. Results show that CO2 levels and total open 

areas are significantly correlated during non-heating (Spearman Correlation coefficient=-

0.32, P<0.001) and heating seasons (Spearman Correlation coefficient=-0.45, P<0.001). 

Results suggest negative moderate correlations between CO2 levels and total open 
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areas for non-heating (-0.32) and heating seasons (-0.45). To investigate how changes 

in CO2 levels are explained by total open areas (m2), open areas and CO2 measurements 

at 10-min intervals are plotted in Fig 7.8. R2 values in Fig 7.8 suggest that 13% and 31% 

of CO2 variations are explained by open areas during non-heating and heating seasons, 

respectively. Combining data from heating and non-heating seasons suggest that 17% 

of CO2 variations are explained by open areas.  

 
Fig 7.8. The relationship between ‘window area’ and ‘CO2 levels’ in classrooms 

Correlations and R2 values between CO2 levels and open areas are higher during heating 

seasons than non-heating seasons. It is mainly because open areas during non-heating 

seasons are more correlated to Top (Correlation coefficient=0.53, P<0.001) than CO2 

levels (Correlation coefficient=-0.32, P<0.001). However, open area during heating 

seasons is more related to CO2 levels (Correlation coefficient=-0.45, P<0.001) than Top 

(Correlation coefficient=0.29, P<0.001). Previous studies suggest that windows and 

doors are operated more when the temperature is high (Dutton and Shao 2010, Fabi et 

al. 2012) rather than when IAQ is poor (Wyon, D. et al. 2010), mainly because poor IAQ 

is not perceived due to gradual sensory fatigue or adaptation (Gunnarsen et al. 1992, 

Anon. 2016).  

7.5.4. Window operation and Seasonal Changes 
There is evidence that seasonal variations affect CO2 concentrations indirectly by 

changing occupants’ ABs (Chatzidiakou, L. et al. 2012). Fig 7.9 and Fig 7.10 show 

changes in CO2 levels and open areas during non-heating and heating seasons. Results 

of Mann-Whitney test confirm that median CO2 levels are significantly different during 

heating and non-heating seasons (U = 88399, p = 0.000).  
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Fig 7.9. CO2 levels during non-heating and heating seasons  

Fig 7.9 and Fig 7.10 show that mean and median CO2 levels are 137ppm and 123ppm 

higher during heating seasons than non-heating seasons due to lower average open 

areas during heating seasons (0.8m2) than non-heating seasons (2.4m2). Window 

operation is less frequent during heating seasons due to cold or draught (Gao et al. 2014, 

Griffiths and Eftekhari 2008, Canha et al. 2013, Ghita and Catalina 2015) and energy 

consumption (Wyon, D. et al. 2010), which results in lower average open areas. It is 

shown that meeting IAQ requirements without comprising thermal comfort is difficult 

during the heating season (Griffiths and Eftekhari 2008).  

 
Fig 7.10. Open areas (m2) during non-heating and heating seasons 

Results of a similar study show that median CO2 values during heating seasons 

(1400<MedianCO2<3000 ppm) are higher than those during non-heating seasons 

(MedianCO2<1000 ppm), which is due to higher open windows during non-heating 

seasons (Stabile et al. 2017). Average CO2 concentrations are 1.2-3.5 times higher 

during heating seasons compared to non-heating seasons due to open windows during 

non-heating seasons (Stabile et al. 2017). Another study shows that average CO2 

concentration reaches to almost 2500 ppm in one of the schools due to limitations in 
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window opening during the winter (Almeida, R. M. S. F. and De Freitas, V. P. 2014). In 

another study, mean CO2 concentrations remain below 1000 ppm in all schools during 

the summer (Almeida, R. M. S. F. and De Freitas, V. P. 2014). Due to the effect of 

occupant behaviour on IAQ (Ramalho et al. 2013, Barnes 2014), motivating and training 

school occupants for appropriate adaptive behaviours help to improve IAQ (Heebøll et 

al. 2018). Several studies have shown that CO2 warning devices by reminding occupants 

of the time at which windows should be operated can decrease CO2 levels (Geelen et al. 

2008, Ramalho et al. 2013, Wargocki, P and Wyon, D. P. 2013).  

7.6. Occupancy Patterns  
There is evidence that occupancy patterns affect CO2 levels generated in the indoor 

environment (Ghita and Catalina 2015, Bartlett et al. 2004). An overview of the results 

shows that occupancy patterns and CO2 levels in studied schools are dynamic and 

varied, as suggested in similar studies (Chatzidiakou, L. et al. 2012). Fig 7.11 shows 

mean and median CO2 values against the time of day. As can be seen in Fig 7.11, mean 

and median lines are similar which suggests data’s symmetrical distribution. Similar 

studies support that small difference between mean and median shows symmetrical 

distribution  (Marshall, Ellen and Boggis 2016).  

The observation and trend suggest that teachers usually arrive before children at 8:00 

and they possibly operate windows based on the classroom’s temperature and IAQ. 

Children get into the classroom around 8:40-08:50 to start teaching session at around 

9:00. Children often remain in the classroom for two hours before they leave for a short 

break (10:50-11:10 a.m). According to Fig 7.11, mean CO2 concentration goes up to 

1350 ppm until the first break and reduces to 1190 ppm during the first break (12% 

reduction). Breaks are not long enough to decrease CO2 levels significantly, however, 

longer breaks for assembly or Physical Education (PE) can decrease CO2 levels more 

noticeably. After the first break, children remain in the classroom until lunch break (12:10-

13:10). Longer lunch breaks can lower mean CO2 levels from 1250 ppm to around 800 

ppm (36% reduction). After the lunch break, mean and median CO2 levels usually 

increase until the end of the afternoon session (15:20). It is shown that the periodical 

absence of students during recess times is one of the main reasons behind periodical 

drop and rise of CO2 concentrations in classrooms (Vilcekova et al. 2017). This trend for 

rising and fall of CO2 levels in studied schools is suggested in several other studies 

(Batterman 2017, Mumovic et al. 2009).  
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Fig 7.11. The trend for rising and fall of CO2 levels during school occupancy  

Fig 7.11 shows that mean and median CO2 levels are higher at the end of morning 

sessions (approximately 12:20 pm) compared to afternoon sessions (approximately 3:30 

pm) due to longer morning sessions and accordingly more CO2 built-up. Furthermore, 

longer lunch breaks (causing 36% reduction in CO2 levels) compared to short breaks 

(causing 12% reduction in CO2 levels) can clear accumulated CO2 levels more 

significantly, as supported in the study by Dascalaki and Sermpetzoglou (2011). Results 

of another study show the effect of scheduled breaks on maintaining CO2 levels in 

different building types; 35% reduction for renovated schools, 25% reduction for new 

schools and 5% reduction for old schools (Ghita and Catalina 2015). The reduction of 

160 ppm during the first break which is usually around 20 min shows a decrease of 8 

ppm/min among studied classrooms. Similarly, reduction of 450 ppm during lunch break 

the which is usually around 50 min shows a decrease of 9 ppm/min. Speed of clearance 

‘ppm/min’ is slightly higher during lunchtime than that during the break which can be 

explained by larger open areas (2.3m2 v.s.1.6m2) during lunchtime. The study by Ghita 

and Catalina (2015) by taking into account all school breaks from different buildings 

expects a reduction of 19.4 ppm/min, which gives a reduction of 250 ppm for a 13-minute 

break. Results of this section suggest that although the impact of school breaks on 

decreasing pollutant concentration is significant, it is still insufficient to lower 

accumulated CO2 levels within standards, Fig 7.11. That is where the effect of adaptive 

behaviours consistent with occupancy patterns becomes more important.  

Fig 7.12 and Fig 7.13 show changes in CO2 levels and open area in box plots. Results 

of Mann-Whitney test confirm that median CO2 levels are significantly different during 

teaching and break period (U = 71293, p = 0.000). Fig 7.12 and Fig 7.13 show that higher 
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CO2 levels during teaching period (1156 ppm) compared to breaks (1032 ppm) which 

can be explained by higher mean open area during breaks (2.1 m2) compared to teaching 

period (1.8 m2).  

 
Fig 7.12. Changes in CO2 levels during the occupied period 

It is suggested that windows are closed during teaching period due to low exterior 

temperatures (Ghita and Catalina 2015) or outdoor noise (Ramalho et al. 2013). 

Therefore, the findings recommend that by leaving windows open during breaks, 

accumulated CO2 levels can be cleared without comprising children’s overall comfort, as 

supported in several other studies (Vilcekova et al. 2017, Ghita and Catalina 2015, 

Ramalho et al. 2013). It is shown that IAQ during breaks can be 1-4 times higher than 

that during teaching period (Santamouris, M. et al. 2008).  

 
Fig 7.13. Changes in the open area during the occupied period 

7.7. Occupants’ CO2 Generation (G) rates  
Total CO2 generation rate (G) from building occupants considers the number of children, 

their age, metabolic rate, activity level, body surface area and room temperature (Coley 

and Beisteiner 2002). Calculated CO2 generation rate per child according to Equation 3.7 

ranges from 3.34-5.89 cm3/s with a median of 3.41 cm3/s and mean of 3.64 cm3/s. 
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Several other studies have reported similar CO2 generations per child; 4.4-5.15 cm3/s 

(Luther and Horan 2014, Luther et al. 2017), 3.8-4 cm3/s (Coley and Beisteiner 2002), 

3.75-4.57 (Batterman 2017), and 4.4 cm3/s  (Batterman et al. 2017). Generation rates 

per child (3.34-5.89 cm3/s) are multiplied by the number of children for calculating 

children’s generation rates at 10-min intervals due to varied occupancy patterns. For total 

G, teachers’ generation rate (11 cm3/s) is added to this amount. Fig 7.14 shows box plots 

of total G for sedentary and non-sedentary activities. Mean G for sedentary activities 

(Reading and writing) equals to 97 cm3/s and for non-sedentary activities (Standing and 

walking) equals to 132cm3/s, Fig 7.14. Similar studies support that students’ activity 

intensity contribute to classrooms’ CO2 concentrations (Olawale et al. 2014, Cao et al. 

2012). Effect of ‘activity type’ on CO2 levels is more noticeable when two classrooms join 

for some activities or when children get back from play and bring a different heat load to 

classrooms (Luther et al. 2017). 

 
Fig 7.14. Total G for different activities 

Mean generation rates for sedentary activities in each classroom are plotted against 

mean CO2 levels in Fig 7.15. Results show that mean CO2 levels and total generation 

rates are correlated (Spearman Correlation coefficient=0.17, P<0.001). R2 value 

suggests that 14% of CO2 variations are explained by average G, Fig 7.15.  
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Fig 7.15. Mean G plotted against mean CO2 levels for both sedentary activities 

Considering the average number of students in classrooms (25) and one standing 

teacher, total generation rate for sedentary activities is estimated at around 102 cm3/s. 

According to Fig 7.15, the corresponding average CO2 level for G value of 102 cm3/s is 

1360 ppm. Considering that IAQ decreases when CO2 production rate is greater than its 

removal rate (Lugg and Batty 1999), it is important to remove high emission rates from 

the building by the good practice of ABs.  

7.8. Occupancy Density (OD)  
Accumulation of CO2 levels vary within area and volume of the classroom, therefore, 

occupancy density should be considered for evaluating IAQ. Occupancy density is 

defined as the area per number of occupants (m2/p) (Chatzidiakou, E. et al. 2015a) or 

volume per number of occupants (m3/p). In this section, occupancy density in m2/p 

ranges from 1.7-2.6 m2/p, with a mean of 2.1 m2/p. Another study suggests occupancy 

density of 1.8–2.4 m2/p for school classrooms which is significantly higher than that in 

offices (10 m2/person) (Clements-Croome, D. J. et al. 2008). Several studies suggest 

that occupancy density in schools is approximately four times higher than that in office 

buildings since school occupants are sitting very close (Katafygiotou and Serghides 

2014, Chatzidiakou, L. et al. 2012, Clements-Croome, D. J. et al. 2008). Occupancy 

densities (m2/p) in classrooms are plotted against corresponding mean CO2 levels in Fig 

7.16. Results show that CO2 levels and OD (m2/p) are correlated (Spearman Correlation 

coefficient=-0.14, P<0.001). R2 value in Fig 7.16 shows that 17% of CO2 variations are 

explained by occupancy density (m2/p).  
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Fig 7.16. Occupancy Density in m2/p plotted against mean CO2 levels 

Occupancy densities (m3/p) range from 4.3-9.1 m3/p, with a mean of 6.3 m3/p. 

Occupancy densities (m3/p) in each classroom are plotted against mean CO2 levels in 

Fig 7.17. Results show that CO2 levels and occupancy density (m3/p) are correlated 

(Spearman Correlation coefficient=-0.13, P<0.001). R2 value in Fig 7.17 shows that 11% 

of the variations in average CO2 levels are explained by occupancy density (m3/p).  

 
Fig 7.17. Occupancy Density in m3/p plotted against mean CO2 levels 

Fig 7.16 and Fig 7.17 display that high occupancy densities cause high CO2 

concentrations, as suggested in several other studies (Clements-Croome, D. J. et al. 

2008, Lugg and Batty 1999, Mydlarz et al. 2013). Results of this thesis show that to 

maintain the average CO2 level of 1000 ppm, occupant density should be at least 2.3 

m2/p and 7.6 m3/p, Fig 7.16 and Fig 7.17. The suggested occupant density complies with 

that recommended by Eurostat (2011), which is from 2 to 3.1 m2/person based on 

20.8+2.0 students for the average size of primary classrooms in European and American 

countries (Eurostat 2011).  
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There are averagely 27 occupants (25 students+ teacher+ teacher assistant) in each 

classroom. Results of this thesis in Fig 7.16 and Fig 7.17 show that average occupancy 

densities to have CO2 levels of 1000±50 ppm is 2.3±0.05m2/p and 7.6±0.25 m3/p. These 

values correspond to the classroom area and volume of 62.1±1.35 m2 and 205.2±6.75 

m3 with a height of 3.3 m. Building Bulletin 99 (Briefing Framework for Primary School 

Projects) also suggests that the ‘standard’ size of a primary classroom for 30 pupils is 

around 70 m2 (2.3 m2 per person) (DfES (Department for Education and Skills) 2006). 

Considering the shortage of space in the educational sector (Montazami et al. 2015), if 

providing the recommended area is not possible for the designer, classrooms’ height can 

be increased to more than 3.3m to maintain the required volume for maintaining IAQ. 

The focus of guidelines for recommended OD (m2/p) is mainly on providing the required 

area for children’s physical activities. Findings in this section highlight the importance of 

all three dimensions in OD values (m3/p) for maintaining IAQ. It is important to keep the 

number of children in proportion to the classroom’s area and volume, also supported in 

the study by Batterman, (2017), because overcrowded classrooms cause high CO2 

concentrations and high emissions of body odour (Dorizas et al. 2015b, Chatzidiakou, L. 

et al. 2012). It is shown that high-density classrooms, with too many children or too little 

space, lead to pupils’ stress, reductions in desired privacy levels and loss of control 

(Mydlarz et al. 2013).  

7.9. Conclusion 
This chapter evaluates IAQ as a function of occupant-related factors including occupants’ 

Adaptive Behaviours (ABs), occupancy patterns, occupant’s CO2 generation rates and 

occupancy density. Findings suggest that a classroom with high potentials for natural 

ventilation does not necessarily provide adequate IAQ, however, occupants’ good 

practice of ABs is also required. Average occupancy densities to have CO2 levels of 

1000±50 ppm are suggested to be 2.3±0.05m2/p and 7.6±0.25 m3/p. These values 

correspond to the classroom area of 62.1±1.35 m2 and volume of 205.2±6.75 m3 with a 

height of 3.3 m. Occupant-related factors such as occupants’ generation rates and 

adaptive behaviours impact ventilation rates that are investigated in the next chapter of 

the thesis.  
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Chapter 8 
8.  Ventilation Rates and Related Factors 

8.1. Introduction 
IAQ in classrooms is mainly assessed by CO2 levels which is the surrogate index of VRs 

(Shendell et al. 2004, Toftum, J et al. 2015). Therefore, to consider the integrated impact 

of COB factors on IAQ, Ventilation Rates (VRs) should be acknowledged. Ventilation is 

simply the removal of stale indoor air from a building and its replacement with fresh 

‘Outside air’ (Seppänen, O. A. et al. 1999). ‘Outside air’ used in standards and guidelines 

for describing ventilation rates may not be as ‘fresh’ as assumed (Clements-Croome, D. 

J. et al. 2008, Lugg and Batty 1999), therefore, it would not benefit IAQ. Low VRs 

unavoidably build up CO2 levels (Dascalaki and Sermpetzoglou 2011, Luther et al. 2017) 

and adequate VRs improve IAQ (Dorizas et al. 2015b, Wargocki, P and Wyon, D. P. 

2007b, Norbäck and Nordström 2008) in classrooms. The indoor carbon dioxide 

concentration usually increases unless the removal rate is higher than the CO2 

generation rate (Corgnati, S. P. and Viazzo 2004). Increased VRs are associated with 

satisfaction in thermal environment as well as  IAQ (Norbäck and Nordström 2008, 

Seppanen, O. A. and Fisk, William J 2004) through mitigating overheating (Chatzidiakou, 

L. et al. 2012). Ventilation by increasing room’s air velocity increases convective heat 

transfer and decreases thermal stress in high temperatures (Seppanen, O. A. and Fisk, 

William J 2004). Occupants perceive air to be fresher when the outdoor air supply rate 

is increased (Norbäck and Nordström 2008, Wargocki, P and Wyon, D. P. 2011).  
Studying VRs in schools is important for at least two reasons, firstly, its impact on IAQ, 

students’ health (Wålinder et al. 1998, Mendell, M. J. et al. 2013) and performance 

(Wargocki, P et al. 2002, Bakó-Biró et al. 2012) and secondly its effect on energy use 

and heat loss (Mendell, M. J. et al. 2013, Coley et al. 2007). In a study done on 550 

subjects, aged 15-20, in 20 classrooms in Norwegian schools, lower VRs are associated 

with an increase in neurologic and airways irritation symptoms (Myhrvold et al. 1996). By 

the increase in VRs from 1.3 to 12.8 l/s.p, asthmatic symptoms in pupils decrease from 

11.1 to 3.4% over two years (Smedje and Norbäck 2000). Another review on 20 studies, 

including 350 buildings and 30000 subjects suggests that VRs below 10 l/s.p have 

negative impacts on health and perceived IAQ and increase the prevalence of Sick 

Building Syndrome (SBS) symptoms (Seppänen, O. A. et al. 1999).  

Academically, increasing VRs improves learning performance of a wide range of 

schoolwork, from typical rule-based logical and mathematical tasks to language-based 
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tasks (Wargocki, P and Wyon, D. P. 2007b). Several studies suggest that for VRs over 

10 l/s.p, learning performance increases by at least 7% (Shaughnessy, R. J. et al. 2006, 

Wargocki, P and Wyon, D. P. 2007a). Increase in VRs from 6.5 to 15 l/s.p improves 

learning performance 1-3% (Seppanen, O. et al. 2006). By increase in VRs from 3.0 to 

8.5-9.5 L/s per person, the speed at which the children perform mathematical and 

language-based tasks improve significantly (Wargocki, P and Wyon, D. P. 2013, 2007b). 

For VRs over 10 l/s.p, speed and accuracy of standardized tests increase by up to 15% 

(Wargocki, P and Wyon, D. P. 2007a, Bakó-Biró et al. 2012). When VRs increase from 

3 to 8.6 l/s.p speed for different tests increase by 5-35% (Wargocki, P and Wyon, D. P. 

2007b). Haverinen-Shaughnessy et al. (2011) found a linear correlation between VRs 

and students’ achieved scores (Haverinen-Shaughnessy et al. 2011). Every 1 l/s.p rise 

in VRs increases the proportion of passing students by 2.9% for math and by 2.7% for 

reading (Haverinen-Shaughnessy et al. 2011). 

Methodology chapter has reviewed building-related factors to classify classrooms with 

high or low potentials for natural ventilation. This chapter aims to investigate how 

Contextual, and Occupant-related factors impact VRs and consequently IAQ in 

classrooms.  

8.2. Overview of the Recorded Data 
Environmental variables for the total occupied period (9:00-15:30) are described 

statistically in Table 8.1 for non-heating and heating seasons. Mean Top and humidity are 

23.8 (°C) and 49.7 (%) during non-heating seasons and 21.8 (°C) and 38.2% during 

heating seasons. The total of CO2 measurements show that mean and median CO2 

concentrations are 1050 and 953 ppm during non-heating seasons, and 1208 and 1084 

ppm during heating seasons.  
Table 8.1. Environmental variables for total period during seasons.  

Seasons Variable Minimum Maximum Mean Median S.D. 
Non-heating Top(°C) 17.9 28.1 23.8 23.8 1.9 

RH (%) 35.8 66.6 49.7 48.1 7.7 
CO2 (ppm) 475 3430 1050 953 444 

Heating Top(°C) 16.2 27.4 21.8 21.9 1.9 
RH (%) 24.6 54.9 38.2 36.6 7.6 
CO2 (ppm) 555 2659 1208 1084 427 

 

Fig 8.1 shows the variability of CO2 measurements between classrooms, from a 

minimum of 475 ppm in classroom 1.01 to a maximum of 3430 ppm in classroom 8.31. 

Variability of CO2 measurements within individual classrooms shows that classroom 4.14 

has the lowest Standard Deviation (SD=50 ppm) and classroom 8.31 has the highest 
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Standard Deviation (SD=904 ppm). The overview shows that 55% of all the CO2 

measurements are above 1000 ppm.  

 
Fig 8.1. CO2 changes in each classroom during occupied period 

8.3. ACRs and VRs  
Descriptive statistics of ACRs and VRs during teaching period were calculated and 

presented in Table 8.2. ACRs change from 0.3-10.99 (1/h) with a mean of 3.41 (1/h) and 

median of 2.58 (1/h), Table 8.2. Mean and median ACRs are 3.84 (1/h) and 3.15 (1/h) 

during non-heating seasons and are 3.02 (1/h) and 2.52 (1/h) during heating seasons.  
Table 8.2. Descriptive statistics of ACRs and VRs during teaching period 

Seasons Parameters Minimum Maximum Range (Max-Min) Mean Median S.D. 
Non-heating (NH) ACR (1/h) 0.49 10.99 10.5 3.84 3.15 2.65 

VR (l/s.p) 0.78 17.36 16.58 7.06 6.11 4.28 
Heating (H) ACR (1/h) 0.30 9.09 8.79 3.02 2.52 1.92 

VR (l/s.p) 0.85 15.56 14.71 5.45 4.75 3.24 
Whole Year (WY) ACR (1/h) 0.3 10.99 10.69 3.41 2.58 2.31 

VR (l/s.p) 0.78 17.36 16.58 6.21 5.37 3.83 
 

Cumulative frequency (%) of ACRs (1/h) for teaching and total occupied period are 

depicted in Fig 8.2. Median ACRs (1/h) for total occupied period (9:00 am-3:30 pm) are 

2.5 (1/h) during non-heating seasons and 2.1 (1/h) during heating seasons, Fig 8.2.    
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Fig 8.2. Cumulative frequency (%) of ACRs (1/h) for teaching and total occupied period 

Mean ACR (3.41 1/h) is lower than ACR of 4.16 (1/h) in the study by Santamouris, M. et 

al. (2008) where almost all classrooms had at least some open windows. It is also higher 

than mean ACR of 2.0±1.3 (1/h) in the study by Batterman et al. (2017) where HVAC 

systems were sometimes shut off in mechanically-ventilated classrooms. Higher ACRs 

in another study by Dorizas et al. (2015b), from 1-22 1/h with average values from 0.7-8 

1/h, are due to open windows and favourable wind's direction. Calculated VRs range 

from 0.78-17.36 (l/s.p) with mean and median of 6.21 (l/s.p) and 5.37 (l/s.p), Table 8.2. 

Mean and median VRs during non-heating seasons (7.06 and 6.11 l/s.p) are higher than 

their corresponding values during heating seasons (5.45 and 4.75 l/s.p), Table 8.2. 

Cumulative frequency (%) of VRs (l/s.p) for teaching and total occupied period are shown 

in Fig 8.3 and Fig 8.4. Median VRs for total occupied periods are 8.1 (l/s.p) and 6.3 (l/s.p) 

during non-heating and heating seasons, Fig 8.3 and Fig 8.4.  

 
Fig 8.3. Cumulative frequency (%) of VRs (l/s.p) for teaching period  
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Fig 8.4. Cumulative frequency (%) of VRs (l/s.p) for total occupancy period  

Mean VR (6.21 l/s.p) is higher than that (2.4 l/s.p) in NV Portuguese classrooms (Canha 

et al. 2013) because windows were not operated often during winter (Canha et al. 2013). 

It is also lower than average of 13 l/s.p in Finnish primary schools (Canha et al. 2013) 

because mechanically-ventilated classrooms could provide adequate IAQ even in winter 

(Canha et al. 2013).  

8.4. Factors Affecting ACRs and VRs 

To improve IAQ and reduce CO2 levels in school buildings, Contextual, Building and 

Occupant-related factors (COB) affecting ACRs and VRs are investigated in this thesis, 

Fig 8.5.  

 
Fig 8.5. Summary of factors affecting ACRs, VRs and CO2 levels 
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8.5. Contextual Factors  
Concerns about global warming, energy consumption and maintaining a healthy indoor 

environment have resulted in a growing interest in NV buildings (Busch 1992, Gratia et 

al. 2004, Mumovic et al. 2018). However, natural ventilation is affected by contextual 

factors (Levermore 2002); it can only be applied to certain climates (Mumovic et al. 2018, 

Levermore 2002, Gratia et al. 2004) and it might be limited due to high background noise 

level or pollution (Allocca et al. 2003, Mydlarz et al. 2013, Mumovic et al. 2018) because 

‘outdoor air’ into the building may not be ‘fresh air’ (Clements-Croome, D. J. et al. 2008, 

Lugg and Batty 1999). Therefore, this thesis, as explained in methodology, has selected 

schools in low-polluted and quiet areas. The thesis has focused on contextual factors 

that are more challenging to control including season, outdoor air speed, operative 

temperature (Top), outdoor temperature (Tout) and the difference between indoor and 

outdoor temperature (Top-Tout). Since outdoor climate has an immediate impact on indoor 

conditions (Dascalaki and Sermpetzoglou 2011), Top is also considered as a contextual 

factor.  

8.5.1. Seasons 
There is evidence that seasonal variations affect VRs indirectly by changing occupants’ 

Adaptive Behaviours (Chatzidiakou, L. et al. 2012). Results of Mann-Whitney test show 

that median VRs are different during heating and non-heating seasons (U = 1372, p = 

0.025). Fig 8.6 shows that mean and median VRs are higher during non-heating seasons 

(7.06 and 6.1 l/s.p) that heating seasons (5.45 and 4.8 l/s.p). Part of this can be explained 

by seasonal factors because average open area during non-heating seasons (2.4m2) is 

higher than that during heating seasons (0.8m2) as seen in boxplots in Fig 8.7. Other 

studies support that VRs can be lower during heating seasons due to closed windows 

(Gao et al. 2014, Stabile et al. 2017), therefore, it is shown that winter VRs mostly do not 

meet the recommended values by standards (Canha et al. 2013, Lugg and Batty 1999).  

Observations during field studies suggest that lower open areas during heating seasons 

are due to low outdoor temperatures or draught, as supported in several other studies 

(Gao et al. 2014, Griffiths and Eftekhari 2008, Canha et al. 2013, Lugg and Batty 1999) 

and energy concerns, as supported by Wyon et al. (2010). Findings show that open 

areas during non-heating seasons have a stronger correlation with Top (Spearman 

Correlation coefficient=0.53, P<0.001) than with CO2 levels (Spearman Correlation 

coefficient=-0.32, P<0.001). According to Cohen classification, the correlation of open 

areas with Top is strong during non-heating seasons. Therefore, windows are operated 

more often during non-heating seasons to lower high temperatures, which in turn lowers 
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CO2 levels. Previous studies support that window and doors are operated more when 

the temperature is high (Fabi et al. 2012) rather than when IAQ is low (Wyon, D. et al. 

2010) because poor IAQ is not perceived due to gradual sensory fatigue or adaptation 

(Gunnarsen et al. 1992, Anon. 2016).  

 
Fig 8.6. VRs during heating and non-heating seasons  

Fig 8.7. Open areas (m2) during heating and non-heating seasons 
 

8.5.2. Outdoor air speed and Direction  

Several studies have shown that amount of air going through the window opening is 

affected by air-speed (Chatzidiakou, L. et al. 2015b, Dorizas et al. 2015b, Larsen and 

Heiselberg 2008) and wind direction (Larsen and Heiselberg 2008, Gratia et al. 2004, 

Mumovic et al. 2018). Results show that VRs are not correlated with outdoor air speed 

(P=0.57>0.05). This can be attributed to four main reasons; first, in 41% of the 

classrooms (12 classrooms) outdoor air speed is less than 2 m/s. There is evidence that 

natural ventilation will be improved by air velocities frequently above 2 m/s (Krarti 2018). 

Second, windows’ orientation in 55% of the classrooms (16 classrooms) is not faced 

towards wind direction. Top-hung windows direct airflow towards occupants when 

perpendicular to the wind (Mumovic et al. 2018). Third, 90% of the studied classrooms 

are single-sided, therefore, wind-driven ventilation is more restricted in them, as 

suggested in CIBSE, Ventilation and ductwork (CIBSE Guide B2 2016). Fourth, air-

speed and wind direction obtained from a meteorological station are more valid in a 

limited perimeter around the instruments and they are changed by obstacles, especially 

at low speed. Findings of this thesis suggest that outdoor air speed increases VRs more 

significantly when windows are fully open, when air speed is adequate, when windows 

are oriented towards wind direction, and when openings for supplying and extracting air 

are not the same in single-sided openings. In this thesis, wind speed and direction are 

not favourable in around 50% of studied classrooms. Another study supports that wind 
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fails to provide a stable ventilation rate since wind speed and direction change over wide 

ranges (Krarti 2018). 

8.5.3. Top and Tout  
Weather is the driving force for natural ventilation (Gratia et al. 2004), therefore, VRs 

vary constantly by change in weather conditions (Etheridge 2000). Seasonal variations 

directly affect VRs by changing indoor and outdoor climatic variables (Chatzidiakou, L. 

et al. 2012). Results show that Top is correlated with ACRs (Spearman Correlation 

coefficient=0.20, P<0.05) and VRs (Spearman Correlation coefficient=0.29, P<0.001). 

Tout is also correlated with ACRs (Spearman Correlation coefficient=0.27, P<0.01) and 

VRs (Spearman Correlation coefficient=0.31, P<0.01). The correlation suggests that 

when Top and Tout are higher, VRs and ACRs are also higher. This is because as Top and 

Tout increase, there is a higher tendency to open windows which in turn increases VRs, 

as supported in other studies (Santamouris, M. et al. 2008, Almeida, R. M. S. F. and De 

Freitas, V. P. 2014). Considering the correlation between Top and VRs, VRs should be 

adequate to remove significant amounts of thermal gains that may lead to overheating, 

as supported in several other studies (Anon. 2016, Gratia et al. 2004, Sayigh 2013). 

8.6. Occupant-related Factors  
Results of the Kruskal-Wallis test show that there is a significant difference in median 

VRs [𝑋2 (3) =59.9, p=0.000] between defined groups in Chapter 7 for classrooms’ 

potentials and occupants’ environmental ABs. Fig 8.8 shows median VRs in defined 

groups are 8.9, 3.7 and 6.9 l/s.p and mean VRs are 10.3, 3.5, 3.6 and 8.1 l/s.p, 

respectively. Mean and median values are the highest in the first group (high 

potentials/good practice). The second favourable group in terms of VRs (category 4) 

provides low potentials/good practice for natural ventilation, Fig 8.12. Findings suggest 

that operation on controls is as important as the design of classrooms and controls.  
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Fig 8.8. Mean VRs in each group for potentials and practices of natural ventilation 

8.7. Reflection of COB factors on Windows’ Open Areas  
Window operation as one of the most important adaptive behaviours is the reflection of 

all Contextual (weather conditions), Occupant-related (occupant’s operation) and 

Building-related (windows’ design) factors (COB). Results show that open areas are 

correlated with VRs during non-heating (Spearman Correlation coefficient=0.42, P<0.01) 

and heating seasons (Spearman Correlation coefficient=0.62, P<0.001). Fig 8.9 and Fig 

8.10 show measured open areas with their corresponding hourly VRs. Regressions in 

Fig 8.9 and Fig 8.10 suggest that 12% and 19% of variations in VRs are explained by 

open areas during non-heating and heating seasons, respectively. Regressions suggest 

that by the increase in open areas, VRs increase and CO2 levels decrease, as supported 

in other studies (Hou et al. 2015, Santamouris, M. et al. 2008). In a similar study, the 

effect of open area on VRs is investigated in 62 classrooms in 27 NV schools of Athens 

under three different situations: 1) VR of 1.5l/s.p when windows are closed, 2) VR of 4.5 

l/s.p when some windows are open and 3) VR of 7 l/s.p when most of the windows are 

open (Santamouris, M. et al. 2008). Another study shows that when all windows and 

doors are closed, VRs in NV classrooms are less than 1 l/s.p (Hou et al. 2015).  
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Fig 8.9. Influence of open areas (m2) on VRs (l/s.p) during non-heating seasons 

 
Fig 8.10. Influence of open areas (m2) on VRs (l/s.p) during heating seasons 

To find out how data defines the linear regression and to interpret the best-fit values, it 

is important to know how precise they are, therefore, confidence intervals for linear 

models are shown in Fig 8.9 and Fig 8.10. The width of the confidence intervals is 

determined by the number of data points, their distances from the line, and the spacing 

of the X values (Motulsky 2007). Equation 8.1, Equation 8.2 and Equation 8.3 show 95% 

confidence intervals on the slope, intercept and dependent variables (Morrison, F. A. 

2014, Payton et al. 2003).  

 

VRs = 0.76*OA + 5.13
R² = 0.12

95% CI=±1.28

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5

V
R

s 
(l

/s
.p

)

Open Area (m2)

Raw Data on VRs (NH) Lower Confidence Intervavl (NH)

Upper Confidence Interval (NH) Linear (Raw Data on VRs (NH))

Linear (Lower Confidence Intervavl (NH)) Linear (Upper Confidence Interval (NH))

VRs = 2.11*OA + 3.73
R² = 0.19

95% CI=±1.07

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

0 0.5 1 1.5 2 2.5

V
R

s 
(l

/s
.p

)

Open Area (m2)

Raw Data on VRs (H) Upper Confidence Interval (H)

Lower Confidence Interval (H) Linear (Raw Data on VRs (H))

Linear (Upper Confidence Interval (H)) Linear (Lower Confidence Interval (H))



141 
 

Equation 8.1. 95% CI on the slope=�̂� ± 𝑡0.05,𝑛−2𝑆𝑚                   

Equation 8.2. 95% CI on intercept=�̂� ± 𝑡0.05,𝑛−2𝑆𝑏                     

Equation 8.3. 95% CI on Y= �̂� ± [(𝑡0.025,𝑛−2𝑆𝑦)/√𝑛]      

 

Table 8.3 shows the calculation of confidence intervals for the linear relationships 

between open area and VRs in Fig 8.9 and Fig 8.10. Results in Table 8.3 show that 95% 

confidence intervals on slopes (Row 11) exclude 0 (mNH= 0.76±0.67 and mH=2.11±1.28), 

therefore, we can conclude that there is a significant linear relationship between open 

area and VRs. According to Table 8.4, there is a 95% chance that the intervals calculated 

for non-heating (±1.28) and heating seasons (±1.07) contain the true value of VRs.   
Table 8.3. CI for the linear relationship between open area and VRs 

No. Calculations Non-heating, Fig 8.9 Heating, Fig 8.10 
1 Slope, m 0.76 2.11 
2 S.E. of the slope, Sm 0.33 0.64 
3 Intercept, b 5.13 3.73 
4 S.E. of intercept, Sb 1.10 0.82 
5 S.E. of dependents, S(y, x)  4.06 3.72 
6 Degree of freedom (n-2) 39 47 
7 t-multiplier (t0.05,n) 2.02 2.01 
8 ∆m=(t-multiplier × S.E.)=t0.05,n*Sm 0.67 1.28 
9 ∆b=t0.05,n*Sb 2.23 1.66 
10 ∆y=𝑡0.025,𝑛−2𝑆𝑦/√𝑛 1.28 1.07 

95% confidence interval on (NH) (H) 
11 Slope sample estimate±(t-multiplier × S.E.) 0.76±0.67=0.09 to 1.43 2.11±1.28=0.83 to 3.39 
12 Intercept sample estimate±(t-multiplier × S.E.) 5.13±2.2=2.93 to 7.33 2.0±1.6=0.4 to 3.6 
13 Dependent sample estimate±(t-multiplier × S.E.) Y±1.28 Y±1.07 
15 Equation VRs = 0.76*OA + 5.13 VRs= 2.11*OA + 3.73 

 

Confidence intervals on ventilation rates are narrower during heating (1.07) than non-

heating (1.28) seasons, therefore, it can be suggested that data defines the linear fit 

more precisely during heating seasons. Results of this section in Fig 8.9 and Fig 8.10 

show that to have VR of 8±1.28 l/s.p during non-heating seasons and VR of 8±1.07 l/s.p 

during heating seasons, average open areas of 3.8m2 and 2m2 are required, 

respectively.  

Average open area during non-heating seasons (3.8m2) is almost twice than that during 

heating seasons (2m2). This can be explained by air density differences and mostly by 

temperature differences between inside and outside during both seasons. First, air 

density is inversely related to temperature, therefore, cold winter air is denser than warm 

summer air. When outdoor temperature is high, the absorbed energy in the form of heat 

makes molecules in the air move and expand, which decreases air density (Lee, O. et 

al. 1993). This suggests that high temperatures take more volume compared to low 

temperatures. Therefore, more air and accordingly higher open areas are required during 

non-heating seasons compared to heating seasons to provide the same level of VRs and 



142 
 

IAQ. Mean outdoor temperature during heating seasons (7.1°C) is around 10°C lower 

than that during non-heating seasons (17.6°C). According to the Ideal Gas Law for dry 

air, air density decreases by about 1% for 3°C increase in temperature (SKYbrary 2017). 

The density variation of the outdoor air between the heating season (7.1°C) and the non-

heating season (17.6°C) is only 3.5% which cannot explain the need for doubling the 

claimed opening area.  

The difference can mostly be explained the increase of the stack effect during heating 

seasons. ‘Stack effect’ is generated by vertical pressure difference, depending on the 

temperature difference between inside and outside (Krarti 2018). The temperature 

difference between inside and outside is higher during heating seasons, Table 8.1, as 

also supported by Mumovic et al. (2018). The study by Larsen and Heiselberg (2008) 

explains how to calculate the volume flow rates driven by thermal buoyancy through a 

single opening which can be found in Equation 8.4:   

Equation 8.4. 𝑄𝑣 =
1

3
∗ 𝐶𝐷 ∗ 𝐴 ∗ √

(𝑇𝑖−𝑇𝑒)∗𝑔∗(𝐻𝑖−𝐻𝑏)

�̅�
          

Where 

Qv is the volume flow rate (m3/s),  

CD is the discharge coefficient depending on the type of opening (0.6 for sharp edges), 

A is the area of the opening (m2), 

Ti is the internal temperature (K),  

Te is the external temperature (K),  

�̅� is the average temperature (K),  

g is the gravitational acceleration (m/s2), about 9,81 m²/s,  

Ht is the height, top of the opening (m) and  

Hb is the height, bottom of the opening (m) (Larsen and Heiselberg 2008). 

It can be suggested from Equation 8.4 that the airflow rate through an opening in absence 

of wind depends on the air density difference, hence to the absolute temperature 

difference between outside and inside environments. Equation 8.4 shows that the airflow 

rate increases with the square root of the temperature difference. Using Equation 8.4 for 

the results of this thesis show that an opening with an area of 1m2, with the Ht of 2m and 

Hb of 1m provides an airflow rate of 1150 m³/h during non-heating seasons (Average 

23.8°C inside and 17.6°C outside) and 1852 m³/h during heating seasons (Average of 

21.8°C inside and 7.1°C outside). Therefore, the higher temperature difference between 

inside and outside during heating seasons helps to create a higher exchange rate 

through windows, as supported in several studies (Li, K. and Teh 1996, Gratia et al. 
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2004, Gan 2000). The effect of temperature difference is specifically dominant in single-

sided classrooms where cool outdoor air enters the room through the lower part of the 

opening and is exchanged with warm indoor air that escapes through the upper part (Gan 

2000).  

8.8. Effect of VRs on IAQ  
Several studies recognize CO2 levels as an indicator of ventilation in an indoor 

environment (Dorizas et al. 2015a, Chatzidiakou, L. et al. 2012, Norbäck and Nordström 

2008, Seppänen, O. A. et al. 1999). Hourly average CO2 levels are strongly and 

negatively correlated with hourly VRs (Spearman Correlation coefficient=-0.81, 

P<0.001). Fig 8.11 shows the power trendline between hourly VRs and CO2 levels during 

the teaching period. Fig 8.11 shows that 63% of CO2 changes are explained by VRs. 

The power trendline suggests that when VRs are high, CO2 levels decrease and IAQ 

increases, as supported in other studies (Batterman 2017, Luther et al. 2017, Olawale et 

al. 2014). Similar studies highlight that CO2 levels are strongly correlated with VRs (R2= 

0.59 (Dorizas et al. 2015b)) and (r=0.88 (Olawale et al. 2014)). Fig 8.11 shows that to 

have CO2 levels of 1000 ppm, an average VR of 8 l/s.p, as confirmed in similar studies 

(Becker, R. et al. 2007, Daisey et al. 2003, Luther et al. 2017).  

 
Fig 8.11. Impact of hourly VRs (l/s.p) on CO2 levels (ppm)  

8.9. Conclusion 
Indoor Air Quality (IAQ) in classrooms is assessed by CO2 levels and Ventilation Rates 

(VRs). Factors affecting VRs fall into Contextual, Occupant and Building (COB) related 

factors. Building-related factors classify classrooms with high or low potentials for natural 

ventilation, with 50% of classrooms providing high potentials. Contextual factors 

including season, operative temperature (Top), outdoor temperature (Tout), ‘Top-Tout’ and 
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air density can limit or increase VRs. Occupant-related factors classify occupant’s good 

or poor practice of environmental adaptive behaviours. ‘Open area’ as a reflection of all 

COB factors is strongly correlated with ventilation rates. Results show that 12% and 19% 

of variations in ventilation rates are explained by open areas during non-heating and 

heating seasons, respectively. Findings highlight that to have VR of 8±1.28 l/s.p during 

non-heating seasons and VR of 8±1.07 l/s.p during heating seasons, average open 

areas of 3.8m2 and 2m2 are required, respectively.  

Chapter 5-8 have investigated thermal environment, IAQ and children’s perception of 

them. Next chapter investigates the integrated aspects of IEQ (thermal environment, IAQ 

and visual environment) in relation to children’s overall comfort.  
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Chapter 9 
9. Overall Comfort and Indoor Environment Quality (IEQ) 

9.1. Introduction 

The concept of Indoor Environment Quality (IEQ) can be grouped into four main 

categories: thermal comfort, indoor air quality (IAQ), visual comfort and acoustic comfort 

(Marino et al. 2012, Wong, L. T. et al. 2008, Sarbu and Sebarchievici 2013). IEQ should 

be improved to increase productivity and performance (Lee, M. C. et al. 2012, Mendell, 

M. J. and Heath 2005), otherwise, learning and academic activities may be compromised 

through discomfort or distraction (Mendell, M. J. and Heath 2005). Berner (1993) 

suggests that students’ test scores increased 5.4 points (p<0.05) for each improved 

category of building condition (i.e. ‘poor’ to ‘fair’ to ‘excellent’) (Berner 1993). De Giuli et 

al. (2012) studied IEQ in Italian primary schools and revealed very high concentrations 

of CO2, insufficient light, uncomfortable thermal conditions, and acoustic discomfort as 

the main concerns in the studied primary schools (De Giuli et al. 2012). Nagano and 

Horikoshi (2005) suggest that the purpose of combining different environmental factors 

is to clarify the individual effects of each factor and their interaction (Nagano and 

Horikoshi 2005). Very few studies have investigated children’s preferences in terms of 

IEQ or have included children’s comfort to improve IEQ in classrooms (Zhang, D. et al. 

2019). The feeling of comfort is a composite state involving occupants’ sensations of all 

interrelated physical parameters (Haghighat and Donnini 1999, Kruger and Zannin 2004, 

Nagano and Horikoshi 2005), therefore, investigating IEQ aspects in schools to improve 

comfort is significant.  

9.2. Background on IEQ 
Very few studies have investigated children’s preferences in terms of IEQ or have 

included children’s comfort to improve IEQ in classrooms (Zhang, D. et al. 2019). This 

thesis has reviewed eight research papers on overall comfort and IEQ in educational 

buildings from 2008-2018.  

The study by Astolfi and Pellerey (2008) has carried out a subjective survey on perceived 

environmental quality in 51 secondary-school classrooms. The questionnaire including 

items on overall quality and its aspects such as thermal, IAQ, visual and acoustical, was 

administered to 1006 students. Results of the study show that with the same 

dissatisfaction for thermal, IAQ and acoustical, students attributed more weight to the 

acoustical conditions in the overall quality judgment (Astolfi and Pellerey 2008). 

Catalina and Iordache (2012) have developed mathematical models to predict indoor 
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parameters (operative temperature, average illuminance, sound pressure level, indoor 

air quality) that can influence IEQ. The models were established using multiple non-linear 

regression on a large database of values obtained from simulations (R2>0.9). The results 

of the study suggest the impact of fenestration type and size on the overall indoor 

conditions (Catalina and Iordache 2012). 

The study by Yee (2014) evaluates IEQ through factors affecting occupants’ perception 

and preference of the indoor environment. A questionnaire is used as a method to collect 

primary data in a University building in Malaysia. The five-point Likert scale questions 

from 40 valid questionnaires were analysed based on the weighted mean. Results show 

that respondents consider thermal comfort to be most important (WThermal= 0.27), followed 

by IAQ (WIAQ= 0.26), visual comfort (Wvisual= 0.24) and acoustic comfort (WAcoustic = 0.23) 

(Yee 2014).  

The study by Ralegaonkar and Sakhare. (2014) develops a comfort model by using multi-

parametric regression analysis of the results in a test room model in an educational 

campus in India. Indoor environmental variables including indoor light intensity, 

temperature and humidity were recorded from July 2011–March 2012 on an hourly basis. 

For the developed model, the considered functional parameters are prioritized by relative 

importance to indoor temperature, relative humidity and daylight (Ralegaonkar and 

Sakhare 2014).  

The study by Ghita and Catalina (2015) aims to investigate the indoor environmental 

quality (IEQ) by long term measurements and spot recordings in three different types of 

rural schools (old, new, and renovated) from autumn 2013–spring 2014. Collecting 708 

surveys from 112 school children (10-16 YO) in more than 40 Romanina classrooms 

suggests different IEQ weights. Results show that school children consider IAQ to be 

most important (WIAQ= 0.3), followed by thermal comfort (WThermal= 0.27), visual comfort 

(WVisual= 0.24) and acoustic comfort (WAcoustic= 0.19) Ghita and Catalina (2015).  

In the study by Mihai and Iordache (2016), an indoor environmental quality index is 

determined by reference to the four indices of comfort: thermal comfort, acoustic comfort, 

indoor air quality and visual comfort. Indoor environmental quality Index is calculated as 

a weighted average of the indices of comfort. The study collects data on the current state 

of the building, indoor and outdoor environmental parameters and occupants’ sensation 

of comfort on one winter day in university classrooms. The results show that the four 

analysed comfort components influence comfort feeling almost equally, WIAQ=0.26 ≈ 

WThermal=0.25 ≈ W Visual=0.24 ≈ WAcoustic=0.24 (Mihai and Iordache 2016).  
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The study by Kim, et al. (2017), has developed an integrated IEQ score by combining 

three different IEQ indices (i.e., thermal comfort, IAQ, and visual comfort). The study has 

calculated integrated IEQ score by using the fitness function in integrated multi-objective 

optimization in an elementary school in Seoul. The study indicates that IAQ has more 

influences on the integrated IEQ score than thermal and visual comfort (Kim, et al. 2017). 

The study by Tahsildoost and Zomorodian (2018) has assessed Indoor Environmental 

Quality in three school buildings (old, new, and retrofitted) in Iran by environmental 

measurements and questionnaires (n = 842) from July 2016 to April 2017. The study has 

developed a mathematical model to predict overall comfort by fitting a multiple regression 

model to the questionnaire data. Results reveal that thermal comfort is the most 

important aspect (W Thermal = 0.34), followed by visual comfort (WVisual =0.31), acoustic 

comfort (WAcoustic=0.26) and IAQ (WIAQ = 0.08) (Tahsildoost and Zomorodian 2018).  

Table 9.1 shows a review of educational studies that have proposed weights for 

individual aspects of IEQ. 

Table 9.1. A review of studies on IEQ in educational buildings 

Building Type References Weights 
Thermal IAQ Visual Acoustic 

Educational 
Buildings 

Yee (2014) 0.27 0.26 0.24 0.23 
Ghita and Catalina (2015) 0.27 0.3 0.24 0.19 
Mihai and Iordache (2016) 0.25 0.26 0.24 0.24 

Tahsildoost and Zomorodian (2018) 0.34 0.08 0.31 0.26 
 

From the above review, five main summaries are suggested; 

• The importance and weight of IEQ aspects are different which can be explained by 

diverse climates, building types and individual differences.  

• The most important aspects of IEQ are thermal environment (Ralegaonkar and 

Sakhare 2014, Yee 2014, Tahsildoost and Zomorodian 2018), IAQ (Ghita and 

Catalina 2015, Mihai and Iordache 2016, Kim, J. et al. 2017) and acoustic 

environment (Astolfi and Pellerey 2008) and the least important aspects are acoustic 

(Yee 2014, Ghita and Catalina 2015) and visual environment (Ralegaonkar and 

Sakhare 2014).  

• IEQ index is predicted based on physical parameters (Ralegaonkar and Sakhare 

2014, Catalina and Iordache 2012, Kim, J. et al. 2017), sensation votes (Yee 2014) 

or a combination of both (Ghita and Catalina 2015, Mihai and Iordache 2016, 

Tahsildoost and Zomorodian 2018, Astolfi and Pellerey 2008). The literature 

suggests that most models consider the combination of both subjective and objective 

approaches to evaluate IEQ. Otherwise, the interpretation of the results would be 

incomplete and misleading (De Giuli et al. 2014), because the subjective nature of 
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surveys complicates their use as the only tool for evaluating IEQ in buildings 

(Heinzerling et al. 2013). 

• Only a few studies have considered building-related factors in IEQ models (Catalina 

and Iordache 2012, Mihai and Iordache 2016, Ghita and Catalina 2015) while most 

studies do not consider building differences (e.g. ventilation or window type).  

• Most studies have applied a regression (Multi/non-linear) approach to evaluate IEQ 

or overall comfort (Astolfi and Pellerey 2008, Catalina and Iordache 2012, 

Ralegaonkar and Sakhare 2014, Ghita and Catalina 2015, Mihai and Iordache 2016, 

Tahsildoost and Zomorodian 2018).  

This chapter deals with a holistic approach to improve overall comfort in relation to IEQ. 

The chapter aims to investigate children’s overall comfort within individual aspects of IEQ 

(thermal comfort, IAQ and visual comfort) in naturally ventilated classrooms in the UK. 

The main objectives of this chapter are: (1) to suggest the permissible proportion of 

uncomfortable votes, (2) to develop comfort model by investigating individual aspects of 

IEQ, (3) to estimate the probability of having uncomfortable votes.   

9.3. Overview of the recorded data 
To characterize classrooms’ indoor environment quality (IEQ), average environmental 

variables at the time of filling out questionnaires including operative temperature (Top), 

Air velocity (V=m/s), Humidity (RH%), CO2 concentration levels (ppm) and average light 

levels (lx) are presented in Table 9.2 for non-heating and heating seasons.  
Table 9.2. Indoor environmental variables during non-heating and heating seasons 

Seasons Minimum Maximum Mean S.D. 
Non-heating Top(°C) 19.0 28.1 24.2 2.1 

RH% 38.3 66.6 50.9 7.8 
V(m/s) 0.00 0.72 0.10 0.14 

CO2 levels (ppm) 662 3277 1180 488 
Lux (lx) 186 1225 467 237 

Heating Top(°C) 18.9 26.8 22.8 1.7 
RH% 25.8 53.4 37.3 7.3 

V(m/s) 0.00 0.30 0.06 0.07 
CO2 levels (ppm) 842 2106 1310 351 

Lux (lx) 230 1130 527 253 
 

Among surveyed children, 698 of children are comfortable, 472 of children are a little 

comfortable and 189 of children are not comfortable, Fig 9.1.  
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Fig 9.1. Frequency of comfort votes among surveyed children 

For the aim of this chapter, four main steps are followed; 1) frequency of overall comfort 

during heating and non-heating seasons, 2) proportion of comfort votes by IEQ aspects, 

3) modelling comfort votes (multilinear regression model) and 4) Predicting the 

probability of having uncomfortable votes (binary logistic regression). 

9.4. Overall Comfort during two seasons  
The study reflects the proportion of comfort votes during heating and non-heating 

seasons in Fig 9.2. Fig 9.2 shows that percentage of comfortable votes is higher during 

heating seasons (55.4%) compared to non-heating seasons (47.8%) and percentage of 

uncomfortable votes is higher during non-heating seasons (17.9%) compared to heating 

seasons (9.5%). In total, comfort votes are improved by 16% during heating seasons 

than non-heating seasons, which can be explained by children’s more positive 

perception of the built environment during heating seasons. Results show that mean 

TSVs, ASVs and VSVs are more acceptable during heating seasons than non-heating 

seasons, (non-heating scores: TSVs=0.39, ASVs=2.87, VSVs=3.07, comfort=1.7 and 

heating scores: TSVs=0.34, ASVs=2.77, VSVs= 2.84 and comfort=1.54). The study by 

Mysen et al. (2005) supports that pupils are more satisfied with the school and have less 

sick building syndrome (SBS) symptoms during winter than summer.     

 
Fig 9.2. Proportion (%) of comfort votes during heating and non-heating seasons 

698

472

189

0

100

200

300

400

500

600

700

800

I am comfortable I am a little
comfortable

I am not
comfortable

C
o

u
n

t
"Do you feel comfortable?"

47.8

55.4

34.4

35.1

17.9

9.5

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Non-heating

Heating

Percentage 

M
o

d
e

I am comfortable I am a little comfortable I am not comfortable



150 
 

9.5. The proportion of Comfort Votes by IEQ 
This section has presented the frequency of comfort votes in different categories of 

Thermal Sensation Votes (TSVs), Fig 9.3, Air Sensation Votes (ASVs), Fig 9.4, and 

Visual Sensation Votes (VSVs), Fig 9.5. The section classifies sensation votes into two 

main groups; corresponding to more than 55% (more than half) of overall comfort votes 

or less than 55% of them in each category. Among TSVs, only Cool (55%) and OK (59%) 

votes accommodate more than 55% of comfortable votes, Fig 9.3.  

 
Fig 9.3. Frequency of comfort votes in different categories of TSVs 

Among ASVs, only Very fresh (61%) and Fresh (67%) votes accommodate more than 

55% of comfortable votes, Fig 9.4. Among VSVs, only Enough (59%) votes 

accommodate more than 55% of comfortable votes, Fig 9.5. 
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Fig 9.5. Frequency of comfort votes in different categories of VSVs 

This chapter compares frequency (%) of comfort votes between sensation groups based 

on the above classification. When sensation votes correspond to more than 55% of 

comfortable votes, [TSVs= Cool (-1), OK (0)] or [ASVs= Very Fresh (1), Fresh (2)] or 

[VSVs= Enough (2)], sensation votes are named (Y) for Yes. When sensation votes 

receive less than 55% of comfort votes [TSVs=-2, 1, 2] or [ASVs=3, 4, 5] or [VSVs= 1, 

3, 4, 5], the scales are named (N) for No.  

This section outlines eight groups, which is the result of combining Y and N categories 

in 3 sensation groups (TSVs, ASVs and VSVs), Fig 9.6. The order of eight groups in Fig 

8 is presented based on the frequency (%) of comfortable votes, uncomfortable votes, 

and the difference between these two. As can be seen in Fig 9.6, groups 1-4 show 

uncomfortable votes below 10% and groups 1-7 suggest uncomfortable votes below 

20%. In groups 1-4, at least two sensation votes are acceptable, however, in groups 5-

8, only one or none of the sensation votes are acceptable. It can be argued that 

considering 20% uncomfortable as the criteria for overall comfort can be an 

overestimation as it can let two aspects of the IEQ being unacceptable. Therefore, this 

thesis suggests the criteria for permissible uncomfortable votes at 10%.  
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Fig 9.6. Frequency of comfort votes (%) in eight different sensation groups 

To find out how many votes would benefit from keeping uncomfortable votes below 10%, 

the study presents the frequency (N) of votes in each group, Fig 9.7. By reducing 

uncomfortable votes from 20% (groups 1-7) to 10% (groups 1-4), uncomfortable votes 

would drop from 113 to 35 that corresponds to a reduction of 69% in uncomfortable 

votes, Fig 9.7. Primary schools are occupied by sensitive young children who have 

physical and physiological differences with adults (Corgnati, S. P. et al. 2009, Havenith 

2007, Teli et al. 2013). This makes them more vulnerable and less resistant than adults 

to poor environmental conditions (Buonanno, Giorgio et al. 2012, De Giuli et al. 2012), 

therefore, it is significant to reduce the number of uncomfortable children. 
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It should be highlighted that in groups 1, 3 and 4 in Fig 9.7, one of the sensation votes is 

unacceptable, however, the percentage of uncomfortable children is still below 10%. This 

shows that dissatisfaction with one aspect of the indoor environment does not 

necessarily produce overall discomfort with the environment, as suggested by 

Humphreys (2005). His study advised that acceptable aspects of IEQ can compensate 

for unacceptable aspects (Humphreys, M.A. 2005).  

Table 9.3 shows indoor physical parameters in groups 1-8. Average physical variables 

for group 2 with all acceptable sensation votes and uncomfortable votes below 10% are 

Top=22.2°C, CO2 level=1010 ppm, lux=587 lx, V=0.10 m/s and H=43.5% which are close 

to values suggested by standards in Chapter 3. Chapter 5 suggests TC(children) at 20.9 °C 

during non-heating seasons and at 20.2 °C during heating seasons. Therefore, the 

approximate operative temperature of 23°C (20.9±2) is the upper limit of children’s 

thermal comfort band which is close to the average Top of 22.2°C in groups 2.  
Table 9.3. Physical parameters in groups 1-8 

Categories  Top (°C) CO2 Lux (lx) V (m/s) H (%) Uncomfortable (%) 
Group 1 (TSVs=N, ASVs= Y, VSV=Y) 23.10≈23 1177 640 0.11 41.14 4 ✓ 
Group 2 (TSVs=Y, ASVs= Y, VSV=Y) 22.20≈22 1010 587 0.10 43.51 5.3 ✓ 
Group 3 (TSVs=Y, ASVs= N, VSVs=Y) 22.90≈23 1300 557 0.07 42 6.3 ✓ 
Group 4 (TSVs=Y, ASVs= Y, VSV=N) 23.30≈23 1190 475 0.08 45.74 10 ✓ 
Group 5 (TSVs=N, ASVs= Y, VSVs=N) 23.9≈24 1180 444 0.08 46.86 11.1  
Group 6 (TSVs=Y, ASVs= N, VSVs=N) 23.7≈24 1278 423 0.08 46.16 13.2  
Group 7 (TSVs=N, ASVs= N, VSV=Y) 23.6≈24 1263 603 0.06 41.57 17.4  
Group 8 (TSVs=N, ASVs= N, VSV=N) 24.0≈24 1265 443 0.08 44.59 24.7  

 
9.6. Modelling Comfort Votes   

9.6.1. Individual Aspects of IEQ 
This part of the study explores the relationship between comfort votes as the dependent 

variable with individual aspects of IEQ and physical variables as the independent 

variables. Spearman correlations, regression equations and R2 values for potential 

variables are presented in Table 9.4. Table 9.4 shows that TSVs, ASVs, VSVs, operative 

temperature (Top), CO2 and air speed (V) are correlated with overall comfort, however, 

changes in overall comfort are mostly explained by ASVs and Top due to higher R2 values. 

ASVs account for 8% of changes in overall comfort (R2=0.08) and Top accounts for 3% 

of comfort votes (R2=0.03), Table 9.4.  
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Table 9.4. The correlation of comfort votes with individual aspects of IEQ 
 Independent 
Variables 

"Do you feel comfortable?" 
Spearman Correlation  Sig. (2-tailed) Regression Equation R2 value 

Se
ns

at
io

n TSV .102** 0.000 Comfort=0.064*TSV+1.602,  R2=0.008 
ASV .280** 0.000 Comfort=0.197*ASV+1.07,  R2=0.08 
VSV .063* 0.020 Comfort=0.038*VSV+1.51,  R2=0.003 

Tiredness 
 

0.035 0.199 - - 

Ph
ys

ic
al

 
va

ria
bl

es
  CO2 level (ppm) -.062* 0.035 Comfort=-0.0001*CO2+1.8,  R2=0.004 

Top (°C) .122** 0.000 Comfort=0.056*Top+0.307,  R2=0.03 
Lux (lx) 0.000 0.986  - - 
V (m/s) .094** 0.001  Comfort=0.033*AS+1.623,  R2=0.000 
RH (%) 0.020 0.452 - - 

 

9.6.2. Integrated Aspects of IEQ 
To find out how integrating correlated variables affect overall comfort, the multilinear 
regression model is run. The values of the slopes in multiple regression depend on the 

units of dependent variables (Bremer 2012). The units of dependent variables are 

different which makes it difficult to compare slopes with each other within the same model 

and across different models. Bremer (2012) suggests that to compare slopes, it is 

important to scale regression coefficients (make them unit less), which is called 

standardized regression coefficients (Bremer 2012). Therefore, both Unstandardized 

Coefficients for suggesting acceptable limits of dependent variables and Standardized 

Coefficients for comparing slopes are presented in Table 9.5.  

Variables that are not correlated with comfort votes in Table 9.4 such as tiredness, light 

level and humidity are not considered in the multilinear regression model. Results of the 

multilinear regression model in Table 9.5 shows that after integrating all variables, the 

correlation of ASVs and Top with comfort votes remain significant. Comparing Table 9.4 

and Table 9.5 shows that when variables are integrated, their correlations and 

regressions change because independent variables affect each other or are controlled 

by each other. The standardized multilinear regression model is presented in Equation 

9.1:  

Equation 9.1. Comfort = 0.28 ∗ ASVs + 0.12 ∗ Top        R2 = 0.11 

ASVs=1-5, Top=19-28°C 

Range of operative temperature is chosen based on the minimum and maximum 

operative temperatures which are 19-28 °C. Equation 9.1 suggests that comfort level is 

correlated to children’s perception of IAQ and Top.  
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Table 9.5. Coefficients in the multilinear regression between comfort votes and IEQ 
Independent Variables in multilinear regression Unstandardized 

Coefficients 
Standardized 
Coefficients 

Sig. 

(Constant) .171  .502 
 Sensation 
 
 

TSV -.003 -0.004 .879 
ASV .200 0.284 .000 
VSV .029 0.041 .135 

 Physical variables  
 

Top (°C) .041 0.116 .000 
CO2 (ppm) .000 -0.073 .10 
V (m/s) .116 0.018 .512 

Multilinear regression Model Comfort=0.28*ASVs+0.12*Top   (R2=0.11) 
 

The regression coefficient is the rate at which changes in the independent variable affect 

the dependent variable. Therefore, for a unit change in ASVs and Top, comfort votes 

change by 0.28 and 0.12, respectively. The coefficient value is higher for ASVs (0.28) 

than that for Top (0.12), which suggests ASVs have a more significant impact on overall 

comfort than Top.  

Table 9.5 shows comfort votes based on the unstandardized multilinear regression 

model (Comfort=0.20*ASVs+0.041*Top, Table 9.5). Although comfort votes as the 

dependent variable should be shown on the y-axis, they are shown on the x-axis to see 

their relationship with two independent variables (ASVs and Top). According to Fig 9.8, 

when children perceive air to be fresh and when the operative temperature is lower, 

overall comfort is higher. As 1.5 on the x-axis is the transition point from ‘comfortable 

votes’ to ‘a little comfortable’ votes, points below 1.5 are classified as those that can 

provide overall comfort, as can be seen in the green box in Fig 9.8.  

 
Fig 9.8. The relationship between comfort votes, ASVs and Top 
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9.7. Estimating the Probability of Having Uncomfortable Votes 
To estimate the probability of having uncomfortable votes, the binary logistic regression 

model is used. To run binary models, comfort votes are classified into ‘Comfortable’ and 

‘Uncomfortable’ groups. Regression coefficients and their significance for the logistic 

model in Table 9.6 show that ASVs and Top are correlated with overall comfort, as 

suggested earlier in the multilinear regression model.  
Table 9.6. Variables in the logistic regression equation 

Independent Variables in  
Logistic Regression  

Coefficients for dependent variables: "Do you feel comfortable?" 
 Coefficients (B) Sig. 

TSV 0.035 0.697 
ASV 0.766 0.000 
VSV 0.160 0.070 
Top (°C) 0.299 0.000 
CO2 (ppm) 0.000 0.129 
V (m/s) -0.530 0.678 
Constant -11.165 0.000 
Suggested Logit (PD) Logit (PD)= 0.77*ASVs+ 0.30*Top-11.16 (R2=0.14) 

 

The model to estimate the probability of having uncomfortable votes can be found in 

Equation 9.2:  

Equation 9.2. 𝐿𝑜𝑔𝑖𝑡 (𝑃𝐷) = 0.77 ∗ 𝐴𝑆𝑉𝑠 +  0.30 ∗ 𝑇𝑜𝑝 − 11.16    (𝑅2 = 0.14) 

Where 

Equation 9.3. 𝑃𝐷 = (
𝑒(0.77∗𝐴𝑆𝑉𝑠+ 0.30∗𝑇𝑜𝑝−11.16)

1+𝑒(0.77∗𝐴𝑆𝑉𝑠+ 0.30∗𝑇𝑜𝑝−11.16)
) ∗ 100 

PD: Probability of having uncomfortable votes, ASVs=1-5, Top=19-28°C 

As can be seen in Equation 9.2. the coefficient value is higher for ASVs (0.77) than that 

for Top (0.30), which confirms children’s sensation votes compared to environmental 

variables have a more significant impact on overall comfort. Fig 9.9 shows the probability 

of having uncomfortable votes by logistic regression model when operative temperatures 

range from ‘19-28°C’ and ASVs range from ‘1-5’. According to Fig 9.9, the probability of 

having uncomfortable votes is higher when children perceive air to be stuffy and when 

the operative temperature is higher. Points in the green box in Fig 9.9 show conditions 

in which the probability of having uncomfortable votes is kept below 10%.  
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Fig 9.9. The probability of having uncomfortable votes in relation to ASVs and Top 

9.8. Discussion 

9.8.1. Comparing Two Models  

Comparing multi-linear and logistic regression models show two main findings in 

common. 1) Both models show that changes in overall comfort and uncomfortable votes 

are explained more significantly by sensation votes (ASVs) than by physical parameters 

(Top). The study by Fransson et al. (2007) supports that the subjective ratings are 

significantly better than objective indicators at predicting overall rated indoor comfort. 2) 

Both models show that ASVs and Top contribute to overall comfort, with ASVs having a 

more significant impact. An earlier review of educational studies in section 9.2 suggests 

that the most important aspects of IEQ impacting comfort are thermal environment 

(Ralegaonkar and Sakhare 2014, Yee 2014, Tahsildoost and Zomorodian 2018) and IAQ 

(Ghita and Catalina 2015, Mihai and Iordache 2016, Kim, J. et al. 2017). Humphreys 

(2005) confirms that satisfaction with air quality contributes strongly to overall 

satisfaction, therefore, an improvement in IAQ would yield considerable improvement in 

overall comfort (Humphreys, M.A. 2005). Dorizas, et.al (2015) confirm that temperature 

is a crucial indicator of students’ satisfaction and comfort of the indoor environment 

(Dorizas et al. 2015a). Huang, et. al (2012), suggest that satisfaction with temperature 

has one-vote veto power over the overall satisfaction of the indoor environment (Huang, 

L. et al. 2012). Apart from the direct impact of Top on overall comfort, it can affect ASVs 

and consequently overall comfort. Previous studies have supported that occupants’ 

perceived IAQ is affected by Top and, lower temperatures improve perceived IAQ 

(Chatzidiakou, L. et al. 2015c, Cain, W. S. et al. 1983, Fang et al. 1998).  
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9.8.2. Linking the results of two models 

To recommend acceptable ranges of ASVs and Top, points below 1.5 in the multilinear 

model (Fig 9.8, Highlighted in green) and points having uncomfortable votes below 10% 

in the logistic regression model (Fig 9.9, Highlighted in green) are compared in Table 

9.7. To meet the criteria of both models, ASVs and Top should be in the following ranges: 

1) [ASV=1 and Top=19-27°C], 2) [ASV=2 and Top=19-24], and 3) [ASV=3 and Top=19-22]. 
Table 9.7. Linking ranges of ASV and Top for multi-linear and binary logistic models 

N
o 

(Criterion 1): ASVs and Top for Comfort 
Model<1.5 

(Criterion 2) ASVs and Top for PD<10% Meeting Criteria 1 
and 2  

ASVs Top(°C) Comfort Model ASVs Top (°C) Probability  ASVs Top 
1 1=very fresh 19-28 1.0-1.38 1=very fresh 19-27 1-9% 1 19-27 
2 2=fresh 19-26 1.2-1.48 2=fresh 19-24 2-8% 2 19-24 
3 3=OK 19-22 1.4-1.5 3=OK 19-22 4-9% 3 19-22 
4 4=Stuffy - - 4=Stuffy 19 8% - - 

 

• The ranges show that better perception of IAQ makes up for higher temperatures. 

Conversely, when children’s perception of IAQ deteriorates, acceptable 

temperatures are lower and more limited to still provide overall comfort. In other 

words, lower temperatures make up for deteriorated perceived IAQ as supported in 

several other studies (Fang et al. 1998, Seppanen, O. A. and Fisk, William J 2004, 

Wargocki, P and Wyon, D. P. 2013).  

• As seen in Table 9.7, the only acceptable ASVs are ‘very fresh, fresh and OK’, 

however, when ASVs are ‘OK’, acceptable Top is limited to 19-22°C. Operative 

temperatures in this range are suggested as the comfort temperature in several other 

studies (Hwang et al. 2006, Liu, J. et al. 2019, Teli et al. 2012b).   

• As can be seen in Table 9.7, when ASVs are ‘stuffy’ or ‘very stuffy’, children are not 

comfortable, suggesting that extremely unacceptable ASVs (i.e. ‘stuffy or very stuffy’) 

result in uncomfortable votes. This finding is supported by Nagano and Horikoshi 

(2005) that claim when one factor is extremely uncomfortable in the environment (i.e. 

too hot or too noisy), the effect of other factors may be excluded and the occupants 

will express discomfort (Cao et al. 2012, Nagano and Horikoshi 2005). Similarly, 

Tahsildoost and Zomorodian, (2018) state that occupants’ high dissatisfaction with 

one parameter can cause respondents’ overall discomfort (Tahsildoost and 

Zomorodian 2018).  

• As can be seen in Table 9.7, the maximum operative temperature at which overall 

comfort can be provided is 27°C if children’s perception of IAQ is ‘very fresh’. 

Similarly, the study by Catalina and Iordache (2012) in schools shows that the 

predicted overall IEQ index is sensitive to Top <18 °C and Top >28 °C. Yet, it is 
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recommended to keep operative temperatures close to children’s thermal comfort 

temperatures for its impact on energy consumption (Ghita and Catalina 2015) and 

productivity (Wargocki, P and Wyon, D. P. 2007a). Comfort temperatures impact 

energy consumption especially during winter as children’s comfort temperature is 

lower than that for adults. On the impact of operative temperatures on productivity, 

the study by Wargocki and Wyon (2007) on 10-12 years old children shows that the 

results of numerical and language-based tests were significantly improved when the 

temperature was reduced from 25°C to 20°C.  

9.8.3. Comfort Model not reflecting Visual Environment 
Three main reasons can be argued for the comfort model not reflecting the visual 

environment. First, 24 out of 32 (75%) classrooms provide acceptable visual 

environments while it is suggested that the model does not reflect the more acceptable 

aspects of IEQ. Second, visual environment is the least important aspect of IEQ, as 

supported in several other studies (Wong, L. T. et al. 2008, Frontczak and Wargocki, P 

2011, Huang, L. et al. 2012, Astolfi and Pellerey 2008). This can be explained by subjects 

being less sensitive to illuminance changes due to physiological adaptations (Wagner et 

al. 2017, Huang, L. et al. 2012). The study by Ghita and Catalina (2015) shows that 

children can adapt extremely well to their environment as the majority of respondents 

declared that illuminance levels were adequate despite poor visual conditions in the 

schools. The study by Huang et al. (2012) shows that the satisfaction of light level does 

not have one-vote veto power over the overall satisfaction of the indoor environment. In 

other words, even when the light level is outside the acceptable range, it is still possible 

for the entire environment to be judged as acceptable (Huang, L. et al. 2012). Third, the 

study has examined one aspect of the visual environment which is related to the light 

level. However, visual environment is a subjective measure that can be affected by 

several other metrics such as glare and distribution (Katafygiotou and Serghides 2014, 

Astolfi and Pellerey 2008).  

9.9. Conclusion 
The study has calculated the proportion of comfort votes in relation with individual 

aspects of IEQ, has modelled comfort votes by multilinear regression model and has 

estimated the probability of having uncomfortable votes by binary logistic regression. 

Findings highlight that the proportion of uncomfortable votes should be kept below 10%. 

The developed multilinear model suggests that for a unit change in Air Sensation Votes 

(ASVs) and operative temperatures (Top), comfort votes change by 0.28 and 0.12, 

respectively. Developed multilinear and logistic regression models show that ASVs have 
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a more significant impact on overall comfort than Top. To achieve acceptable comfortable 

votes and keep the probability of having uncomfortable votes below 10%, ASVs and Top 

should be kept within these limits: [ASV=very fresh and Top=19-27°C], [ASV=fresh and 

Top=19-24°C], and [ASV=OK and Top=19-22°C]. The ranges suggest that better 

perception of IAQ makes up for higher temperatures. It is advised to maintain individual 

aspects of IEQ, however, dissatisfaction with one aspect of IEQ does not necessarily 

result in overall discomfort unless that aspect is extremely unacceptable.  
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Chapter 10 
10. Discussion 

10.1. Introduction 
This thesis investigated the relationship between contextual, building and occupant-

related factors with individual aspects of IEQ and adaptive behaviours. This chapter 

includes overall discussion on ‘developing a design model’, ‘developing a method for 

data collection’, ‘children’s thermal comfort and adaptive behaviours’, ‘IAQ and 

occupant-related factors’, ‘factors affecting VRs’ and ‘overall comfort and IEQ’.  

10.2. Develop a Design Model  
Chapter 1 has reviewed factors relating to adaptive behaviours to develop a design 

model for facilitating occupant’s adaptive behaviour. The developed model, derived from 

overviewing selected studies, consists of three stages:  

The first stage is to examine the influence of context, occupant and building-related 

factors (COB factors) on adaptive behaviours and study how adaptive behaviours impact 

indoor quality, comfort and energy (ICE factors), with relation to each other. The thesis 

shows scenarios in which adaptive behaviours happen, change in frequency and time, 

and are restricted/facilitated with relation to COB factors. On the other hand, adaptive 

behaviours by affecting ICE factors and improving the built environment can encourage 

occupants in adaptive behaviours. Adaptive behaviour can also be implemented in the 

design process to achieve a balance between ICE factors. Therefore, ICE factors should 

also be explored to facilitate suitable adaptive behaviours.  

The second stage is to design user-friendly and efficient buildings’ controls for 

environmental behaviours and set up strategies for practising suitable personal adaptive 

behaviours and find a balance between these two. Designing controls and setting up 

strategies for personal behaviours should be based on findings from the first stage to 

find out how adaptive behaviours turn discomforting conditions to comforting conditions. 

The balance between personal and environmental behaviours can be achieved by ‘doing 

more personal behaviours when environmental behaviours are restricted’ and by ‘doing 

more environmental behaviours when personal behaviours are limited’.  

The third stage of the design model is running a Post Occupancy Evaluation (POE) to 

control the performance of proposed adaptive behaviour. Providing opportunities for 

adaptive behaviours does not guarantee occupant’s efficient adaptive behaviour. POE 

is required to find out how occupants interact with controls, in what sequence occupants 

adopt adaptive behaviours, and to predict how behaviours affect ICE factors. Results of 
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post-occupancy evaluations obtain influential factors on adaptive behaviours, which can 

again be used in the first stage of the model to design future buildings more efficiently. 

Post-occupancy evaluations can also educate occupants to interact more efficiently with 

controls and to take appropriate personal adaptive behaviours. Based on the above three 

stages, a design model is advised to be considered as part of the design process for 

providing efficient adaptive behaviours, which can be found in Fig 10.1. 

 

 Fig 10.1. Proposed design model to facilitate adaptive behaviour 

This model helps to maximize occupant’s interaction with buildings’ controls and facilitate 

strategies for beneficial personal behaviours. The findings can be used by building 

designers to design and retrofit buildings that account for occupants’ comfort, IEQ and 

energy consumption.  

10.3. Develop a method for data collection 
Chapter 2 has designed a self-reported questionnaire for children aged 9-11 years old 

for studying their adaptive behaviours. The validity and reliability of the questionnaire 

and responses were investigated by different methods, Table 10.1.  

The number of invalid responses is 7% for the question on the fixed part of clothing 

uniform that is 2% higher than the question on adjustable part (i.e. jumper/cardigan). It 

suggests that children find the question on jumper/cardigan easier to respond than the 
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question on the fixed part of clothing. Results in Chapter 4 show that the number of 

‘inconsistent’ responses is higher on visual sensations (7%) than on indoor air quality 

and thermal sensation questions (less than 1%). It indicates that children have a better 

understanding of thermal and indoor air conditions than visual conditions. Note that there 

is a true response to the factual and behavioural questions and invalid responses can be 

removed by observations. However, there is no true response to sensation questions 

and validating process can only remove inconsistent responses.  
Table 10.1. A summary of all methods used to validate questions and responses 

Questions/ 
Responses 

Methods General Behavioural Sensation 
Gender CT CL Jumper fan Drink thermal IAQ visual Comfort  

Validating 
questions 

Monitoring answer 
process 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Statistical tests        ✓ ✓  
Validating 
Responses 

Observations ✓  ✓ ✓       
Cross-checking with 
gender question 

  ✓        

Comparing morning 
afternoon responses 

   ✓       

Statistical tests   ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Comparing sensation 
and preference votes 

      ✓ ✓ ✓  

Reliability of 
responses 

Calculating mean and 
S.D. 

  ✓ ✓   ✓    

 

Reliability refers to the variability of the responses under similar conditions and is 

evaluated by calculating standard deviations. Children’s responses should not vary 

significantly under the same environmental conditions and seasons. This expectation 

was met when considering the variability of responses for clothing values and TSVs.  

Chapter 4 demonstrates that the questionnaire is mainly effective for children’s 

sensations and their personal adaptive behaviours rather than their environmental 

adaptive behaviours. This is discovered from the significant discrepancy between 

children’s claim in the questionnaire (62%) and visual observations on windows (13%), 

highlighted in chapter 4. Furthermore, the questionnaire is more effective when checkbox 

questions are provided rather than open-ended questions. Children and their approach 

to controlling the environment were observed through the designed observation form. 

Adaptive behaviour questionnaire should be accompanied by the observation form for a 

valid and reliable method for studying both personal and environmental adaptive 

behaviour of primary school children. Applying both observational and self-reported 

questionnaires to study adaptive behaviours is supported in similar studies in different 

contexts and climates (Zhang, Y. and Barrett, P. 2012a, Bekö et al. 2011, Rijal, H.B. et 

al. 2008a, Raja, I. A. et al. 2001, Pigg et al. 1996). The study provides a guide on how to 

use the self-reported questionnaire and observation form together. To generalize the 

proposed method, the results should meet another form of validity, called external validity 



164 
 

(Johnson, R. B. 1997). To maximise the generalizability of the results, it is important to 

achieve high response rates (Hutchison 1989), because the measure of non-response 

items is an indicator of response quality (Borgers et al. 2000, Bell 2007). All designed 

questions received a high response rate between 96%-100%, that can be attributed to 

distributing paper-based questionnaires and respondent’s interest in the project as 

already supported in similar studies (Oppenheim 2000, De Leeuw et al. 2004). High 

response rates are also due to the clear structure of the check-box questions, scales and 

response categories for children. When the validity and reliability of the designed 

questionnaire are supported by other studies, there would be greater support for the 

claim of external validity (Johnson, R. B. 1997). This method can be generalized to other 

contexts and climates considering that observation form focuses on classrooms with 

different architectural features under various climatic conditions and seasons.  

10.4. Children’s thermal comfort and adaptive behaviours 
This thesis investigated thermal comfort and adaptive behaviours of primary school 

children during heating and non-heating seasons. The main findings regarding children’s 

thermal environment are listed below:  

10.4.1. Children’s Comfort Temperature 
This thesis suggests TC(children) of 20.9°C during non-heating seasons and 20.2°C during 

heating seasons which are 1.9K and 2.8K cooler than comfort temperature predicted by 

EN 15251 (TC(CEN)). A similar study on 7-11 years old children in the UK suggests the 

comfort temperature of 20.5°C during spring (Teli et al. 2012b). In a study in Australia 

during summer seasons, thermal comfort is found to be 1.5K and 0.8K cooler than 

comfort temperature predicted by ASHRAE in primary and secondary schools, 

respectively (Kim, J. and De Dear 2018). In another study in primary schools in the UK 

during the summer, the proportion of children who feel comfortable and OK is the highest 

at Tdiff=-3 (Montazami et al. 2017a). In a study in kindergartens in Korea from June to 

May, children's comfort temperature is 0.5°C and 3.3°C lower than that for adults during 

summer and winter, respectively (Nam et al. 2015). In another study in elementary and 

high schools in Taiwan from September to January, comfort temperature is 1.7°C lower 

than that recommended by ASHRAE (Hwang et al. 2009).  

Estimated comfort temperature for children is lower than that for adults, which is also 

supported in similar studies (Haddad et al. 2016, Kim, J. and De Dear 2018, Teli et al. 

2012b, De Dear et al. 2015, Hwang et al. 2009). The discrepancy between children’s 

and adults’ comfort temperature can be explained by children’s more limited adaptive 

behaviours (Wang, Y. et al. 2015, Haddad et al. 2016) and their physical and 
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physiological differences (Falk 1998, Corgnati, S. P. et al. 2009, Havenith 2007, 

Trebilcock et al. 2012). The main physical difference between children and adults 

affecting thermoregulation is children’s higher surface-area-to mass-ratio (Falk 1998, 

Mccullough et al. 2009), which results in a higher rate of heat absorption or loss (Falk 

1998). The main physiological differences are children's higher metabolic rates per body 

weight (Yun, H. et al. 2014, Nam et al. 2015) and children’s lower sweating rate (Falk 

1998, Falk and Dotan 2008). Therefore, children are more sensitive to higher 

temperatures (Teli et al. 2012b, Nam et al. 2015).  

Findings show that children’s comfort temperature during heating seasons is lower than 

that during non-heating seasons, as supported in similar studies in educational buildings 

(Trebilcock et al. 2012, Nam et al. 2015). Having higher comfort and preferred 

temperatures during non-heating seasons can be related to children’s more practice of 

personal adaptive behaviours and exposure to more variant environmental conditions 

during non-heating seasons. Results show that children’s preferred temperatures are 

1.1K and 0.4K cooler than their comfort temperatures during non-heating and heating 

seasons. This discrepancy indicates that comfort temperature does not necessarily 

represent the preferred temperature of occupants, as supported in several other studies 

(Kim, J. and De Dear 2018, Teli et al. 2012b). 

10.4.2. Adaptive Behaviours 
Children practice personal adaptive behaviours more than environmental behaviours; 

around 90% of the children during non-heating seasons and 60% during heating seasons 

practice at least one cooling personal adaptive behaviour while only around 16% of 

window operations are done by children. A similar study in UK primary schools during 

the non-heating season shows that 74% of children adopt personal behaviours and 19% 

adopt environmental behaviours (Montazami et al. 2017a).  

• Personal Behaviours: The proportion of children who adopt personal adaptive 

behaviours starts to increase when classroom temperature goes above children’s 

comfort band during non-heating seasons. By 2K increase from comfort temperature 

(at Top≈23°C (NH) and Top≈22.3°C (H)) more than one-third (42-43%) of the children 

feel ‘warm or hot’ with ‘a bit cooler or cooler’ preference. However, less than one-fifth 

of children have chosen lighter clothing levels at these temperatures. This suggests 

that children in discomfort could potentially be reduced by adopting effective personal 

behaviours. Around 40% of children during heating seasons and 12% during non-

heating seasons practice no personal adaptive behaviours. These children need to 

be encouraged to adopt effective personal behaviours when feeling overheated, 
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noting that 15% of studied children are overheated. Several circumstances restrict 

children’s personal behaviours in schools, such as school dress codes, social 

background (Nicol, J. F. and Humphreys, M. 1998, Haddad et al. 2016) or limitations 

in modifying activity levels during teaching periods (Haddad et al. 2016). Children’s 

personal behaviours start to increase significantly outside of the comfort band 

(Tdiff>TC(children)+2K), suggesting that children are uncomfortable outside the 4K band. 

Therefore, children’s comfort band should not exceed 4K which is also recommended 

by EN 15251 for category I buildings that accommodate vulnerable occupants. 

Another study supports that children have relatively smaller ranges of thermal 

comfort compared to adults (Nam et al. 2015).  

• Environmental Behaviours: Results show that operation of windows is mainly 

carried out by teachers (up to 77%), also supported in several other studies (Teli et 

al. 2012b, De Giuli et al. 2012, Nicol, J. F. and Humphreys, M. 1998). Children are 

usually passive recipients of classroom conditions rather than active users (Haddad 

et al. 2016). One of the reasons that teachers usually decide for the entire classroom 

is that practising environmental adaptive behaviours in shared spaces with many 

occupants can be challenging, as supported in several other studies (Bordass 1995, 

Kapsis, K., O’Brien, W., & Athienitis et al. 2013, Boyce, P. R. 1980). Children might 

disagree over preferred environmental behaviour, especially if one’s adaptive 

behaviour results in someone else’s local discomfort. This problem can be solved to 

some extent by providing more local controls. There is a direct link between children’s 

perception of thermal environment and their related adaptive behaviours; more 

opportunities to control the environment make occupants more tolerant of 

uncomfortable conditions (Humphreys, M. et al. 2007, Brager, G et al. 2004, Kwok, 

A. G. and Chun 2003). Therefore, lack of opportunities for controlling classroom 

environment results in students’ increased level of dissatisfaction, especially at 

higher indoor temperatures (Haddad et al. 2016, Yun, H. et al. 2014).  

The study highlights that windows’ operation (i.e. WOT and the proportion of open 

window) is based on teachers’ thermal perception. The proportion of the open area is 

higher within the adults’ comfort band than children’s comfort band. Furthermore, the 

difference between WOT and TC(children) is more than 2K in more than half of the cases. 

This difference can be explained by following reasons: First, classrooms are mainly 

controlled by teachers who have higher comfort temperatures than children (Teli et al. 

2013, Hwang et al. 2009, De Dear et al. 2015, Haddad et al. 2016). Second, children’s 

reaction to the rise of temperature is slower than that for adults as children are less 
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sensitive to temperature changes (Teli et al. 2012a, Haddad et al. 2016). This is because 

children have faster heat loss rates (Mccullough et al. 2009) and higher metabolic rates 

(Havenith 2007, Frumkin et al. 2006). Third, opportunities for practising effective 

environmental adaptive behaviours are not sufficiently provided for school children. 

Fourth, teachers do not encourage children to engage in environmental adaptive 

behaviours.  Fifth, teachers are not fully aware of their differences with children in 

perceiving the thermal environment. 

The findings suggest when Tdiff>-2.5, the proportion of open area in relation to Tdiff is 

higher during heating seasons, Figure 17. This can be explained by the following 

reasons: 1) School occupants practise fewer personal adaptive behaviours during 

heating seasons, therefore, environmental behaviours are adopted first. The sequence 

of adaptive behaviours can potentially be more efficient by adopting personal adaptive 

behaviours as the first reaction to thermal discomfort instead of opening windows at low 

outdoor temperatures during heating seasons. 2) Windows are opened at lower 

temperatures during heating seasons to improve indoor air quality, as suggested in 

several other studies (Gao et al. 2014, Santamouris, M. et al. 2008, Shendell et al. 2004, 

Toftum, J et al. 2015). This can compromise thermal comfort by letting draughts (Gao et 

al. 2014, Griffiths and Eftekhari 2008, Canha et al. 2013) and result in heat loss and 

waste of energy (Wyon, D. et al. 2010). 3) The temperature at which heating systems 

are operated during heating seasons can result in occupants’ thermal discomfort and 

accordingly window opening. Therefore, heating setpoints need to be revised to provide 

children’s pleasant thermal environment, reduce the number of overheated children and 

save energy. A similar study suggests that if students’ comfort temperature is used for 

classrooms’ heating, 12% of heating energy can be saved (Wang, Z. et al. 2017). 

Children’s climatic adaptation to coldness should be considered in running classrooms 

during the heating season (Wang, Z. et al. 2017).   

10.4.3. Sensitivity and Adaptive Behaviours 
The thesis confirms that children are more tolerant of temperature changes during non-

heating seasons than heating seasons. It is found that TSV shifts one score by a 

temperature change of 11.1°C during non-heating seasons and 7.7°C during heating 

seasons. The study by De Dear et al. (2015) in primary and secondary schools in 

Australia during summer shows that children’s mean TSV shifts one point on the seven-

point rating scale by the temperature change of 8°C. Temperature change in this thesis 

is higher than that in the study by De Dear et al. (2015) which can be attributed to the 

five-point rating scale used in this thesis and practice of personal adaptive behaviours. 
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In similar studies, university students’ TSV shifts one score by the temperature change 

of 4.16K (Wang, Z. et al. 2014) and 6.39K (Wang, Z. et al. 2017). Results suggest that 

children are less sensitive to temperature changes than adults, as supported in several 

other studies (Teli et al. 2012a, Haddad et al. 2016, Humphreys, M.A. 1977a).  

Studied children have a higher comfort temperature and less sensitivity to temperature 

changes during non-heating seasons compared to heating seasons. Two reasons can 

be discussed for this finding: 1) The proportion of children engaged with personal 

behaviours of clothing, fanning and drinking is significantly higher during non-heating 

seasons. Reactions for adopting personal behaviours is slower during heating seasons; 

at Tdiff=4K only 26% of the children change their ‘clothing level at comfort temperature’, 

however, this number is 60% during non-heating seasons. Previous studies support that 

adaptive behaviours increase occupants’ tolerance of high temperatures, uncomfortable 

conditions, occupants’ forgiveness and satisfaction (Humphreys, M. et al. 2007, Brager, 

G et al. 2004, Kwok, A. G. and Chun 2003) and decease their reported discomfort (Raja, 

I.A. et al. 2001). 2) Evidence shows that thermal sensitivity can be affected by indoor 

and outdoor temperature variations (Haddad et al. 2016) and by the difference between 

mean Top on survey day and Top at the time of filling out questionnaire (Humphreys, M A 

et al. 2013). More diverse thermal exposures in classrooms can possibly account for 

greater degrees of thermal sensitivity (De Dear et al. 2015). In this thesis, SDs for Top 

and Tout are higher during non-heating seasons (SDTop=2.1 and SDTout=3.7) than heating 

seasons (SDTop=1.7 and SDTout=2.8). Therefore, higher diversity of indoor and outdoor 

conditions during non-heating seasons can potentially contribute to children's higher 

adaptability, less sensitivity and their acceptance of higher temperatures during non-

heating seasons.  

10.5. IAQ and Occupant-related Factors 
The study has investigated occupant-related factors that affect IAQ including occupants’ 

adaptive behaviours, occupancy patterns, occupants’ CO2 generation rate and 

occupancy density. Table 10.2 shows the correlations and R2 Values between IAQ and 

occupant-related factors. Correlations and R2 values in Table 10.2 suggest that among 

all occupant-related factors, occupant’s adaptive behaviours have the strongest 

correlation (-0.40) with CO2 levels and account for the highest CO2 variation (17%). 

Therefore, when children’s number and type of activity result in high concentrations, 

good practice of ABs can clear accumulated CO2 levels in classrooms.  
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Table 10.2. Correlations between CO2 levels and occupant-related factors 
Occupant-related 
factors affecting IAQ   

Correlation  P-value Correlation by 
Cohen’s Classification 

R2 

Value 
Interpretation 

Occupants’ adaptive 
behaviours: Open Area  

-0.40 P<0.001 Negative Moderate 0.17 17% of CO2 variations are explained 
by open area (m2) 

Occupants’ generation 
rates (cm3/s) 

0.17 P<0.001 Positive weak  0.14 14% of CO2 variations are explained 
by occupants’ generation rates (cm3/s) 

Occupancy density 
(m2/p) 

0.14 P<0.001 Positive weak  0.17 17% of CO2 variations are explained 
by occupancy density (m2/p).  

Occupancy density 
(m3/p) 

0.13 P<0.001 Positive weak  0.11 11% of CO2 variations are explained 
by occupancy density (m3/p). 

 

10.5.1. Comparing Classrooms’ IAQ with Standards 
To evaluate IAQ in each classroom, average CO2 levels in each classroom are compared 

with values recommended by EN 13779:2007 and ASHRAE. The last column in Table 

10.3 shows occupant-related factors that potentially lead to high CO2 levels in 

classrooms with the following acronyms:  

• AB for Adaptive Behaviours when the poor practice of ABs is a potential reason 

for high CO2 levels.  

• G for Generation Rate when G higher than 102 cm3/s based on 25 sedentary 

students is a potential reason for high CO2 levels.  

• OD for Occupancy Density when OD lower than 2.3 m2/p is a potential reason for 

high CO2 levels. 

As can be seen in Table 10.3, the reasons for high concentrations are related to one 

factor or a mix of occupant-related factors.  
Table 10.3. Comparing mean CO2 levels in classrooms with Standards 

T y p e No.  Potentials  
for ABs 

Occupant-related factors  CO2  EN  ASHRAE  Factor 
Open Area Practice of ABs G m2/p M3/p CO2 level 

R
en

ov
at

ed
 

 

1.1 H 5.8 H 164 2.1 6.6 1058   G, OD 
1.2 H 4.9 H 101 2.4 7.7 961 ✓ ✓ - 
1.3 H 5.3 H 101 2.4 7.7 772 ✓ ✓ - 
1.4 H 2.2 L 107 2.1 6.9 781 ✓ ✓ AB, G, OD 
2.6 H 1.1 L 115 2.2 7.0 1119   AB, G, OD 
2.7 H 1.2 L 77 3.5 11.2 1352   AB 
2.8 H 1.2 L 79 4.4 14.0 1228   AB 
2.9 H 2.5 L 114 2.1 6.9 1434   AB, G, OD 

Ex
is

tin
g 

 

3.10 L 0.9 L 89 3.1 10.9 1202 ✓  AB 
3.11 L 2.0 H 112 2.6 9.0 993 ✓ ✓ G 
3.12 L 0.6 L 62 4.2 13.5 1369 ✓  AB 
4.13 L 1.6 H 90 2.5 6.4 890 ✓ ✓ - 
4.14 L 1.8 H 77 3.7 9.6 881 ✓ ✓ - 
4.15 L 0.0 L 103 2.2 7.7 1273 ✓  AB, G, OD 
5.16 H 0.1 L 119 2.1 5.1 1979   AB, G, OD 
5.18 H 1.3 L 95 2.6 6.4 1308 ✓  AB,  
5.20 H 1.0 L 105 2.5 6.2 1261 ✓  AB, G 

R
en

ov
at

e 6.21 L 1.3 H 84 2.3 6.4 964 ✓ ✓ - 
6.22 L 0.0 L 109 2.2 6.2 1740   AB, G, OD 
6.23 L 0.0 L 110 2.2 6.2 1249   AB, G, OD 
6.24 L 1.1 H 125 2.2 6.1 909 ✓ ✓ G, OD 
6.25 L 0.0 L 113 2.0 5.6 980 ✓ ✓ AB, G 

Ex
is

tin
g 

 

7.26 L 0.3 L 113 2.5 9.0 956 ✓ ✓ AB, G, OD 
7.27 H 3.9 H 106 2.0 5.1 761 ✓ ✓ G 
7.28 H 3.0 L 108 1.9 4.6 1218 ✓  AB, G 
8.29 L 1.7 H 107 2.3 5.6 887 ✓ ✓ G, OD 
8.30 L 1.6 H 111 2.1 5.4 899 ✓ ✓ G 
8.31 L 0.0 L 100 2.3 5.7 2487   AB, OD 
8.32 L 1.7 H 111 2.1 5.3 1404   G 
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Fig 10.2 shows changes in CO2 levels by the change in occupant-related factors. Results 

of the Kruskal-Wallis test show that there is a difference in median CO2 levels [𝑋2 (2) = 

6.6, p=0.038] when the number of favourable occupant-related factors are different. 

According to Fig 10.2, when all occupant-related factors can potentially reduce CO2 

levels, mean concentration is 893 ppm with the maximum of 964 ppm, when one or two 

occupant-related factors can potentially reduce CO2 levels, mean concentration is 1122 

ppm with the maximum of 1404 ppm and when none of the occupant-related factors can 

potentially reduce CO2 levels, mean concentration is 1317 ppm with the maximum of 

1979 ppm. This suggests that when all occupant-related factors are favourable, CO2 

levels below 1000 ppm can be maintained. However, when occupant-related factors are 

not favourable, it is less likely to maintain adequate CO2 levels.  

 
Fig 10.2. CO2 level according to the numbers of favourable occupant-related factors 

There is evidence that renovated schools provide more suitable conditions compared to 

non-renovated schools (Almeida, R. M. S. F. and De Freitas, V. P. 2014, Heebøll et al. 

2018). In this thesis, 54% of renovated classrooms have CO2 (mean)>1000 ppm, among 

which 73% with the poor practice of ABs. Furthermore, 73% of classrooms with high 

potentials for ABs have CO2 (mean)>1000 ppm, among which 69% with the poor practice 

of ABs. This suggests that to maintain IAQ in existing and renovated school buildings, 

more focus should be directed at school occupants, their occupancy patterns and 

adaptive behaviours.  

10.6. Factors affecting ACRs and VRs 
Indoor Air Quality (IAQ) in classrooms is assessed by CO2 levels and Ventilation Rates 

(VRs). Factors affecting VRs fall into Contextual, Occupant and Building (COB) related 

factors. The findings show correlation coefficients (Spearman Rank) for variables 

correlated to ACRs and VRs in Fig 10.3. According to Cohen Classification, the 
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correlation of ACRs and VRs with open areas and CO2 levels is strong in Fig 10.3. The 

strong correlation between open area and ‘ACRs and VRs’ supports that open area is 

the reflection of all COB factors.  

 
Fig 10.3. Correlation coefficients for variables related to ACRs and VRs 

Careful consideration should be given to windows’ design for both heating and non-

heating seasons for two main reasons. First, heating of the inlet air during cold seasons 

can take lots of energy. There is evidence that heating of incoming ventilation air can 

represent 20%–50% of a building's thermal load so it should be reduced as far as 

possible (Anon. 2016). Therefore, only outdoor air required for maintaining IAQ is 

welcomed during heating seasons and anything more than that is considered energy 

penalty (Anon. 2016). Second, cold air can be perceived draughty during heating 

seasons even if it is not moving (Gratia et al. 2004) and it can cause discomfort if it 

dumps onto the occupants before mixing with room air (Anon. 2016). Therefore, winter 

openings (windows or ventilation grills) should be designed differently in size and height 

than summer windows to provide adequate VRs without compromising thermal comfort 

and wasting energy. Besides design aspects, occupants should also be reminded and 

motivated to operate controls at the right time. Several studies have recommended using 

CO2 warning devices that remind occupants of the time at which windows should be 

operated (Wargocki, P. and Da Silva, N. A. F. 2015, Toftum, J et al. 2016, Geelen et al. 

2008, Ramalho et al. 2013) to decrease CO2 levels.  

10.6.1. Evaluating Classrooms’ IAQ against Standards  
To evaluate IAQ, average CO2 levels and VRs in each classroom are compared with 

values recommended by EN 13779:2004 (category II for renovated and III for existing 

buildings) and ASHRAE, 2010. 
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• C for Contextual factors when unfavourable wind speed or direction are 

potential reasons for low VRs.  

• O for Occupant-related factors when occupants have a poor practice of ABs.  

• B for Building-related factors when classrooms have low potentials for natural 

ventilation.  

As can be seen in Table 10.4, the reasons for inadequate VRs (the last column) can be 

related to one factor or a mix of factors.  
Table 10.4. Mean CO2 levels and VRs in each classroom against standards 

Ty
pe

 No.  COB factors affecting IAQ IAQ metrics  Comparing with Standards7  COB  
Not 
met8? 

Building  Contextual Factors Occupant EN 13779  ASHRAE  
Orientation B1  DI2 V3 C4 OA5 O6 CO2  VRs  CO2  VRs CO2  VRs 

R
en

ov
at

ed
 

 

1.1 NE H SW 0.9  5.8 G 1058 5.5     C 
1.2 SW H NE 4.5 ✓ 4.9 G 961 7.0 ✓ ✓ ✓  - 
1.3 SW H NE 3.1 ✓ 5.3 G 772 13.1 ✓ ✓ ✓ ✓ - 
1.4 SW H NE 1.3  2.2 P 781 10.2 ✓ ✓ ✓ ✓ CO 
2.6 NW H SW 1.9  1.1 P 1119 3.6     CO 
2.7 SE H SW 1.1  1.2 P 1352 2.6     CO 
2.8 SE H NE 1.1  1.2 P 1228 9.1  ✓  ✓ CO 
2.9 NW H SW 3.5  2.5 P 1434 3.6     CO 

Ex
is

tin
g 

 

3.10 S &W L E 0.8  0.9 P 1202 5.4 ✓ ✓   COB 
3.11 S &W L E 1.1  2.0 G 993 5.6 ✓ ✓ ✓  CB 
3.12 NW L SW 0.8  0.6 P 1369 2.6 ✓    COB 
4.13 W L E 2  1.6 G 890 9.0 ✓ ✓ ✓ ✓ B 
4.14 W L E 1.1  1.8 G 881 9.6 ✓ ✓ ✓ ✓ CB 
4.15 NW L W 0.8  0.0 P 1273 4.2 ✓ ✓   COB 
5.16 SW, SE H W 3.5  0.1 P 1979 2.6     CO 
5.18 SW, NW H W 3.4  1.3 P 1308 4.1 ✓ ✓   CO 
5.20 SW, NW H SE 3.3  1.0 P 1261 6.1 ✓ ✓   O 

R
en

ov
at

ed
 6.21 SE L W 2.6  1.3 G 964 7.4 ✓ ✓ ✓  CB 

6.22 SE L SW 6.7  0.0 P 1740 1.9     COB 
6.23 SE L NW 6.3 ✓ 0.0 P 1249 5.3     OB 
6.24 SE L W 3.3  1.1 G 909 6.9 ✓  ✓  CB 
6.25 SE L SW 1.6  0.0 P 980 3.8 ✓  ✓  COB 

Ex
is

tin
g 

 

7.26 SE, SW L NE 5.7 ✓ 0.3 P 956 5.8 ✓ ✓ ✓  OB 
7.27 SE, SW H NE 4.1 ✓ 3.9 G 761 12.7 ✓ ✓ ✓ ✓ - 
7.28 NE, NW H W 1.6  2.5 P 1218 3.9 ✓     CO 
8.29 NE L SW 4.4 ✓ 1.7 G 887 6.0 ✓ ✓ ✓  B 
8.30 NE L SW 4.0 ✓ 1.6 G 899 10.5 ✓ ✓ ✓ ✓ B 
8.31 NW L NE 3.9  0.0 P 2487 0.9     COB 
8.32 NW L NE 3.5  1.7 H 1404 6.3  ✓   CB 

1. Building-related factors: High (H) or low (L) potentials for NV. 2. Prevailing Direction of Wind. 3. Air Speed. 4. Contextual factors: Favourable 
(✓) or Not Favourable (). 5. Average open area (m2) in each classroom. 6. Occupant-related factors: Good practice (G) or Poor practice (P). 
7. Standard Met (✓) or Standard Not Met (). 8. Which COB factors are not met in each classroom? 

 

Results of the Kruskal-Wallis test show that there is a significant difference in median 

VRs levels [𝑋2 (3) =12.6, p=0.006], when the number of favourable COB factors are 

different, Fig 10.4. According to Fig 10.4, classrooms in which all COB factors are met 

provide average VR of 11 l/s.p, classrooms in which two COB factors are met provide 

average VR of 7.4 l/s.p, classrooms in which one COB factor is met provide average VR 

of 5.7 l/s.p and classrooms in which none is met provide average VR of 3.1 l/s.p. This 

suggests that meeting all COB factors provides adequate VRs while meeting none 

results in significantly low VRs.  
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Fig 10.4. Changes in VRs by the number of COB factors 

Table 8.4 highlights that 59% of the classrooms meet IAQ criteria recommended by EN 

13779 (CEN (European Committee for Standardization) 2007a), with the average of 9.36 

l/s.p for renovated classrooms and the average of 7.1 l/s.p for existing classrooms. 

Furthermore, 21% of the classrooms meet the criteria recommended by ASHRAE 

Standard (American Society of Heating Refrigerating and Air Conditioning Engineers 

(ASHRAE) 2010) with the average VR of 10.6 l/s.p. 

10.7. Overall Comfort and IEQ 
Chapter 9 has investigated children’s overall comfort within individual aspects of IEQ; 

thermal comfort, indoor air quality (IAQ) and visual comfort in the naturally ventilated 

schools located in regions with the low background noise level and low pollution level. 

10.7.1. Classrooms’ environmental conditions against recommended values 
To generalize the results of this thesis to other studies, it is important to reflect conditions 

under which the models were developed. Table 10.5 shows indoor physical variables in 

each classroom and their evaluation against recommended values by reviewed 

standards in chapter 3.5.  
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Table 10.5. IEQ in classrooms and recommended values by reviewed standards 

No. CO2  CO2<1000 Top(°C) Comfort 
Band  

Tc-2 
<Top<Tc+2 

H (%) 30<H<50 Lux(lx) 300<lx<600 V(m/s) V<0.15 

1.1 910 ✓ 25.5 22±2  40.70 ✓ 436 ✓ 0.04 ✓ 
1.2 1063  27.6 22.3±2  42.80 ✓ 589 ✓ 0.15 ✓ 
1.3 731 ✓ 26.5 22.8±2  61.10  502 ✓ 0.10 ✓ 
1.4 719 ✓ 26.4 22.9±2  61.45  650  0.13 ✓ 
1.5  823 ✓ 25.4 22.9±2  47.10 ✓ 408 ✓ 0.05 ✓ 
2.6 1228  23.9 21.5±2  59.65  384 ✓ 0.04 ✓ 
2.7 1600  24.4 20.9±2  61.90  331 ✓ 0.08 ✓ 
2.8 1502  25.2 21.1±2  53.15  465 ✓ 0.15 ✓ 
2.9 1431  25.3 21.2±2  56.40  388 ✓ 0.15 ✓ 
3.10 989 ✓ 22.5 20.6±2 ✓ 31.90 ✓ 661  0.03 ✓ 
3.11 1114  24.0 20.5±2  44.30 ✓ 305 ✓ 0.06 ✓ 
3.12 1438  21.8 20.4±2 ✓ 53.40  520 ✓ 0.06 ✓ 
4.13 1511  24.7 20.3±2  42.50 ✓ 468 ✓ 0.04 ✓ 
4.14 861 ✓ 23.5 20.4±2  49.70 ✓ 652  0.02 ✓ 
4.15 1260  24.1 20.5±2  38.60 ✓ 555 ✓ 0.05 ✓ 
5.16 1826  22.3 20.3±2 ✓ 49.20 ✓ 646  0.03 ✓ 
5.17  1103  21.2 20.4±2 ✓ 34.48 ✓ 707  0.01 ✓ 
5.18 1298  19.5 20.3±2 ✓ 33.50 ✓ 547 ✓ 0.03 ✓ 
5.19  1016  23.4 20.3±2  35.71 ✓ 510 ✓ 0.20  
5.20 1316  22.8 20.3±2  35.55 ✓ 309 ✓ 0.04 ✓ 
6.21 1079  25.0 20±2  26.79  655  0.15 ✓ 
6.22 2054  22.8 20±2  37.90 ✓ 386 ✓ 0.00 ✓ 
6.23 1010  21.8 20±2 ✓ 26.80  554 ✓ 0.02 ✓ 
6.24 1316  20.8 20.1±2 ✓ 33.90 ✓ 800  0.03 ✓ 
7.26 1075  22.9 21.4±2 ✓ 42.82 ✓ 338 ✓ 0.02 ✓ 
7.27 686 ✓ 23.4 21.5±2 ✓ 42.17 ✓ 929  0.00 ✓ 
7.28 1530  22.5 20.3±2  44.10 ✓ 321 ✓ 0.04 ✓ 
8.29 1202  23.5 20.8±2  45.55 ✓ 331 ✓ 0.03 ✓ 
8.30 810 ✓ 19.6 20.7±2 ✓ 51.30  396 ✓ 0.46  
8.31 3277  22.8 20.9±2 ✓ 52.90  400 ✓ 0.01 ✓ 
8.32 1123  21.9 20.9±2 ✓ 51.50  463 ✓ 0.01 ✓ 
Overall 8 Classrooms ✓ 12 Classrooms ✓ 20 Classrooms ✓ 24 Classrooms ✓ 30 Classrooms✓ 

 
Table 10.5 shows that 8 classrooms meet acceptable CO2 levels, 12 classrooms meet 

acceptable operative temperatures, 20 classrooms meet acceptable humidity ranges, 24 

classrooms meet acceptable light levels and 30 classrooms meet acceptable air speeds. 

It can be suggested that the comfort model has reflected the less acceptable aspects of 

IEQ, which are IAQ and thermal environment in this thesis and has not reflected the more 

acceptable aspect which is lighting environment in this thesis.     

10.7.2. Variations in Comfort Model 
The comfort model suggests that 11% of changes in overall comfort are explained by 

IEQ aspects, Table 9.5. The binary logistic model suggests that 14% of changes in 

uncomfortable votes are explained by IEQ aspects, Table 9.6. It should be noted that R-

squares, even though small, indicate that the regression models have statistically 

significant explanatory power due to the large sample size (NRespondents =805 and 

NQuestionnaires =1359). The primary reason for having small R2 values can be related to 

interval (discontinuous) rating scales, with three-rating scales for comfort votes and five-

rating scales for other sensation votes. The secondary reason for having small R2 values 

can be related to other external factors that have not been identified and 

included in the statistical model. For example, the type of work (Wargocki, P and Wyon, 

D. P. 2007b, 2013) and stress level (Dascalaki and Sermpetzoglou 2011) can impact 

children’s perception of comfort and IEQ in schools. Humphreys (2005) confirms that 
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some of the unexplained variations in comfort model can be explained by ‘individual 

differences’ and ‘aspects not considered in the survey’ (Humphreys, M.A. 2005).  

It should be highlighted that proposing a universal comfort model that applies to all 

building types in different locations can be challenging. Several other studies confirm 

that developing an internationally valid index for assessing IEQ is not simple (Catalina 

and Iordache 2012, Humphreys, M.A. 2005, Heinzerling et al. 2013), mainly because the 

interaction and conflict between individual aspects of IEQ are difficult to consider 

(Heinzerling et al. 2013, Montazami et al. 2015, Lai et al. 2009). Furthermore, the relative 

importance and weighting of the various aspects can differ from country to country, over 

time and by space-type differences (Ghita and Catalina 2015, Heinzerling et al. 2013). 

Mihai and Iordache, (2016) suggest that respondents’ expectations of building 

performance, outdoor climate, region and education level can make the hierarchy of 

comfort aspects different from one building to another (Mihai and Iordache 2016). 

Despite these challenges, this thesis and previous studies have investigated overall 

comfort or IEQ index, mainly because IEQ index can be used by architects and engineers 

to evaluate and enhance the comfort of a built environment (Ralegaonkar and Sakhare 

2014), optimize building energy consumption versus IEQ (Catalina and Iordache 2012), 

renovate existing buildings (Mihai and Iordache 2016, Zuhaib et al. 2018), rank the most 

important aspects of IEQ (Ghita and Catalina 2015) and understand the IEQ condition at 

a glance (Kim, J. et al. 2017). Investigating the most influential factors on occupants’ 

comfort suggests which building controls should be prioritized for designers. According 

to the results of this thesis, the highest priority should be given to controls that provide 

IAQ and thermal comfort.  

10.7.3. Contextual Factors in Comfort Model 
To generalize the results of comfort model, it is significant to acknowledge the conditions 

under which this thesis was carried out.  

• The study was carried out in the mild climate of the UK. For schools located in 

extreme climatic conditions, IEQ aspects could be prioritized differently in response 

to overall comfort.  

• Schools were selected in quiet areas to not restrict window operations in this study. 

For schools located in busy areas, comfort model could be impacted by acoustic 

comfort.  

• Schools were selected in low-polluted areas to facilitate window operations; 

therefore, the main pollution source is exhaled air by occupants and CO2 

concentrations in this study. For schools located in polluted areas, comfort model 
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could be impacted by indoor air pollutants suggested by SINPHONIE project in 

Building Bulletin 101 (Anon. 2016).  

• Selected schools are naturally ventilated to investigate the impact of adaptive 

behaviours on natural ventilation. For mechanically ventilated and mixed-mode 

buildings, the weight of IEQ aspects could be different.  

• This thesis has examined one aspect of the visual environment which is related to 

the light level (lx). In studies considering metrics on glare and distribution as well, the 

impact of visual comfort on IEQ and comfort could be different.  

• This thesis was carried out on 9-11 years old children. For educational buildings 

occupied with adults, IEQ aspects could be ranked differently for overall comfort.  

The results of this thesis can be generalized to studies carried out under the above 

conditions; however, results may not apply without caution to studies conducted under 

totally different conditions. It should be highlighted that comfort and IEQ models are 

context-based and need to be treated accordingly.  

10.8. Summary 
Fig 10.5 shows a visual summary of all studied aspects in this thesis which suggests the 

impact of contextual, building-related, occupant-related factors (COB factors) on the 

thermal environment, IAQ and visual environment. It also suggests how IEQ and 

perception of it impact occupants’ personal and environmental adaptive behaviours.   

 
Fig 10.5. The summary of studied factors in this thesis 
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Chapter 11 
11. Conclusion  

11.1. Introduction 
The results of this thesis are significant in improving the resilience of the UK primary 

schools in the light of climate change by understanding the adaptive behaviours of school 

occupants. To deliver effective learning environments, providing comfortable IEQ and 

opportunities for adaptive behaviours should be considered as a part of the design 

process for both newly built and refurbished schools.  

This chapter provides the overall conclusion of this thesis in four sections. In the first 

section, progress towards research questions as the result of the empirical and analytical 

analysis is presented. In the second section, the contributions in different fields of 

adaptive behaviours, thermal comfort, indoor air quality and school design are presented. 

The third section provides recommendations for stakeholders, designers, school 

authorities and occupants. Based on the findings and limitations, the fourth section 

proposes future work.  

11.2. Progress against research questions 

• RQ1: What is the most suitable method to study children’s sensations of IEQ and 

their adaptive behaviours?  

This thesis shows that the combination of running self-reported questionnaire and 

observation form proposes a valid and reliable method that can be used for studying IEQ 

and personal and environmental adaptive behaviour of primary school children. The 

designed questionnaire is based on children’s cognitive and linguistic abilities consisting 

of factual questions on adaptive behaviours and non-factual questions on ‘here and now’ 

environmental sensations. The developed questionnaire is mainly effective for recording 

children’s sensations and their personal adaptive behaviours rather than environmental 

adaptive behaviours. To record environmental adaptive behaviours, the study introduces 

an observation form that needs to be completed alongside the self-reported 

questionnaire.  

• RQ2: How children’s perception of the built environment including thermal 

environment, IAQ and visual environment is related to building characteristics and 

measured physical variables? 
Thermal Environment: Children’s TSVs, (TPVs and adaptive behaviours were 

compared against temperature offset from comfort temperature by EN 15251 (Tdiff=Top-

TC(CEN)). The thesis suggests TC(children) of 20.9°C during non-heating seasons and 20.2°C 
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during heating seasons which are 1.9K and 2.8K cooler than comfort temperature 

predicted by EN 15251 (TC(CEN)) for adults. The discrepancy between children’s and 

adults’ comfort temperature can be explained by children’s more limited adaptive 

behaviours and their physical and physiological differences. Children have lower comfort 

temperature and higher sensitivity to temperature changes during heating seasons. This 

is explained by children’s lower practice of personal behaviours and more consistent 

indoor conditions during heating seasons.  

IAQ: Children’s perception of IAQ depends on ‘at-the-time CO2 level’ which refers to the 

last 5 minutes of CO2 measurement because children adapt to the classroom’s IAQ after 

5 minutes. Therefore, studying CO2 levels within short intervals reflects children’s 

perception of IAQ more reliably than looking at average CO2 levels. This thesis also 

highlights that Top and TSVs impact children’s perception of IAQ. High temperatures and 

children’s poor perception of thermal environment reduce children’s acceptance of IAQ, 

even when CO2 levels are within acceptable limits. Low CO2 levels fail to provide 

acceptable IAQ when children are thermally uncomfortable in classrooms. According to 

results of this thesis, children’s perception of IAQ deteriorates significantly when CO2 

level goes above 1000 ppm and the operative temperature goes above the upper limit of 

thermal comfort band (above 23°C in this thesis). When CO2<1000 ppm and Top<23°C, 

only 10% of children have ‘Stuffy/Very stuffy’ votes, while this amount triples when 

CO2>1000 ppm and Top>23°C.  

Visual Environment: Visual sensations are correlated with the illuminance level and 

when the illuminance level is higher, children perceive more light levels in the classroom. 

Subjects are less sensitive to illuminance changes compared to changes in the thermal 

environment and IAQ. Visual sensation votes that do not change significantly due to 

physiological adaptations. Furthermore, only Enough (59%) visual sensation votes 

accommodate more than 55% comfortable votes.  

• RQ3: How personal and environmental adaptive behaviours change as a response 

to poor IEQ and discomfort? 

The proportion of children who adopt personal adaptive behaviours starts to increase 

when classroom temperature goes above children’s comfort band during non-heating 

seasons. By 2K increase from comfort temperature, more than one-third of the children 

feel ‘warm or hot’ with ‘a bit cooler or cooler’ preference. However, less than one-fifth of 

children have chosen lighter clothing levels at these temperatures. This suggests that 

children in discomfort could potentially be reduced by adopting effective personal 

behaviours. Around 15% of children are overheated in both seasons, however, the 
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practice of personal and environmental behaviours is different in each season. Around 

40% of children during heating seasons and 12% during non-heating seasons practice 

no personal adaptive behaviours. These children need to be encouraged to adopt 

personal behaviours when feeling overheated. Studied children practice personal 

adaptive behaviours more than environmental behaviours; around 90% of the children 

during non-heating seasons and 60% during heating seasons practice at least one 

cooling personal adaptive behaviour while only around 16% of window operations are 

done by children.  

The study highlights that the windows’ operation is based on teachers’ thermal 

perception. The proportion of the open area is higher within the adults’ comfort band than 

children’s comfort band. Furthermore, the difference between WOT and TC(children) is more 

than 2K in more than half of the cases. School occupants practise fewer personal 

adaptive behaviours during heating seasons, therefore, environmental behaviours are 

adopted first. The sequence of adaptive behaviours can potentially be more efficient by 

adopting personal adaptive behaviours as the first reaction to thermal discomfort instead 

of opening windows at low outdoor temperatures during heating seasons.  

Observed windows are opened at lower temperatures during heating seasons to improve 

indoor air quality. Although classrooms’ potentials for facilitating adaptive behaviours is 

fundamental in maintaining IAQ, occupants’ interaction with the building (i.e. Good 

Practice of ABs) is more significant. Good practice of adaptive behaviours is not only 

limited to occupants’ interaction with controls but also related to the correct time for 

interaction to maintain other elements of comfort (i.e. thermal comfort).  

• RQ4: How children’s overall comfort is related to indoor physical variables and their 

sensation of the built environment?  

This thesis highlights that the most important aspects of IEQ on overall comfort are ASV 

and Top. IAQ and thermal environment should be considered together to keep overall 

discomfort below the permissible level of 10%, suggesting that the integration between 

IAQ and thermal comfort should receive certain consideration in school buildings. Due 

to the nature of learning that happens through various senses, it is advised to maintain 

individual aspects of IEQ. However, dissatisfaction with one aspect of IEQ does not 

necessarily result in overall discomfort unless the aspect is extremely unacceptable.  

• RQ5: What are the most important aspects of the built environment to the students’ 

overall comfort?  

Investigating the most significant factors on occupants’ comfort suggests which building 

controls should be prioritized for designers. Results show that indoor air quality and 
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thermal environment are the most important aspects of IEQ. Due to the importance of 

adaptive behaviours and controls on IEQ and comfort, the highest priority should be 

given to controls that improve indoor air quality and thermal environment in schools 

located in similar contexts. 

11.3. The main contributions  
The main contributions are classified into fields of adaptive behaviours, thermal comfort, 

indoor air quality and schools’ design.  

11.3.1. Adaptive Behaviours 

• This research has introduced a design model that can be used as a part of the design 

process by building designers to facilitate adaptive behaviours and create a positive 

influence on the built environment.  

• The proportion of children who practise personal adaptive behaviours is higher during 

non-heating seasons and the proportion of children who do not practice any cooling 

adaptive behaviour is higher during heating seasons.  The proportion of children 

engaged with cooling behaviours has a turning point at the upper limit of the thermal 

comfort band.  

• Window Opening Temperature and the proportion of the open area are based on 

teachers’ decisions with higher comfort temperatures than children. In total, 82% of 

operations are carried out based on teachers’ perception of thermal environment and 

18% are done based on children’s perception.  

• Opportunities for practising environmental adaptive behaviours are not sufficiently 

provided for school children. Teachers do not encourage children to engage in 

environmental adaptive behaviours.  

11.3.2. Thermal Comfort 

• TC(children) during non-heating seasons which is at Tdiff=-1.9 corresponds to Top of 

20.7°C and TC(children) during heating seasons which is at Tdiff=-2.8 corresponds to Top 

of 20.2°C. 

• Children are more tolerant of temperature changes during non-heating seasons than 

heating seasons; TSV shifts one score by a temperature change of 11.1°C during 

non-heating seasons and 7.7°C during heating seasons. Studied children have a 

higher comfort temperature and less sensitivity to temperature changes during non-

heating seasons compared to heating seasons.  

• Children’s reaction to the rise of temperature is slower than that for adults as children 

are less sensitive to temperature changes.  
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11.3.3. Indoor Air Quality 

• Air Sensation Votes (ASVs) are more correlated to CO2 levels than to operative 

temperatures (Top) during non-heating seasons and more correlated to Top than CO2 

levels during heating seasons.  

• The impact of Top on ASVs decreases with an increase in CO2 levels and the effect 

of CO2 levels on ASVs decreases with increase in Top.  

• The most favourable ASVs are given when children feel ‘cool’ and have ‘as it is’ 

preference.  

• By keeping CO2<1000 ppm and Top within children’s thermal comfort band, ASVs are 

improved by 43%.  

• It is shown that 17% of CO2 variations are explained by open area (m2), 14% by 

occupants’ generation rates (cm3/s) and 11% by occupancy density (m3/p). IAQ is 

mostly affected by occupants’ adaptive behaviours than other occupant-related 

factors in naturally ventilated classrooms.  

11.3.4. Design Aspects  
Design aspects in this study are in the context of providing indoor air quality and 

ventilation rates.  

• Average occupancy densities to have CO2 levels of 1000±50 ppm are suggested to 

be 2.3±0.05 m2/p and 7.6±0.25 m3/p. These values correspond to the classroom area 

of 62.1±1.35 m2 and volume of 205.2±6.75 m3 with a height of 3.3 m. This highlights 

the importance of height as the third dimension of space in designing classrooms.  

• ‘Open area’ as a reflection of all COB factors is strongly correlated with ventilation 

rates. Results show that 12% and 19% of variations in ventilation rates are explained 

by open areas during non-heating and heating seasons, respectively. Improvement 

in window design results in significant improvement in indoor air quality and 

increased ventilation rates.  

• To have VR of 8±1.28 l/s.p during non-heating seasons and VR of 8±1.07 l/s.p during 

heating seasons, average open areas of 3.8m2 and 2m2 are required, respectively. 

Design of windows and openings should provide opportunities for adequate 

ventilation rate during both non-heating and heating seasons.  

• Indoor air quality and thermal environment are the most important aspects of 

children’s overall comfort. The highest priority should be given to controls that 

improve indoor air quality and thermal environment in schools located in similar 

contexts.  
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11.4. Recommendations 
Recommendations are classified into three sections of behavioural considerations, 

design considerations, standards and regulations.  

11.4.1. Behavioural Considerations  
Below recommendation highlight behavioural changes that should be encouraged 

among school authorities, teachers and children to improve IEQ. 

• School protocols should encourage school occupants (teachers and children) to 

practise personal and environmental behaviours in an efficient sequence to reach 

comfort and save energy. It is recommended to practise personal adaptive 

behaviours first and then environmental adaptive behaviours to avoid excessive 

energy consumption.  

• The gap between adults and children’s comfort temperature and its impact on 

adaptive behaviours should be explained to teachers. Teachers should be instructed 

on window opening behaviours based on children’s comfort temperature. This 

information can be delivered by buildings managers or designers during staff 

meetings. Teachers have a higher comfort temperature compared to children while 

teachers’ window opening temperature and the proportion of open area are based 

on teachers’ decisions. Knowing this gap helps to reduce the number of overheated 

children in the classroom.  

• Teachers should encourage children to adopt effective personal and environmental 

behaviours when feeling in discomfort. Teachers should remind children on taking 

on/off jumper/cardigan, drinking water, fanning and opening/closing windows as 

children can simply forget about adaptive behaviours or their importance on 

sensations.  

• Children should be instructed about the impact of their adaptive behaviours on 

thermal sensations and energy consumption so that they consciously adopt adaptive 

behaviours. This information can be delivered by teachers or head teachers during 

science sessions, workshops or assemblies. This information helps to encourage 

adaptive behaviours, improve thermal sensations, reduce the number of overheated 

children, and save energy.   

• Children should be encouraged to communicate with their teachers about their 

thermal perception and their preference over controls. This information helps to 

operate controls based on children’s perception of the environment rather than 

teachers’ perception. Even when the operation is carried out by the teacher, it would 

be based on children’s preference.        
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11.4.2. Design Considerations  
School designers should have comprehensive knowledge about contextual factors, 

however, some of these factors can be controlled more than others. For example, sample 

selection in this thesis was controlled in relation with acceptable background noise level 

and air pollution level to not restrict window operation due to these contextual factors. 

Seasonal variations can also be predicted by meteorologists and climate studies; 

however, it is more challenging to control them. School designers should consider all 

aspects of windows’ design (i.e. window area, window/room ratio, arrangement, 

orientation, operation method, supplements) to provide high potentials for natural 

ventilation. To reflect all the above aspects effectively, it is important to consider 

contextual factors in windows’ design. For example, the same opening can provide an 

airflow rate of 1150 m³/h during non-heating seasons and 1852 m³/h during heating 

seasons.  

• Openings should be designed according to the differences during heating and non-

heating seasons; purpose openings by avoiding draughts and controlling the airflow 

rate can provide IAQ and acceptable thermal environment during both non-heating 

and heating seasons. Vents should be designed alongside operable openings to 

increase ventilation rates and improve IAQ without increasing energy consumption.  

• Schools designers should consider design strategies that can provide adequate 

natural ventilation and facilitate the efficient engagement of both teachers and 

children with controls. Controls and openings should be accessible, easy to use, 

user-friendly and safe to operate for children. Controls should be designed alongside 

the length of the classroom to provide access for a higher number of children and 

moderate classrooms’ IEQ evenly.  

• It is recommended that the design of windows provides night ventilation, pre-

ventilation and cross-ventilation. Windows and openings should provide safe night 

ventilation, provide cooler and fresher classrooms, reduce cooling costs and erase 

accumulated CO2 concentrations and heat loads. Cross-ventilation prevents cold 

draughts from dumping onto the occupants and increases air change rates. Depth of 

the classrooms can be increased by applying cross-ventilation.  

• School designers, stakeholders and Building Management Systems (BMS) should 

control CO2 levels and indoor operative temperatures collectively to improve 

children’s perception of IAQ and thermal environment. It is recommended to use CO2 

warning devices that remind occupants of the time at which windows should be 
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operated. Heating and cooling setpoints need to be revised based on children’s lower 

comfort temperature. This helps to save energy and improve indoor air quality.  

• It is recommended to give the highest priority to controls that improve indoor air 

quality and thermal environment in schools located in similar contexts. Indoor air 

quality and thermal environment are the most important aspects of IEQ affecting 

children’s overall comfort.  

11.4.3. Standards and Guidelines   
Below recommendations highlight the changes that should be made into regulations, 

guidelines and standards in providing IEQ and facilitating adaptive behaviours.  

• It is recommended that standards and regulations acknowledge the difference 

between children’s and adults thermal comfort temperature. This information helps 

to revise the heating and cooling set-points in schools based on children’s lower 

comfort temperature.  

• Guidelines and regulations should consider contextual differences among heating 

and non-heating seasons, which results in changes in windows, openings and 

ventilators designs.  

• It is recommended that standards and regulations consider both CO2 levels and Top 

to evaluate IAQ. Available standards and guidelines consider CO2 levels to evaluate 

IAQ. By considering operative temperatures within thermal comfort bands, 

perception of air quality improves significantly.  

• It is recommended that regulations acknowledge the importance of height in 

designing classrooms. Available guidelines mainly focus on OD (m2/p) in two 

dimensions to provide the required area for children’s physical activities in 

classrooms; however, the findings in this thesis underline the importance of height 

as the third dimension in OD values (m3/p) to maintain IAQ.   

11.5. Future work 
The highly explorative nature of this work has opened avenues for further research.  

• Future research is recommended to focus on buildings with different means of 

ventilation (naturally ventilated, mechanically ventilated and mixed).  

• Future work is recommended to focus on different climates to see how IEQ and 

adaptive behaviours will vary.  

• Future studies are encouraged to focus on schools located in areas with different 

noise and pollution levels.  

• Future research is recommended to focus on how adaptive behaviours affect energy 

consumption in naturally ventilated buildings.  
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• Future work is encouraged to record sensation votes and environmental variables 

before and after adaptive behaviours to discover how adaptive behaviours impact 

IEQ.  

• Future studies are encouraged to find out in what sequence occupants adjust 

themselves or the environment to reach comfort. 

• Future studies are recommended to evaluate IEQ through simulations and optimize 

school design by mathematical modelling.  
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a b s t r a c t 

Adaptive behaviour has a significant impact on the quality of indoor environment, comfort, and energy 

consumption. Therefore, facilitating positive occupant behaviours will improve these three factors. The 

aim of this paper is to develop a design framework that can be used as part of the design process to 

facilitate adaptive behaviours. 

This paper reviews studies that focus on reasons behind adaptive behaviours, and implication of these 

adaptive behaviours on the built environment. This paper highlights that ‘Context’, ‘Occupant’, and ‘Build- 

ing’ (COB) have the most influence on adaptive behaviours. However, in most cases their influence is not 

considered holistically. This study also illustrates that adaptive behaviour has implications for the quality 

of Indoor environment, level of Comfort, and Energy consumption (ICE). 

This paper introduces a framework consisting of three stages: (1) Evaluate the relation between COB 

and ICE factors with adaptive behaviours holistically; (2) Design building’s controls for ‘environmental 

behaviours’, set-up strategies for ‘personal behaviours’, and find a balance between these two; 3) Monitor 

the performance of adaptive behaviours through Post Occupancy Evaluation (POE). 
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A B S T R A C T

Adaptive behaviour impacts the classroom's environment and the student's comfort. Therefore, a deep under-
standing of students' adaptive behaviour is required. This study aims to develop a valid and reliable method to
realize how children in their late middle childhood (9–11) practise adaptive behaviours as a response to the
classroom's Indoor Environmental Quality (IEQ).

A self-reported questionnaire accompanied with an observation form is designed based on children's ‘here and
now’ sensations, their cognitive and linguistic competence. Validity and reliability of the questionnaire were
tested by running pilot and field studies in eight primary schools from July 2017 to May 2018. Through
transverse sampling, 805 children were observed, and 1390 questionnaires were collected in 31 classrooms.

Questions and responses of the designed questionnaire were validated by monitoring answer-process, non-
participant observations, cross-checking questions and statistical tests. Validating process improved the wording
of the questions and response categories and resulted in a questionnaire with a high and valid response rate. The
reliability of the questionnaire was tested by measuring the variability and standard deviations of responses
under similar conditions.

To conclude, the study introduces a questionnaire and an observation form that should be used together to
provide a valid and reliable method for studying adaptive behaviour of primary school children.
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a b s t r a c t 

This paper aims to study children’s thermal comfort and related Adaptive Behaviours in UK primary 

schools. The study was carried out in 32 naturally-ventilated classrooms during Non-Heating (NH) and 

Heating (H) seasons. Alongside collecting environmental data, a self-reported questionnaire and an obser- 

vation form were employed to record children’s thermal comfort and adaptive behaviours. From eight pri- 

mary schools, 805 children aged 9–11 were surveyed and 1390 questionnaires were collected. Children’s 

Thermal Sensation Votes (TSVs), Thermal Preference Votes (TPVs) and adaptive behaviours were com- 

pared against temperature offset from comfort temperature by EN 15 251 (T diff= T op -T C (CEN) ). Results sug- 

gest that children’s thermal comfort (T C (children) ) is 1.9 K and 2.8 K lower than that for adults (T C (CEN) ) dur- 

ing non-heating and heating seasons, respectively. Children have lower comfort temperature and higher 

sensitivity to temperature changes during heating seasons. This can be attributed to children’s lower prac- 

tice of personal behaviours and more consistent indoor conditions during heating seasons. The propor- 

tion of children engaged with personal behaviours is one-third lower during heating seasons. As indoor 

temperature goes above children’s thermal comfort band, the proportion of children practising personal 

behaviours increases during non-heating seasons. Around 80% of window operation is carried out by 

teachers who have a higher comfort temperature than children. 

© 2020 Elsevier B.V. All rights reserved. 
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A B S T R A C T   

Indoor Air Quality (IAQ) is affected by Context, Occupant and Building (COB) related factors. This paper evaluates 
IAQ as a function of occupant-related factors including occupants’ Adaptive Behaviours (ABs), occupancy pat-
terns, occupant’s CO2 generation rates and occupancy density. This study observed occupant-related factors of 
805 children in 29 naturally-ventilated (NV) classrooms in UK primary schools during Non-Heating and Heating 
seasons. 

Occupant-related factors affecting IAQ include occupants’ adaptive behaviours, occupancy patterns, occu-
pants’ CO2 generation rate and occupancy densities. Results of this study suggest that a classroom with high 
potentials for natural ventilation does not necessarily provide adequate IAQ, however, occupants’ good practice 
of ABs is also required. Average occupancy densities to have CO2 levels of 1000 � 50 ppm are suggested to be 2.3 
� 0.05m2/p and 7.6 � 0.25 m3/p. These values correspond to the classroom area of 62.1 � 1.35 m2 and volume 
of 205.2 � 6.75 m3 with a height of 3.3 m. Mean CO2 level is maintained below 900 ppm when all occupant- 
related factors are in the favour of IAQ, however, it exceeds 1300 ppm when none of the occupant-related 
factors are in favour of IAQ. 

It is shown that 17% of CO2 variations are explained by open area (m2), 14% by occupants’ generation rates 
(cm3/s) and 11% by occupancy density (m3/p). IAQ is mostly affected by occupants’ adaptive behaviours than 
other occupant-related factors in naturally-ventilated classrooms.   
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A B S T R A C T   

Indoor Air Quality (IAQ) in classrooms is assessed by CO2 levels and Ventilation Rates (VRs). Factors affecting 
VRs fall into Contextual, Occupant and Building (COB) related factors. This study investigates how VRs are 
affected by COB factors in 29 naturally-ventilated classrooms in the UK during Non-Heating and Heating seasons. 
Building-related factors classify classrooms with high or low potentials for natural ventilation, with 45% of 
classrooms having high potentials. Contextual factors including season, operative temperature (Top), outdoor 
temperature (Tout), ‘Top-Tout’ and air density can limit or increase VRs. Occupant-related factors classify occu-
pant’s good or poor practice of environmental adaptive behaviours. ‘Open area’ as a reflection of all COB factors 
is strongly correlated with ventilation rates. Results show that 12% and 19% of variations in ventilation rates are 
explained by open areas during non-heating and heating seasons, respectively. Findings highlight that to have VR 
of 8 ± 1.28 l/s.p during non-heating seasons and VR of 8 ± 1.07 l/s.p during heating seasons, average open areas 
of 3.8 m2 and 2 m2 are required, respectively. This difference can mostly be explained by temperature difference 
between inside and outside. Results show COB factors need to be considered holistically to maintain adequate 
VRs. Classrooms in which all COB factors are met provide average VR of 11 l/s.p and classrooms in which none of 
COB factors are met provide average VR is 3.1 l/s.p. This study highlights that 40% of classrooms according to 
EN 13779 and 80% of classrooms according to ASHRAE Standard fail to provide adequate VRs.   
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1  | INTRODUC TION

Classrooms are the second most important indoor environment for 
children after their homes 1 because children spend around 25%-
30% of their life in schools.2-4 Concerns over adverse effects of poor 
indoor air quality (IAQ) on children's health, productivity, and well-
being are growing,5-8 especially because indoor air can be 10 times 
as polluted as the outdoor air in real conditions.9 Poor IAQ leads to 
some psychological or physiological costs,10 and influences students’ 

health and performance, especially in younger ages.11 Building reg-
ulatory frameworks for the provision of adequate IAQ is framed 
around CO2 levels rather than other pollutants.12 IAQ is often char-
acterized by CO2 concentrations,13-18 in buildings where exhaled air, 
people, or bio-effluents are the main pollution sources.19-21 Carbon 
dioxide (CO2) as the most important human bio-effluent22-24 is pro-
duced by human respiration14 in proportion to their metabolic rate.23

The introduction signifies the importance of CO2 levels on chil-
dren's absenteeism, health, and academic performance by reviewing 

 

Received: 25 May 2020  |  Revised: 27 July 2020  |  Accepted: 27 August 2020

DOI: 10.1111/ina.12740  

O R I G I N A L  A R T I C L E

Perceived indoor air quality in naturally ventilated primary 
schools in the UK: Impact of environmental variables and 
thermal sensation

Sepideh Sadat Korsavi1  |   Azadeh Montazami1  |   Dejan Mumovic2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Indoor Air published by John Wiley & Sons Ltd

1Faculty of Engineering, Environment and 
Computing, Centre for the Built and Natural 
Environment (BNE), Coventry University, 
Coventry, UK
2Institute for Environmental Design and 
Engineering, University College London 
(UCL), Central House, London, UK

Correspondence
Sepideh Sadat Korsavi, Centre for the Built 
and Natural Environment (BNE), Faculty of 
Engineering, Environment and Computing, 
Coventry University, 3 Gulson Road, CV1 
2JH.
Email: korsavis@uni.coventry.ac.uk

Abstract
Indoor air quality (IAQ) in classrooms has a significant impact on children's academic 
performance, health, and well-being; therefore, understanding children's perception 
of IAQ is vital. This study investigates how children's perception of IAQ is affected 
by environmental variables and thermal sensation. In total, 29 naturally ventilated 
classrooms in eight UK primary schools were selected and 805 children were sur-
veyed during non-heating and heating seasons. Results show that air sensation votes 
(ASVs) are more correlated to CO2 levels than to operative temperatures (Top) dur-
ing non-heating seasons and more correlated to Top than CO2 levels during heating 
seasons. The impact of Top on ASVs decreases with an increase in CO2 levels, and 
the effect of CO2 levels on ASVs decreases with increase in Top. The most favorable 
ASVs are given when children feel “cool” and have “as it is” preference. By keeping 
CO2 < 1000 ppm and Top within children's thermal comfort band, ASVs are improved 
by 43%. The study recommends that standards should consider the impact of both 
temperature and CO2 levels on perceived IAQ. Perception of IAQ also affects chil-
dren's overall comfort and tiredness levels; however, this influence is more significant 
on tiredness level than that on overall comfort level.
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the results of several studies. Studies have shown that children's ex-
posure to poor IAQ increases school absenteeism25 and deteriorates 
respiratory system.25-27 The study by Shendell et al (2004) shows 
that when CO2 concentrations increase by 1000 ppm, around 10%-
20% of absenteeism is increased.13 Seppänen et al (1999) suggest 
that decreasing CO2 concentrations below 800 ppm can decrease 
the risk of sick building syndrome (SBS) symptoms, such as head-
ache, fatigue, or eye/throat irritation.28 Myhrvold et al (1996) show 
that CO2 concentrations greater than 1500 ppm may lead to head-
ache, dizziness, tiredness, difficulties in concentrating, and unpleas-
ant odor in classrooms.29

It is shown that adverse health effects and absenteeism caused 
by poor IAQ can negatively affect children's academic perfor-
mance.30,31 Several studies have found a negative correlation 
between high CO2 levels and performance on cognitive and con-
centration tests.32-34 Coley et. al (2007) show that increase of CO2 
levels from a mean of 690 ppm to a mean of 2909 ppm leads to a 5% 
decrease in Power of Attention.32 Berner (1993) shows that average 
students’ test scores increase 5.4 points (P < .05) for each improved 
category of building conditions (ie, “poor” to “fair” to “excellent”).34 
Myhrvold et al (1996) by studying 550 subjects aged 15-20 in 20 
classrooms in Norwegian schools show that increased CO2 levels, 
corresponding to 0-999, 1000-1499, and 1500-4000 ppm, are as-
sociated with mean performance indices of −0.8, 0.02, and 0.13, re-
spectively (negative scores representing better scores).29 Children 
as the main occupants of primary schools represent a vulnerable 
group35-38; therefore, improving IAQ is significant for them. Above-
mentioned studies highlight the impact of CO2 levels on IAQ, health, 
and productivity; however, children's perception of IAQ with regard 
to environmental and sensation variables is less investigated, espe-
cially in primary schools.

It is important to investigate school children's perception of 
IAQ due to their physical and physiological differences with adults. 
Physically, young children are more susceptible to indoor air pollu-
tion compared to adults due to higher air intake in proportion to their 
body weight39-43 and less developed organs, tissues, and immune 
system.42 Physiologically, children have higher respiration and met-
abolic rates.44 External factors such as type of work30,45 and stress 
level46 can also impact children's perception of IAQ negatively. Since 
primary school children's perception of IAQ is less investigated, the 
study aims to investigate the association between children's percep-
tion of IAQ with environmental variables (such as CO2 levels and op-
erative temperature) and thermal sensations in naturally ventilated 
classrooms. It also looks at the impact of children's air sensation 
votes (ASVs) on their overall comfort and tiredness levels.

2  | METHODOLOGY

The five main steps carried out in this methodology are as follows: 
(1) defining research design; (2) sampling climate, buildings, and oc-
cupants; (3) acquiring data on children's perception of the indoor 
environment and environmental measurements; (4) evaluating 

classrooms’ IAQ against standards; and (5) reviewing statistic meth-
ods for analysis.

2.1 | Research design

The design of the study defines transverse sampling in which ac-
cording to Nicol et al (2012) bias is lowered or avoided; thus, the 
results are more representative.47 The problem with longitudinal 
sampling in this type of study is that many intervening variables may 
affect studied variables during a lengthy time.48 There is a danger of 
sampling bias in longitudinal studies47 which is due to the small pop-
ulation. Participants might lose interest in participating due to high 
frequency of surveys49 in longitudinal studies. Hence, data acquisi-
tion and observations were carried out in 29 different classrooms on 
29 distinct days throughout one year. To increase the validity of the 
study and reduce bias, the number of studied classrooms is similar 
during both seasons, 15 classrooms during non-heating and 14 class-
rooms during heating seasons.

2.2 | Sample selection

Samples were selected with specific attention to climate, buildings, 
and observed occupants.

2.2.1 | Location

Schools were selected in the mild climate of UK for two main reasons: 
(1) Mild or temperate climates where the outside temperature is 
lower than indoor temperature can provide opportunities for build-
ings’ natural ventilation, as supported in several other studies.50-52 
Mumovic, et al. (2018) suggest that outdoor temperature in the UK is 
lower than the indoor temperature for most of the year during both 
day and night51; therefore, window opening can ventilate and cool 

Practical Implications

• Air sensation votes are correlated with the last 5 min-
utes of CO2 measurements.

• Perception of air quality is affected by CO2 levels and 
operative temperature.

• When children feel “hot or cold,” air sensation votes are 
the least favourable.

• When “CO2 < 1000 ppm and Top < 23°C,” perception of 
air quality is improved by 43%.

• Standards should consider the impact of both operative 
temperature and CO2 levels on perceived IAQ.

• Better perception of indoor air quality results in higher 
overall comfort votes.
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the building. (2) Mild climates can reduce the biased impact of one 
extreme climate to let investigate window operation in NV buildings 
during both non-heating and heating seasons. This study was carried 
out in Coventry, West Midland from July 2017 until the end of May 
2018. Both seasons were studied because variations in temperature 
and relative humidity would influence students’ perception of the 
indoor environment.53,54 Measurements during schools’ occupied 
time show that outdoor temperatures varied between 11.5-24.9°C 
with a mean of 18.1°C during non-heating seasons and changed 
between 3.5-14.2°C with a mean of 7.8°C during heating seasons. 
Outdoor variables were taken from Met office local weather sta-
tions55 that were maximum 3 miles away from each study site.

2.2.2 | Buildings

In this study, 29 NV classrooms were selected in eight primary 
schools that comply with the following five criteria. (1) Selected 
schools are naturally ventilated since the main source of ventila-
tion in most schools in the UK is windows. Furthermore, variations 
in temperature, relative humidity, and indoor pollutants from me-
chanical ventilation and air-conditioning systems53,54 can impact 
children's perception of IAQ. (2) Schools were selected in quiet areas 
with a considerable distance to the main road to not restrict window 
operation due to high background noise level as recommended by 
Building Bulletin 93: Acoustic Design of Schools to facilitate natural 
ventilation.56 The regional Road Noise, LAeq 16h, is less than 55 dB 
in all selected schools according to England Noise Map Viewer.57 
(3) Schools were also selected in low-polluted areas to not restrict 
window operation, as recommended by CIBSE TM 21: Minimizing 
pollution at air intakes.58 Schools were selected in areas with low 
Daily Air Quality Index (DAQI) according to Air pollution Forecast 
provided by the Met Office.59 (4) Buildings were selected with dif-
ferent architectural features as studies have shown that buildings’ 
design affects IAQ.24,38,60 Classroom's architectural features are 
shown in Table 1; classroom area (50-70 m2), volume (130-252 m3), 
window area (0-8 m2), number of windows (0-8), and the minimum 
height of windowsill (0.5-2.3 m). 5. Schools were selected among 
both renovated and existing buildings because buildings have dif-
ferent potentials for maintaining IAQ according to their age and de-
sign.42,60,61 Furthermore, the required IAQ is different for renovated 
and existing buildings.62 Among 29 classrooms, 13 classrooms are 
renovated and 16 classrooms are not.

2.2.3 | Occupants

It is important to select an age-group that has a good understand-
ing of questionnaire structure and indoor environment. Among pri-
mary school students, children in their late middle childhood (9-11 
YO) rather than their peers in early middle childhood (6-8 YO) were 
selected as the main respondents of this study because of their more 
developed literacy skills, cognitive abilities,63 and attention span.64 M
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They evaluate facts better,64 which results in data validity and con-
sistency of findings.63 The gender ratio of surveyed girls (51%) and 
boys (49%) is approximately the same that can reduce bias and in-
crease the credibility of results.65

2.3 | Data acquisition

2.3.1 | Children's perception of indoor environment

This study acquires data on children's Air Sensation Votes (ASVs) 
and Thermal Sensation Votes (TSVs) through a self-reported ques-
tionnaire that was validated in an earlier study by authors,65 Table 2. 
Children's perception of IAQ was questioned by “How is the air in 
the classroom now?” with a 5-point rating scale as “Very fresh, Fresh, 
OK, Stuffy and Very stuffy”. This question is followed by another 
question to find out if they want the air to be “Fresher” or “As it 
is.” Several other studies confirm that CO2 concentrations deter-
mine children's perception of air freshness and stuffiness.33,66,67 To 
evaluate how Thermal Sensation Votes (TSVs) affect ASVs, children 
were surveyed on the thermal environment by “How do you feel 
now?” with a 5-point rating scale as “Cold, Cool, OK, Warm, Hot.” 
To discover how comfort and tiredness levels are related to ASVs, 
two other questions, “Do you feel comfortable now?/Do you feel 
tired now?,” were administrated to children by 3-point rating scales, 
Table 2.

According to Building Bulletin 101 (2018), the internal air qual-
ity in schools is determined largely by odor (from people and mate-
rials) and CO2 levels, rather than any other pollutants.8 Therefore, 
during the pilot study, another question was designed for evaluat-
ing children's perception of IAQ; “Is your classroom smelly now?”.65 
However, this question was removed from the questionnaire during 
the validation process53 since no correlation was found between 
CO2 levels and answers to this question. This is mainly because oc-
cupants already in the room will not be aware of odor, as a reaction 
to odor is immediate and olfactory sense rapidly adjusts to odor.68 
Studies have shown that CO2 concentrations better account for chil-
dren's perception of air freshness66,67 than children's perception of 
smell.65

Children were usually asked to fill out the paper-based ques-
tionnaire at the end of morning and afternoon sessions because the 
end of sessions has the poorest conditions in terms of IAQ due to 
accumulation of stale air.21 In total, questionnaires were filled out 
on 52 different morning and afternoon sessions. Goto et al (2002)69 
suggest that occupants should maintain a stable activity level at 
least 30 minutes before filling out the questionnaire. Therefore, 
the authors made sure that children maintained sedentary activities 
(reading and writing) at least 30 minutes before filling out the ques-
tionnaires. Running surveys resulted in observing 805 children and 
collecting 1390 questionnaires, Table 3.
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2.3.2 | Environmental measurements

Environmental variables affecting IEQ and comfort were recorded at 
5-minute intervals; however, environmental variables recorded at the 
time of children's filling out the questionnaire are evaluated in this 
study. Environmental variables were recorded at 5-minute intervals 
by multi-functional SWEMA equipment, standalone data loggers, and 
CO2 meter (TGE-0011, accuracy: ±50 + 2%). Measurement station was 
located away from the main airflows (eg, windows), away from heat 
sources (eg, projectors), and also away from sun patches at a height of 
1.1 m as recommended by ISO 7726.70 Equipment was placed within 
the vicinity of children's desks without impairing their visual access and 
seating arrangement. The instruments were set up in the classrooms 
before children's arrival in the morning so that instruments acclimatize 
to the classrooms’ environment before reading.47

2.4 | IAQ standards

The European standard of EN 13779:200762 recommends IAQ val-
ues and expected percentage dissatisfied in four different building 
categories, Table 4”: (I) high level of expectation for spaces occupied 
by very sensitive people with special requirements, (II) normal level 
of expectation for new buildings and renovations, (III) moderate level 
of expectation for existing buildings, and (IV) low level of expecta-
tion only acceptable for a short period.

The American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) standard 62 recommends CO2 

level of 1000 ppm for classrooms,14 which is similar to that for 
Category II buildings for new and renovated buildings.

2.5 | Statistical analysis

To decide on the most appropriate statistical tests, parametric and 
non-parametric tests are defined.

Parametric tests can only be used when data fulfill these three 
conditions: (1) the level or scale of measurement is of equal interval 
or ratio scaling, (2) the distribution of the population is normal, and 
(3) the variances of both variables are equal.71,72

To check the normality of the interval-scale data, histograms, 
Kolmogorov-Smirnov/Shapiro-Wilk's tests and QQ plots are ap-
plied.73 In histograms, the normally distributed data peak in the 
middle and are symmetrical about the mean (bell-shaped)73; how-
ever, it does not need to be perfectly normally distributed.74 For 
Kolmogorov-Smirnov/Shapiro-Wilk's tests, normality tests are un-
likely to detect non-normality for small sample sizes (n < 20) and 
are too sensitive for larger sample sizes (n > 50).73 In QQ plots, 
the points will be close to the line for normally distributed data.74 
Because Kolmogorov-Smirnov/Shapiro-Wilk's tests are sensitive to 
outliers, histograms for large samples and QQ plots for small sam-
ples can be used.74 To check homogeneity of variance, Levene's test 
(part of standard SPSS output) can be used.74

In this study, histograms and Levene's tests are used to check the 
distribution and variance of the dependent variable of air sensation 
votes (ASVs). Results of this study show that air sensation votes, as 

TA B L E  3   The number of schools, classrooms, and children observed

School Number Date
Number of 
classrooms

Number of surveyed & observed 
children

Number of collected 
questionnaires

School 1 July 17-21, 2017 5 130 210

School 2 September 21-27, 2017 4 110 195

School 3 October 29-31, 2017 3 65 115

School 4 November 21-24, 2017 3 85 115

School 5 Jan 29-Feb 02, 2018 5 145 290

School 6 Feb 12-16, 2018 5 85 140

School 7 April 17-19, 2018 3 80 165

School 8 May 22-25, 2018 4 105 160

Total July 2017- May 2018 32 805 1390

Categories
IAQ 
standard

Expected 
percentage 
dissatisfied

Range of 
CO2 levels

Total CO2 level based on 
outdoor CO2 of 400 ppm

Category I High <15 <400 <800

Category II Medium 15-20 400-600 800-1000

Category III Moderate 20-30 600-1000 1000-1400

Category IV Low >30 >1000 >1400

TA B L E  4   CO2 levels and expected 
percentage dissatisfied by EN 13779:2007 
for each category of IAQ62
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dependent in this study, are approximately normal (bell-shaped), as 
shown in Figure 1; however, Levene's test shows that variances are 
not equal, [F (4, 1354) = 14.7, P = .000]. The data were analyzed 
using the Statistical Package for Social Science (SPSS).75

Statistical analysis in the following is categorized into four main 
groups: (1) descriptive, (2) correlational, (3) predictive, and (4) group 
differences (cause and effect). Table 5 shows a summary of tests 
done in this study based on the type of dependent and independent 
variables.

2.5.1 | Descriptive statistics

Descriptive statistics such as (minimum, maximum, mean, and stand-
ard deviation) can describe normal distribution of variables.74 In this 
study, descriptive statistics are used to describe the dependent vari-
able of ASVs which is normally distributed.

2.5.2 | Correlational

Correlation indicates both the strength and direction of the relation-
ship between a pair of variables.71,72 It is assumed that higher cor-
relation coefficient values and smaller associated P values imply a 
stronger correlation.76 Spearman's correlation is a non-parametric 
measure used for ordinal/interval and skewed data to show the 
strength of the relationship.71-73

2.5.3 | Predictive

Regression explains how variables are related and it predicts depend-
ent variable (y) given the independent variable (x),74 (y = a + bx + e, 
R2 = n). The R2 value shows the proportion of the variation in the 
dependent variable which is explained by the model.71,72,74 In this 

study, correlations and regressions are used to show how ASVs are 
related to Top and CO2 levels, Table 5.

2.6 | Group differences

Tests of group differences are used to determine whether the groups 
are the same or not.71,77 Chi-square test is used to compare propor-
tions between two or more independent groups,15,71-73 and Kruskal-
Wallis test is used to compare the medians between groups.71-73 In 
this study, chi-square and Kruskal-Wallis tests are used to show how 
frequency and median of ASVs change in different categories of 
TSVs, IAQ, operative temperature (Top), and tiredness, Table 5.

3  | RESULTS AND DISCUSSION

The study provides an overview of the recorded data on children's 
perception of the indoor environment and indoor environmental 
conditions. The first part of the study shows factors affecting ASVs 
including physical parameters (such as CO2 levels, operative temper-
ature, and humidity) and thermal sensation. The second part of the 
study shows factors that are affected by ASVs such as comfort and 
tiredness levels, Figure 2.

3.1 | Overview of the recorded data

• Perception of Indoor Environment:
The frequency of children's ASVs (%) and Air Preference Votes 

(APVs) during different seasons is shown in Figure 3. This fig-
ure shows that proportion of “OK” votes is the highest (40.3%), 
followed by “fresh or very fresh” votes (36.2%) and then “stuffy 
or very stuffy” votes (23.5%). The frequency (%) of comfort and 
tiredness votes during different seasons is shown in Figure 4. 

F I G U R E  1   Normal distribution of ASVs
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As can be seen in Figure 4, “comfortable” votes are the highest 
(51.4%), followed by “a little comfortable” (34.7%) and “not com-
fortable” (13.9%). Similarly, “a little tired” votes are the highest 
(40.8%), followed by “tired” votes (33.8%) and “not-tired” (25.4%) 
votes, Figure 4.

• Indoor Environmental Conditions:

Descriptive statistics of environmental variables at the time 
of filling out questionnaires are presented in Table 6. Mean CO2 
level is higher during heating seasons (1310 ppm) than that during 

non-heating seasons (1180 ppm). Maximum air velocity is below 
0.1 m/s in this study; therefore, operative temperature (Top) was cal-
culated based on the average of indoor air temperature and radiant 
temperature.47,78 Mean operative temperature and humidity during 
non-heating seasons (24.2°C and 50.9%) are higher than those 
during heating seasons (22.8°C and 37.3%).

Figure 5 shows frequency (%) of “at-the-time CO2 levels” in 
each category of IAQ during non-heating and heating seasons. 
Measurements of “at-the-time CO2 levels” are mostly distributed in 
categories III and IV and CO2 levels in Cat I are only recorded during 
non-heating seasons, Figure 5.

TA B L E  5   Summary of all tests in this study

Variables

Corresponding Test

Variables in this Study

Independent (IV) Dependent (DV) Dependent Independent

1 interval IV Ordinal or interval Non-parametric Spearman 
correlation71-73

ASVs CO2 levels

Top

1 IV with 2 or more 
groups

Ordinal or interval Non-parametric Kruskal-Wallis test71-73 ASVs TSVs

Categorical Non-parametric chi-square test71,72 ASVs Different Cat of IAQ

Different Cat of Top

Different Cat of Tiredness

F I G U R E  2   Classification of results and 
findings

F I G U R E  3   Frequency (%) of ASVs and 
APVs during different seasons
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Table 7 shows mean operative temperatures and their standard 
deviations (SD) in each category of IAQ. As can be seen in Table 7, 
mean operative temperature and SD are higher when CO2 levels are 
lower than 800 ppm (Category I) compared to other categories.

3.2 | The impact of CO2 levels on ASVs

The impact of CO2 levels on ASVs is investigated by predicting the 
strength of the relationship (correlations), degree of variations (re-
gressions), and predicted percentage dissatisfied (PPD).

3.2.1 | Strength of relationship (Correlations)

CO2 levels affect occupants’ perceived IAQ19,28 and determine occu-
pants’ perception of air freshness and stuffiness.66,67 Results of this 
study, using Spearman correlation coefficient test, show that chil-
dren’ ASVs and CO2 levels at the time of filling out the questionnaire 
are significantly correlated during non-heating seasons (Spearman 
correlation coefficient = 0.17, P < .001); however, the correlation is 

less significant during heating seasons (Spearman correlation coef-
ficient = 0.10, P < .01). CO2 measurements are recorded at 5-min 
intervals in this study; therefore, “at-the-time CO2 level” refers to the 
average CO2 levels during the last 5 minutes. Correlations suggest 
that the strength of the relationship between CO2 levels and ASVs is 
higher during non-heating (17%) than heating seasons (10%).

Correlations between ASVs and CO2 levels were compared 
with the average of CO2 levels during the last 10 and 15 minutes 
of the survey to estimate which range of CO2 better indicates chil-
dren's perception of IAQ, Table 8. During non-heating seasons, the 
correlation between ASVs and 5-minute CO2 levels (correlation 
coefficient = 0.17) is higher than that with an average of 10-min-
ute (correlation coefficient = 0.15) or 15-minute (correlation co-
efficient = 0.14) CO2 measurements. During heating seasons, the 
correlation between ASVs and 5-min CO2 levels (P = .01, correla-
tion coefficient = 0.10) is more significant than that with average of 
10-minute CO2 measurements (P = .04, correlation coefficient = 0.09) 
and it is not significant for 15-minute CO2 (P = .25 > 0.05), Table 8. 
Children’ ASVs and average CO2 levels during the whole session 
were not correlated (P = .41 > .05). Correlation coefficient shows 
the strength of the relationship between a pair of variables71,72; 

F I G U R E  4   Frequency (%) of comfort 
and tiredness votes during different 
seasons
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Non-Hea�ng Hea�ng

Season Parameters Minimum Maximum Mean SD

Non-heating CO2 level (ppm) 662 3277 1180 488

Air velocity (m/s) 0.00 0.1 0.08 0.05

Operative temperature (°C) 19.0 28.1 24.2 2.1

Relative humidity (RH) 38.3 66.6 50.9 7.8

Heating CO2 level (ppm) 842 2106 1310 351

Air velocity (m/s) 0.00 0.09 0.05 0.03

Operative temperature (°C) 18.9 26.8 22.8 1.7

Relative humidity (RH) 25.8 53.4 37.3 7.4

TA B L E  6   Descriptive statistics of 
environmental variables at the time of 
filling out the questionnaire
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therefore, the last 5-minutes CO2 measurements are used for fur-
ther analysis due to a stronger relationship with ASVs.

The stronger relationship between ASVs and “5-minute CO2 
measurement” than “10 or 15 minutes CO2 measurement” suggests 
that children get adapted to indoor CO2 levels after 5 minutes. After 
5-minute adaptation, children's ASVs in this study are independent 
of CO2 levels. Similar studies support that due to adaptation, ASVs 
show high acceptability, and adapted subjects would not distinguish 
between high and low levels of concentration.79,80 The study by Cain 
(1985) found that after 3 minutes of adaptation, perceived intensity 
reaches a stable level of 40% of the initial amount.81 Another study 
by Gunnarsen (1992) shows that 95% of the votes on IAQ change 
due to adaptation which took place within 6 minutes of exposure.79 
After 5 minutes, adapted votes that are independent of CO2 levels 

are obtained; therefore, the study uses at-the-time CO2 levels (5-min 
measurement) for further analysis. Standards and regulations usually 
consider average CO2 levels as an indicator of IAQ because concen-
trations are generally spatially non-uniform.28 However, these results 
suggest that children's instantaneous perception of IAQ is more re-
lated to CO2 levels at the time of the survey. Therefore, children's 
ASVs in short intervals should also be evaluated to have a better un-
derstanding of perceived IAQ.

3.2.2 | Degree of variations (regressions)

For each survey, the proportions of “very fresh/fresh” (ie, ASV = 1 or 
2), “OK” (ie, ASV = 3), and “stuffy/very stuffy” (ie, ASV = 4 or 5) votes 
were calculated and plotted against CO2 levels during non-heating 
and heating seasons, Figures 6 and 7. Similarly, the proportion of chil-
dren who prefer the air quality to be “fresher” (ie, APV = 1) or “as it is” 
(ie, APV = 2) was calculated and plotted against CO2 levels, Figures 6 
and 7.

Non-heating seasons: As can be seen in Figure 6, by the in-
crease in CO2 levels, “fresh/very fresh” votes decrease, and “OK” 
and “stuffy/very stuffy” votes increase during non-heating seasons. 
Regressions in Figure 6 suggest that 33% variations in “fresh/very 
fresh” votes, 28% variations in “OK” votes and 5% variations in 
“stuffy/very stuffy” votes are explained by CO2 levels. To predict 
how votes change by CO2 changes, “slope” and “intercept” of each 
linear model are also considered, as suggested in other studies.71,72 
Slopes in Figure 6 show that the rate at which CO2 changes affect 
ASVs is highest for “fresh/very fresh” votes, then “OK” votes and 
then “stuffy/very stuffy” votes during non-heating seasons.

F I G U R E  5   Frequency (%) of “at-the-
time CO2 levels” in each category of IAQ 
during different seasons
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Percent frequency 
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Category I <800 14.7 23.31 3.01

Category II 800 < CO2 < 1000 16.5 22.93 2.26

Category III 1000 < CO2 < 1400 38.1 22.94 1.93

Category IV CO2 > 1400 30.7 22.88 1.13

TA B L E  7   Mean and SD of Top in each 
category of IAQ

TA B L E  8   The correlation between ASVs and 5-, 10-, and 15-min 
averages of CO2 levels

Seasons CO2 level

Sig. 
(2-tailed) 
with ASVs

Correlation 
with ASVs

Non-heating 5-min average 0.000 0.172***

10-min average 0.000 0.148***

15-min average 0.000 0.142***

Heating 5-min average 0.018 0.103*

10-min average 0.042 0.089*

15-min average 0.251 0.050

*P < .05. 
**P < .01. 
***P < .001. 
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Figure 6 shows that “fresh/very fresh” line intersects with “OK” 
line at CO2 level of 950 ppm and it intersects with “stuffy/very stuffy” 
line at CO2 level of 1450 ppm. This indicates that at CO2 = 950 ppm, 
the proportion of “fresh/very fresh” and “OK” votes is equal and 
at CO2 level = 1450 ppm, the proportion of “fresh/very fresh” and 
“stuffy/very stuffy” votes is equal. When CO2 > 950 ppm, the pro-
portion of “OK” votes is more than “fresh/very fresh” votes, and 
when CO2 > 1450 ppm, the proportion of “stuffy/very stuffy” votes 
is more than “fresh/very fresh” votes. This suggests that “at-the-time 
CO2 levels” should not exceed 1450 ppm; otherwise, the proportion 
of “stuffy/very stuffy” votes would be more than “fresh/very fresh” 
votes. CO2 level of 1450 ppm is close to the upper limit of Category 
III buildings which corresponds to a moderate level of expectation for 
existing buildings.

Heating Seasons: As can be seen in Figure 7, by the increase in 
CO2 levels, “fresh/very fresh” votes decrease, “OK” votes do not 
change, and “stuffy/very stuffy” votes increase during non-heating 
seasons. Regressions in Figure 7 reflect that only 10% variations in 
“fresh/very fresh” votes, 6% variations in “stuffy/very stuffy” votes, 
and 2% variations in “OK” votes are explained by CO2 levels. Slopes 
in Figure 7 show that the rate of CO2 changes is highest for “fresh/
very fresh” votes, then “stuffy/very stuffy” votes, and then “OK” 
votes during heating seasons. The graph shows that “fresh/very 
fresh” line intersects with “OK” line at CO2 level = 1150 ppm and 
it intersects with “stuffy/very stuffy” line at CO2 = 2000 ppm. This 
shows that at CO2 = 1150 ppm, the proportion of “fresh/very fresh” 
and “OK” votes is equal and at CO2 = 2000 ppm, the proportion of 
“fresh/very fresh” and “stuffy/very stuffy” votes is equal.

F I G U R E  6   Proportions of ASVs and 
APVs by CO2 levels during non-heating 
seasons

FVs (%)= –0.026*CO2 + 63.28
R² = 0.33
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R² = 0.05
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and APVs by CO2 levels during heating 
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Comparing Figures 6 and 7 shows that the proportion of “OK” 
votes increases by the increase in CO2 during non-heating seasons; 
however, they do not change significantly during the heating sea-
son. This suggests that “OK” votes do not show a fixed or recognized 
trend for acceptability on air sensation scale. On the other hand, 
“OK” votes on thermal sensation scale are perceived acceptable 
because thermal sensation scale is symmetrical with more accept-
able votes in the middle and less acceptable ones at the ends. Air 
sensation scale has a direction from the acceptable to unacceptable 
votes, with “OK” votes in the middle as a transition point. Therefore, 
only “fresh/very fresh” and “stuffy/very stuffy” votes change by CO2 
variations.

3.2.3 | CO2 levels and Predicted Percentage 
Dissatisfied (PPD)

European21 and ASHRAE standards14 suggest that for acceptable 
IAQ, the percentage of dissatisfaction among occupants should not 
be more than 20%.14,82-84 Maximum PPD of 20% regarding thermal 
comfort is generally acceptable; therefore, it is prudent to adopt a 
20% PPD level regarding IAQ.20

EN 13779:200762 for categories I and II and ASHRAE standards14 
recommend CO2 levels below 1000 ppm for maintaining IAQ; this 
level is also recommended in several other studies.15 Therefore, PPD is 
calculated for CO2 levels more than 1000 ppm or less than 1000 ppm, 
Figure 8. Results of this study show that when CO2 < 1000 ppm, ex-
pected percentage dissatisfied (PPD) with IAQ is 17.4%. Two more 
studies confirm that the threshold for PPD of 20% is approximately 
1000 ppm.20 When CO2 > 1000 ppm, “stuffy/very stuffy” votes 
increase around 9% and “fresh/very fresh” votes decrease around 
13%. This means by keeping CO2 levels below 1000 ppm, around 
22% improvement in ASVs can be maintained. Furthermore, when 
CO2 < 1000 ppm, “Fresh/Very Fresh” votes are 27% higher than 
“Stuffy/Very Stuffy” votes; however, this difference is only 5% when 
CO2 > 1000 ppm.

3.3 | Impact of operative temperature and humidity 
on ASVs

Humphreys et al (2002) suggest that physical variables such as air 
temperature and relative humidity affect IAQ perception directly.85 
Wargocki and Wyon (2017) also show that the mechanisms that 
mediate the impacts of IAQ and thermal environment on perfor-
mance are surprisingly similar.86 To discover how operative tem-
perature (Top), humidity (RH%), and ASVs are related, correlation 
tests were run between ASVs, Top, and RH%, Table 9. Previous 
studies have shown that lower humidity improves perceived IAQ 
28,81,87,88; however, results of this study show that humidity does 
not affect children's ASVs (P(NH) = 0.072 and P(H) = 0.46 > 0.05), 
Table 9. This is mainly because children are not exposed to very 
low or very high humidity levels in this study (38%-66% during 
non-heating and 26%-53% during heating seasons), Table 6. It is 
also shown that humidity has a modest effect on thermal sensa-
tion and perceived IAQ for moderate environments (<26°C)89 
activity levels (<2 met).21,89 As can be seen in Table 9, there is a 
correlation between CO2 levels and humidity during non-heating 
(Spearman correlation coefficient = 0.11, P < .005) and heating 
seasons (Spearman correlation coefficient = 0.43, P < .001). This 
is mainly because relative humidity and CO2 levels are both ema-
nated through occupants’ respiration and sweating, as suggested 
by Ghita and Catalina (2015)90; therefore, relative humidity and 
CO2 variations have similar patterns.

Results of this study show that operative temperature (Top) 
is not correlated to children's ASVs during non-heating seasons 
(P = .27 > .05); however, it is significantly related to their ASVs 
during heating seasons (Spearman correlation coefficient = 0.15, 
P < .001), Table 9. During non-heating seasons, ASVs are cor-
related to CO2 levels (Spearman correlation coefficient = 0.172, 
P < .001) and not to Top (P = .27 > 0.05), Table 9. During heating 
seasons, ASVs are more correlated to Top (Spearman correlation 
coefficient = 0.15, P < .001) compared to CO2 levels (Spearman 
correlation coefficient = 0.1, P < .05), Table 9. To assure that 

F I G U R E  8   Frequency (%) of ASVs in 
each category of IAQ
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impact of Top on ASVs is not influenced by CO2 levels, the cor-
relation between CO2 levels and Top is also investigated in Table 9. 
Results show that CO2 and Top have a negative correlation; sug-
gesting that the impact of Top on ASVs is not skewed by CO2 levels. 
The negative correlation between CO2 levels and Top (°C) in this 
study is due to more open windows during non-heating seasons 
compared to heating seasons.

Children's mean ASVs are calculated for each survey based on 
scale codes in Table 2 (very fresh = 1, fresh = 2, OK = 3, stuffy = 4, 
very stuffy = 5). Figure 9 shows the relationship between mean 
ASVs for each survey, CO2 levels (ppm), and Top (°C) at the time of 
filling out the questionnaire. As can be seen in Figure 9, by an in-
crease in CO2 levels and Top, mean ASVs increase. Regressions in 
Figure 9 suggest that 24% and 6% variations in ASVs are explained 
by CO2 levels during non-heating and heating seasons, respectively. 
Similarly, 5% and 18% variations in ASVs are explained by Top during 
non-heating and heating seasons, respectively. Results of the study 
show that for 1°C increase in Top (°C), ASVs increase 0.8 and 0.5 
points on the 5-point rating scale during non-heating and heating 
seasons. For 200 ppm increase in CO2 levels, ASVs increase 0.45 
and 0.85 points during non-heating and heating seasons. A similar 
study shows that by 1°C change in room temperature, average ASV 

of university students changes 0.3-0.4 points on the 6-point rating 
scale.19

Results of this study show that lower temperatures improve chil-
dren's perception of IAQ. Previous studies have also confirmed that 
lower temperature (keeping the air cool) improves perceived IAQ and 
higher temperatures degrade IAQ.28,30,81,87,91,92 Therefore, the air is 
perceived fresher at reduced temperatures and stuffier at higher tem-
peratures. Temperature changes the energy content of the air and the 
cooling effect in the respiratory tract.88 When the temperature is con-
siderably lower than the mucosal temperature (30-32°C), the thermal 
sense is stimulated due to convective and evaporative cooling of the 
respiratory tract.15 When the respiratory cooling effect decreases to 
a certain level, the air is perceived very poor whether the air is clean 
or polluted.88 A similar study shows that for the median indoor tem-
perature of 22.31°C, students were totally satisfied with IAQ while for 
temperatures greater than 25°C, they were dissatisfied.33 Thermal con-
ditions can also affect IAQ indirectly by influencing emission sources 
and indoor concentrations of pollutants.12

Figure 10 shows that the impact of temperature on ASVs de-
creases with an increasing level of CO2 concentration. As can be 
seen in Figure 10, when CO2 level = 800 ppm, by 1°C decrease in 
temperature from 24.5°C to 23.5°C, children's ASVs change from 

TA B L E  9   The correlation coefficient between parameters

Seasons Parameters

ASVs Operative temperature (Top) Humidity (RH%)

Correlation Sig. Correlation Sig. Correlation Sig.

Non-heating ASVs 1.000 . 0.04 0.27 −0.067 0.072

CO2 level 0.172*** 0.000 -0.12*** 0.002 0.11 0.004

Heating ASVs 1.000 . 0.15*** 0.000 −0.03 0.46

CO2 level 0.10* 0.018 -0.10* 0.026 0.43 0.000

*P < .05. 
**P < .01. 
***P < .001. 

F I G U R E  9   Impact of CO2 levels (ppm) 
and Top (°C) on mean ASVs
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“stuffy/very stuffy” to “fresh/very fresh.” However, when CO2 
level > 1400 ppm, a decrease in temperature does not change or 
improve children's ASVs significantly. Figure 11 shows that the in-
fluence of CO2 concentration on ASVs decreases with increasing 
temperature. As can be seen in Figure 11, when Top = 19°C, around 
300 ppm decrease in CO2 level from 1500 to 1200 ppm improves 
children's ASVs from “stuffy/very stuffy” to “fresh/very fresh.” 
However, when Top > 26°C, the decrease in CO2 levels does not sig-
nificantly improve children's ASVs.

This study shows that the impact of temperature on ASVs de-
creases with increasing CO2 levels, and the influence of CO2 con-
centration on ASVs decreases with increasing temperature. Both 
findings are supported in a similar study by Fang et al (1998)88 on the 
impact of temperature and humidity on the perception of IAQ. These 
findings can be explained by two reasons; warm air can be inter-
preted stuffy and perceived unacceptable, whether the air is fresh 
or stuffy.88 It is shown that temperature affects IAQ especially when 
the air is overheated.88 Stuffy air can also be interpreted as warm in 
the respiratory tract and perceived unacceptable.88,93

3.3.1 | Comfort temperature

An earlier study by authors shows that the upper limit of thermal 
comfort band for surveyed children is around 23°C.94 Therefore, 
the frequency (%) of ASVs in two categories of operative tempera-
ture (Top < 23°C and Top > 23°C) is investigated. The result of the 
chi-square test shows that there is a significant difference in the 
frequency of ASVs in two categories of operative temperatures 
[X2(2, N = 1359) = 19.9, P < .001]. As can be seen in Figure 12, 
when Top < 23°C, “Fresh/Very Fresh” votes are around 9% higher 
and “Stuffy/very stuffy” votes are around 11% lower compared to 
when Top ≥ 23°C. Therefore, around 20% improvement in ASVs can 

be observed when Top is within or lower than children's thermal com-
fort band. Furthermore, when Top < 23°C, “Fresh/Very Fresh” votes 
are 25% higher than “Stuffy/Very Stuffy” votes; however, this differ-
ence is only 5% when Top > 23°C.

To ensure that children's improved perception of IAQ is also im-
pacted by lower temperatures and not merely by air change rates, 
ventilation rates, and CO2 levels, the study considers the correla-
tion between operative temperatures, air change rates, and ventila-
tion rates. An earlier study by authors95 evaluates ventilation rates 
on the same classrooms from the transient mass balance method. 
Results show that Top is correlated with ACRs (Spearman correlation 
coefficient = 0.20, P < .05) and VRs (Spearman correlation coeffi-
cient = 0.29, P < .001). The positive correlation suggests that when 
Top is higher, ACRs and VRs are also higher.95 This indicates that by 
the increase of Top, there is a higher tendency to open windows which 
in turn increases VRs, as supported in several other studies.22,42

This finding rejects the hypothesis that lower temperatures im-
prove children's perception of IAQ through higher ventilation rates. 

F I G U R E  1 0   Impact of temperature on ASVs with increasing 
CO2 level
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The study highlights that lower temperatures improve children's per-
ception of IAQ independent of ventilation rates.

3.4 | Impact of thermal perception on ASVs

The study shows the effect of TSVs and TPVs on ASVs in boxplots, 
Figures 13 and 14. Results of Kruskal-Wallis H test show that there 
is a statistically significant difference in mean and median of ASVs 
between different groups of TSVs during non-heating (χ2(4) = 26.89, 
P = .000) and heating (χ2(4) = 58.97, P = .000) seasons. Similarly, 
there is a statistically significant difference in ASVs between differ-
ent groups of TPVs during non-heating (χ2(4) = 62.13, P = .000) and 
heating (χ2(4) = 61.2, P = .000) seasons.

Figure 13 shows that children's ASVs are oriented toward 
stuffy/very stuffy votes when children feel hot [ASV(mean) = 3.3-
3.5] and cold [ASV(mean) = 2.6-3.2]. This finding is confirmed by 
Humphreys et al (2002) that show when occupants are uncomfort-
ably warm, they perceive IAQ poorly.85 The most favorable ASVs 
[ASV(mean) = 2.4-2.5] are given when children feel “cool” during both 
seasons. Figure 14 shows that when children have “cooler” prefer-
ence, they give the least favorable ASVs [ASV(mean) = 3.4]; however, 
when they have “as it is” preference, they give the most favorable 
ASVs [ASV(mean) = 2.4-2.5]. Humphreys et al (2002) also support that 
respondents give the most favorable ASVs when they require no 
change in the thermal environment.85 Therefore, in this study with 
the focus on UK children, the most favorable ASVs are given when 
children feel “cool” and have “as it is” preference. However, these 
results may be different in another climate.

In Table 10, crosstabs were created by using TSVs, TPVs, and 
ASVs. Among children who feel “hot,” nearly half of them (47%) find 
the classroom “stuffy/very stuffy,” while less than a quarter (23%) 
find the classroom “fresh/very fresh.” Among children who feel 
“cool,” more than half of them (53%) find the classroom “fresh/very 
fresh” and only 13% find the classroom “stuffy/very stuffy”; “fresh/
very fresh” votes are 4 times more than “stuffy/very stuffy” votes, 
Table 10.

Among children who have “cooler” preference, 23% find the 
classroom “fresh/very fresh” and 48% find the classroom “stuffy/
very stuffy”; “stuffy/very stuffy” votes are more than two times 
“fresh/very fresh” votes, Table 10. Among children who prefer the 
classroom “as it is,” 46% find the classroom “fresh/very fresh” and 
8% find the classroom “stuffy/very stuffy”; “fresh/very fresh” votes 
are 5.8 times more than “stuffy/very stuffy” votes, Table 10. This 
indicates the impact of TSVs and TPVs on ASVs; when children are 
more satisfied with their thermal environment, they give more fa-
vorable ASVs.

3.5 | Integration

Results of this study show that by keeping CO2 levels below 
1000 ppm, ASVs improve by 23% (Refer to 3.1.3). Furthermore, by 
keeping operative temperatures within or below thermal comfort 
band (Top < 23°C in this study), ASVs improve by around 20%. To 
integrate the impact of both Top and CO2 on ASVs, the proportion of 
children in each category of ASVs based on Top and CO2 is presented 
in Table 11.

According to Table 11, when CO2 < 1000 ppm and Top < 23°C 
(operative temperature is below the upper limit of thermal comfort 

F I G U R E  1 3   ASVs change within 
different categories of TSVs

F I G U R E  14   ASVs change within different categories of TPVs
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band), only 10% of children find the classroom “stuffy/very stuffy,” 
which is lower than PPD recommended by EN 15251 21 for Category 
I buildings. A similar study15 estimates that keeping CO2 < 1000 ppm 
and Top < 22°C can reduce PPD to 15%.15 Table 11 shows that when 
CO2 < 1000 ppm and Top > 23°C, PPD increases to 20%. Another 
study15 estimates that when CO2 < 1000 ppm and Top > 26°C, PPD will 
rise to 25%.15 Table 11 shows when CO2 > 1000 ppm and Top > 23°C, 
29.1% of children find the classroom “stuffy/very stuffy.” When 
“CO2 < 1000 ppm & Top < 23°C” compared to when “CO2 > 1000 ppm 
& Top > 23°C,” “stuffy/very stuffy” votes are 19% less and “fresh/very 
fresh” votes are 24% more (43% improvements on ASVs).

Improving ASVs by 43% is hard to achieve just by lowering 
CO2 levels and increasing ventilation rates; therefore, decreas-
ing operative temperatures within thermal comfort band can 
also help to improve children's perception of IAQ. The study by 

Bakó-Biró et.al (2012) recommends UK schools managers to con-
sider CO2, temperature, and humidity for maintaining IAQ, to 
keep temperatures within comfortable ranges [20-22°C during 
winter] and [22-24°C during summer] and humidity levels below 
60% during winter time but preferably above 40%.96 The study by 
Chatzidiakou et al (2015) confirms the need for an integrated ap-
proach providing simultaneously adequate IAQ and thermal com-
fort15 to improve the perception of IAQ. There is evidence that 
in case of insufficient cooling, increasing ventilation rate would 
be a waste of energy without any improvement in environment; 
however, decreasing air temperature up to the comfort threshold 
would succeed to provide a more pleasant perception of IAQ.88 
Fanger (1998) suggests ventilation standards such as ASHRAE 
do not consider the impact of temperature and humidity on per-
ceived IAQ.88 The review by Salthammer et al (2016) shows that 
poor IAQ in schools can be related to lack of budgets for local 
administrative bodies and inefficiency of regulations for better 
IAQ.97 Results of this study also suggest that standards and regu-
lations should consider the integrated impact of both temperature 
and CO2 levels on perceived IAQ.

TA B L E  1 0   Frequency of TSVs and TPVs in each category of ASVs

TSVs/TPVs

Air quality

Very fresh Fresh Stuffy Very stuffy

Number % Number % Number % Number %

TSVs Cold 12 21.8 8 14.5 9 16.4 6 10.9

Cool 30 15.0 75 37.5 22 11.0 4 2.0

OK 44 8.9 133 26.8 66 13.3 7 1.4

Warm 47 11.7 96 23.8 97 24.1 13 3.2

Hot 14 6.9 33 16.2 50 24.5 45 22.1

TPVs Cooler 24 9.7 34 13.7 69 27.8 50 20.2

A little cooler 24 6.9 72 20.8 95 27.5 11 3.2

As it is 52 12.0 146 33.6 34 7.8 3 0.7

A little warmer 26 11.7 69 30.9 29 13.0 6 2.7

Warmer 21 19.6 24 22.4 17 15.9 5 4.7

TA B L E  11   Frequency (%) of children’ ASVs based on Top and 
CO2

CO2 level 
(ppm) Top ASVs

Percent 
(%)

<1000 Top < 23°C Fresh or very fresh 53.0

OK 37.0

Stuffy or very stuffy 10.0

Top > 23°C Fresh or very fresh 41.4

OK 38.6

Stuffy or very stuffy 20.0

>1000 Top < 23°C Fresh or very fresh 36.7

OK 41.4

Stuffy or very stuffy 21.9

Top > 23°C Fresh or very fresh 28.7

OK 42.2

Stuffy or very stuffy 29.1

F I G U R E  1 5   ASV changes in different comfort groups
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3.6 | The impact of TSVs and ASVs on 
overall comfort

The study examines the effect of ASVs on different comfort groups 
as boxplots in Figure 15. Results of Kruskal-Wallis H test show 
that there is a statistically significant difference in mean and me-
dian of ASVs between different comfort groups during non-heating 
(χ2(4) = 48.5, P = .000) and heating (χ2(4) = 104.5, P = .000) seasons. 
Results show that when children are comfortable, mean ASVs are 
the most favorable (ASVNH = 2.6, ASVH = 2.4) and when children are 
not comfortable, mean ASVs are the least favorable (ASVNH = 3.2, 
ASVH = 3.7), Figure 15.

To examine the combined effect of ASVs and TSVs on comfort 
level, classrooms’ mean ASVs and TSVs for each comfort group are 
presented in Figure 16. As can be seen in Figure 16, range of TSVs 
and ASVs for “comfortable” children is narrower than that for “a lit-
tle comfortable” and “uncomfortable” children. Figure 16 shows that 
TSVs range from “−0.4 to +1” for comfortable votes, while they range 
from “−2 to +2” for uncomfortable votes. The difference between the 

range of TSVs for comfortable and uncomfortable votes is 2.6 [(−2 to 
2) - (−0.4 to 1)]. On the other hand, ASVs range from “+2.2 to +2.9” for 
comfortable votes, while they range from “+2.2 to +4” for uncomfort-
able votes. The difference between the range of ASVs for comfortable 
and not comfortable votes is 1.1 [(4-2.2) - (2.9-2.2)]. This suggests that 
changes in TSVs compared to ASVs are more significant in different 
comfort groups.

3.7 | Impact of CO2 levels, ASVs, and TSVs 
on Tiredness

The frequency (%) of children in each group of tiredness for differ-
ent IAQ categories is depicted in Figure 17. The result of chi-square 
test shows that there is a significant difference in frequency of (%) of 
tiredness groups in four categories of IAQ [X2(6, N = 1216) = 26.2, 
P < .001]. Figure 17 shows that as classrooms’ IAQ deteriorates 
from Category I to IV, the proportion of children feeling not tired 
decreases around 16% and the proportion of children feeling tired 

F I G U R E  1 6   The combined effect of 
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increases around 12%. In total, by improving classrooms’ IAQ from 
Category IV to I, 28% of tiredness votes can be improved.

To examine the combined effect of ASVs and TSVs on tiredness 
level, classrooms’ mean ASVs and TSVs for each tiredness group 
are presented in Figure 18. As shown in Figure 18, TSVs range from 
“−1 to +1.25” for the “not-tired” group, while it ranges from “−1 to 
+1.5” for the “tired” group. The difference between ranges of TSVs 
for tired and not-tired groups is 0.25 [(–1 to 1.5) - (−1 to 1.25)]. On 
the other hand, ASVs range from “+2.5 to +3” for the “not-tired” 
group, while they range from “+2 to +3.5” for the “tired” group. 
The difference between the range of ASVs for “not-tired” and 
“tired” groups is 1.1 [(3.5-2) - (3-2.5)]. This suggests that changes 
in ASVs compared to TSVs are more significant in different groups 
of tiredness.

This study shows that by the increase in CO2 levels, tiredness 
levels increase. Previous studies have also shown that higher CO2 
levels are related to higher tiredness29,65,96 and discomfort7,65 levels. 
It is important to reduce the CO2 level before discomfort and tired-
ness levels set in. An earlier study by authors using the same data 
set65 highlights that high CO2 levels in classrooms impact children's 
errors in responding; therefore, among children who provide invalid 
and inconsistent responses to questionnaires, around 80% are tired 
or a little tired. It is shown that at concentrations over 1000 ppm, 
failures in decision making start to show and that at 2500 ppm fail-
ure in decision making is clear.31 Coley et al (2007) show that in class-
rooms where CO2 levels are high, students are less attentive and 
cannot concentrate well on what the teacher is saying, which over 
time can have detrimental effects on their learning performance.32 
CO2 is seen as a harmless gas and is given little significance96; how-
ever, as it contributes directly to the loss of concentration and in-
creased tiredness,98 it should be regarded as a very significant air 
pollutant.96 By lowering CO2 levels and improving IAQ, children 
would feel more comfortable and less tired,7,65,96 which can conse-
quently increase their productivity and learning performance.31,99 

The importance of ensuring acceptable IAQ in classrooms is distin-
guished as a contributing factor to the learning performance of stu-
dents.100 Mechanisms that mediate the effects of thermal conditions 
and IAQ on performance are similar86; therefore, it is expected to 
improve both collectively.

4  | CONCLUSION

This paper has focused on factors influencing children's perception 
of IAQ in primary school classrooms during non-heating and heating 
seasons. The study suggests that children's perception of IAQ de-
pends on “at-the-time CO2 level” which refers to the last 5 minutes 
of CO2 measurement because children adapt to the classroom's IAQ 
after 5 minutes. Therefore, studying CO2 levels within short inter-
vals reflects children's perception of IAQ more reliably than looking 
at average CO2 levels.

This study also highlights that indoor operative temperature 
and perception of the thermal environment (Top and TSVs) impact 
children's perception of IAQ. High temperatures and children's 
poor perception of thermal environment reduce children's accep-
tance of IAQ, even when CO2 levels are within acceptable limits. 
Low CO2 levels fail to provide acceptable IAQ when children are 
thermally uncomfortable in classrooms. According to results of this 
study, children's perception of IAQ deteriorates significantly when 
CO2 level goes above 1000 ppm and the operative temperature 
goes above the upper limit of thermal comfort band (above 23°C 
in this study). When CO2 < 1000 ppm and Top < 23°C, only 10% of 
children have “Stuffy/Very stuffy” votes, while this amount triples 
when CO2 > 1000 ppm and Top > 23°C. These findings urge school 
stakeholders and especially building management systems (BMS) to 
control CO2 levels and indoor operative temperatures collectively 
to improve children's perception of IAQ. Standards and regulations 
should also consider both CO2 levels and Top to evaluate IAQ.

F I G U R E  1 8   The combined effect 
of ASVs and TSVs on different levels of 
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A B S T R A C T   

Indoor Environment Quality (IEQ) is grouped into four main categories: thermal comfort, indoor air quality 
(IAQ), visual and acoustic comfort. Individual aspects of IEQ are investigated to examine their impact on chil-
dren’s overall comfort in primary schools in the UK. This study has surveyed 805 children in 32 naturally 
ventilated classrooms during non-heating and heating seasons. This study has calculated the proportion of 
comfort votes by individual aspects of IEQ, predicted comfort votes by multilinear regression model and esti-
mated the probability of having uncomfortable votes by binary logistic regression. 

Results of this study highlight that the proportion of uncomfortable votes should be kept below 10%. The 
developed multilinear model suggests that for a unit change in Air Sensation Votes (ASVs) and operative tem-
peratures (Top), comfort votes change by 0.28 and 0.12, respectively. Developed multilinear and logistic 
regression models show that ASVs have a more significant impact on overall comfort than Top. To achieve 
acceptable comfortable votes and keep the probability of having uncomfortable votes below 10%, ASVs and Top 
should be kept within these limits: [ASV = very fresh and Top = 19–27 ◦C], [ASV = fresh and Top = 19–24 ◦C], 
and [ASV = OK and Top = 19–22 ◦C]. The ranges suggest that better perception of IAQ makes up for higher 
temperatures. It is advised to maintain individual aspects of IEQ, however, dissatisfaction with one aspect of IEQ 
does not necessarily result in overall discomfort unless that aspect is extremely unacceptable. Investigating the 
most influential factors on occupants’ comfort suggests which building controls should be prioritized for 
designers.   
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