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There is an increasing interest in how to create an effective and comfortable indoor 
environment for lecturers and students in higher education. To achieve evidence-based 
improvements in the indoor environmental quality (IEQ) of higher education learning 
environments, this research aimed to gain new knowledge for creating optimal indoor 
environmental conditions that best facilitate in-class activities, i.e. teaching and learning, 
and foster academic achievement. The academic performance of lecturers and students 
is subdivided into short-term academic performance, for example, during a lecture and 
long-term academic performance, during an academic course or year, for example. First, 
a systematic literature review was conducted to reveal the effect of indoor 
environmental quality in classrooms in higher education on the quality of teaching, the 
quality of learning, and students’ academic achievement. With the information gathered 
on the applied methods during the literature review, a systematic approach was 
developed and validated to capture the effect of the IEQ on the main outcomes. This 
approach enables research that aims to examine the effect of all four IEQ parameters, 
indoor air quality, thermal conditions, lighting conditions, and acoustic conditions on 
students’ perceptions, responses, and short-term academic performance in the context 
of higher education classrooms. Next, a field experiment was conducted, applying the 
validated systematic approach, to explore the effect of multiple indoor environmental 
parameters on students and their short-term academic performance in higher education. 
Finally, a qualitative case study gathered lecturers’ and students’ perceptions related to 
the IEQ. Furthermore, how these users interact with the environment to maintain an 
acceptable IEQ was studied. 

During the systematic literature review, multiple scientific databases were 
searched to identify relevant scientific evidence. After the screening process, 21 
publications were included. The collected evidence showed that IEQ can contribute 
positively to students’ academic achievement. However, it can also affect the 
performance of students negatively, even if the IEQ meets current standards for 
classrooms’ IEQ conditions. Not one optimal IEQ was identified after studying the 
evidence. Indoor environmental conditions in which students perform at their best differ 
and are task depended, indicating that classrooms should facilitate multiple indoor 
environmental conditions. Furthermore, the evidence provides practical information for 
improving the design of experimental studies, helps researchers in identifying relevant 
parameters, and lists methods to examine the influence of the IEQ on users. 

The measurement methods deduced from the included studies of the literature 
review, were used for the development of a systematic approach measuring classroom 
IEQ and students’ perceived IEQ, internal responses, and short-term academic 
performance. This approach allowed studying the effect of multiple IEQ parameters 
simultaneously and was tested in a pilot study during a regular academic course. The 
perceptions, internal responses, and short-term academic performance of participating 
students were measured. The results show associations between natural variations of the 
IEQ and students’ perceptions. These perceptions were associated with their physiological 
and cognitive responses. Furthermore, students’ perceived cognitive responses were 
associated with their short-term academic performance. These observed associations 
confirm the construct validity of the composed systematic approach.  
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This systematic approach was then applied in a field experiment, to explore the 
effect of multiple indoor environmental parameters on students and their short-term 
academic performance in higher education. A field study, with a between-groups 
experimental design, was conducted during a regular academic course in 2020-2021 to 
analyze the effect of different acoustic, lighting, and indoor air quality (IAQ) conditions. 
First, the reverberation time was manipulated to 0.4 s in the intervention condition 
(control condition 0.6 s). Second, the horizontal illuminance level was raised from 500 to 
750 lx in the intervention condition (control condition 500 lx). These conditions 
correspond with quality class A (intervention condition) and B (control condition), 
specified in Dutch IEQ guidelines for school buildings (2015). Third, the IAQ, which was 
~1100 ppm carbon dioxide (CO2), as a proxy for IAQ, was improved to CO2 concentrations 
under 800 ppm, meeting quality class A in both conditions. Students’ perceptions were 
measured during seven campaigns with a questionnaire; their actual cognitive and short-
term academic performances were evaluated with validated tests and an academic test, 
composed by the lecturer, as a subject-matter-expert on the taught topic, covered 
subjects discussed during the lecture. From 201 students 527 responses were collected 
and analyzed. A reduced RT in combination with raised HI improved students’ perceptions 
of the lighting environment, internal responses, and quality of learning. However, this 
experimental condition negatively influenced students’ ability to solve problems, while 
students' content-related test scores were not influenced. This shows that although 
quality class A conditions for RT and HI improved students’ perceptions, it did not 
influence their short-term academic performance. Furthermore, the benefits of reduced 
RT in combination with raised HI were not observed in improved IAQ conditions. Whether 
the sequential order of the experimental conditions is relevant in inducing these effects 
and/or whether improving two parameters is already beneficial, is unknown 

Finally, a qualitative case study explored lecturers’ and students’ perceptions of 
the IEQ of classrooms, which are suitable to give tutorials with a maximum capacity of 
about 30 students. Furthermore, how lecturers and students interact with this indoor 
environment to maintain an acceptable IEQ was examined. Eleven lecturers of the Hanze 
University of Applied Sciences (UAS), located in the northern part of the Netherlands, and 
twenty-four of its students participated in three focus group discussions. The findings 
show that lecturers and students experience poor thermal, lighting, acoustic, and IAQ 
conditions which may influence teaching and learning performance. Furthermore, 
maintaining acceptable thermal and IAQ conditions was difficult for lecturers as opening 
windows or doors caused noise disturbances. In uncomfortable conditions, lecturers may 
decide to pause earlier or shorten a lecture. When students experienced discomfort, it 
may affect their ability to concentrate, their emotional status, and their quality of 
learning. Acceptable air and thermal conditions in classrooms will mitigate the need to 
open windows and doors. This allows lecturers to keep doors and windows closed, 
combining better classroom conditions with neither noise disturbances nor related 
distractions. Designers and engineers should take these end users’ perceptions into 
account, often monitored by facility management (FM), during the renovation or 
construction of university buildings to achieve optimal IEQ conditions in higher education 
classrooms. 
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The results of these four studies indicate that there is not a one-size fits all indoor 
environmental quality to facilitate optimal in-class activities. Classrooms’ thermal 
environment should be effectively controlled with the option of a local (manual) 
intervention. Classrooms’ lighting conditions should also be adjustable, both in light color 
and light intensity. This enables lecturers to adjust the indoor environment to facilitate 
in-class activities optimally. Lecturers must be informed by the building operator, for 
example, professionals of the Facility Department, how to change classrooms’ IEQ 
settings. And this may differ per classroom because each building, in which the classroom 
is located, is operated differently apart from the classroom location in the building, 
exposure to the environment, and its use. The knowledge that has come available from 
this study, shows that optimal indoor environmental conditions can positively influence 
lecturers’ and students’ comfort, health, emotional balance, and performance. These 
outcomes have the capacity to contribute to an improved school climate and thus 
academic achievement. 
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In Nederland en daarbuiten is sprake van een toenemende belangstelling voor het 
creëren van een gezond en effectief binnenmilieu voor docenten en studenten in het 
hoger onderwijs. Binnen dit onderzoek is bewijs verzameld van interventies die leiden tot 
verbetering van de leeromgeving in het hoger onderwijs. Het onderzoek had tot doel 
nieuwe kennis te verwerven voor het creëren van optimale binnenmilieucondities die de 
activiteiten in de klas, d.w.z. het lesgeven en leren, het beste faciliteren en die de 
academische prestaties daarmee bevorderen. Met binnenmilieucondities wordt de 
binnenluchtkwaliteit, de thermische omgeving, het licht en de akoestische condities 
bedoeld. Met de academische prestatie van docenten en studenten wordt de prestaties 
op korte termijn, bijvoorbeeld tijdens een college, en de academische prestaties op lange 
termijn, bijvoorbeeld durende een cursus of een academisch jaar bedoeld. 

Het onderzoek is gestart met het uitvoeren van een systematisch 
literatuuronderzoek. Dit onderzoek richtte zich met name op het verzamelen van bewijs 
met betrekking tot het effect dat het binnenmilieu in klaslokalen voor het hoger onderwijs 
heeft op de kwaliteit van lesgeven, de kwaliteit van leren en de academische prestaties 
van studenten. Op basis van de uit de geïncludeerde studies afgeleide meetmethoden is 
vervolgens ook een systematische aanpak ontwikkeld en gevalideerd. Deze aanpak maakt 
onderzoek mogelijk naar het effect dat alle vier de binnenmilieu parameters in klaslokalen 
in het hoger onderwijs gelijktijdig hebben op het ervaren comfort, de lichamelijke, 
emotionele en cognitieve reacties en de academische prestaties van studenten. 
Vervolgens werd een veldexperiment uitgevoerd waarin met behulp van de gevalideerde 
systematische aanpak mogelijke positieve effecten van meerdere binnenmilieu 
parameters op studenten en hun academische prestaties zijn onderzocht. Ten slotte werd 
in een kwalitatieve casestudy de perceptie van docenten en studenten onderzocht met 
betrekking tot het binnenmilieu, hun interactie met deze omgeving en de wijze waarop 
zij een acceptabele kwaliteit van het binnenmilieu creëren of handhaven. 
 Tijdens de systematische literatuurstudie werden meerdere wetenschappelijke 
databases doorzocht om relevant wetenschappelijk bewijs te identificeren. Na de 
screening werden 21 publicaties opgenomen. Deze publicaties toonden aan dat het 
binnenmilieu positief kan bijdragen aan de academische prestaties van studenten. Echter, 
het binnenmilieu kan de prestaties van de studenten ook negatief beïnvloeden, zelfs als 
het binnenmilieu nog voldoet aan de huidige normen voor de binnenmilieu kwaliteit in 
klaslokalen. Op basis van het verzamelde bewijs kon worden vastgesteld dat er niet één 
bepaald binnenmilieu optimaal is voor het faciliteren van de verschillende activiteiten. De 
binnenmilieucondities waarin studenten het beste presteren, verschillen en zijn 
taakafhankelijk. Dit wijst erop dat in klaslokalen verschillende binnenmilieucondities 
moeten kunnen worden gecreëerd. Verder leverde het verzamelde bewijsmateriaal 
praktische informatie op voor het verbeteren van de opzet van experimentele studies, 
Verder kan het bewijsmateriaal onderzoekers helpen bij het vaststellen van relevante 
parameters. Tot slot geeft het bewijsmateriaal een overzicht van de verschillende 
methoden om de invloed van het binnenmilieu op studenten te onderzoeken. 

De meetmethoden, welke zijn afgeleid uit het verzamelde wetenschappelijke 
bewijs tijdens de systematische literatuurstudie, zijn vervolgens gebruikt voor de 
ontwikkeling van een systematische aanpak om de invloed van het binnenmilieu op het 
ervaren comfort, de fysieke gezondheid, de emotionele balans en de cognitieve en 
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academische prestatie van studenten te meten. Deze aanpak maakt het mogelijk om het 
effect van alle vier de binnenmilieu parameters tegelijkertijd te bestuderen. Vervolgens is 
deze aanpak getest in een pilotstudie. Het testen vond plaats tijdens een reguliere 
academische cursus. Het ervaren binnenmilieu comfort van studenten werd gemeten met 
een vragenlijst. Ook de interne reacties, waarmee studenten hun ervaren fysieke 
gezondheid, emotionele balans en cognitieve vermogen wordt bedoeld, werd gemeten 
met een vragenlijst. Ook is de academische prestatie van studenten gemeten door middel 
van een test. In deze test kwamen onderwerpen aan de orde die tijdens de les waren 
behandeld. De resultaten van deze pilotstudie lieten verbanden zien tussen natuurlijke 
variaties van de binnenmilieu kwaliteit en het door de studenten ervaren binnenmilieu. 
Het ervaren binnenmilieu hield ook verband met de ervaren gezondheid en het cognitieve 
vermogen van studenten. Bovendien werd een relatie vastgesteld tussen enerzijds het 
ervaren cognitieve vermogen van studenten en de score op de academische prestatie test 
anderzijds. Deze relaties bevestigden de constructvaliditeit van de ontwikkelde 
systematische aanpak.  

Deze systematische aanpak werd vervolgens toegepast in een veldexperiment 
om het effect van meerdere binnenmilieuparameters op studenten en hun academische 
prestaties in het hoger onderwijs te onderzoeken. Dit experiment had een ‘between-
subjects’ design, waarbij de student elke keer slechts één conditie ervaarde en vervolgens 
de verschillen tussen de gemiddelden van twee groepen studenten kon worden 
geanalyseerd. Dit experiment is uitgevoerd tijdens een reguliere academische cursus in 
2020-2021 om het effect van verschillende akoestische, verlichtings- en 
binnenluchtcondities te analyseren. Als eerste werd de nagalmtijd in een leslokaal 
gemanipuleerd tot 0,4 s in de interventieconditie en in de controleconditie tot 0,6 s. Na 
twee weken werd vervolgens de horizontale verlichtingssterkte verhoogd van 500 tot 750 
lx in de interventieconditie en in de controleconditie bleef deze 500 lx. Deze condities 
komen overeen met kwaliteitsklasse A voor de interventieconditie en met kwaliteitsklasse 
B voor de controle conditie. Deze kwaliteitsklassen zijn gespecificeerd in Nederlandse 
richtlijnen voor schoolgebouwen, het programma van eisen “Frisse Scholen” (2015). 
Tenslotte werd na twee weken ook de binnenluchtkwaliteit verbeterd. Deze 
binnenluchtkwaliteit was circa 1100 parts per million (ppm) kooldioxide (CO2). De CO2-
concentratie moet in dit kader worden gezien als een indicator voor de 
binnenluchtkwaliteit. In beide leslokalen werd deze binnenluchtkwaliteit verbeterd tot 
een CO2-concentratie lager dan 800 ppm CO2, waarmee in beide condities aan 
kwaliteitsklasse A van het programma van eisen “Frisse Scholen” werd voldaan. 
Percepties van de studenten werden gedurende deze zeven weken gemeten met een 
vragenlijst, ontleend aan de systematische aanpak. De feitelijke cognitieve en 
academische prestaties van de studenten op de korte termijn werden geëvalueerd met 
verschillende gevalideerde cognitieve testen en een academische test. Deze test 
behandelde onderwerpen die behandeld waren in de les. Van 201 studenten werden 527 
responses verzameld en geanalyseerd. Uit de resultaten bleek dat de verkorting van de 
nagalmtijd een positieve invloed had op de gepercipieerde cognitieve prestatie van de 
studenten. Een kortere nagalmtijd in combinatie met verbeterde lichtcondities 
beïnvloedde ook positief het gepercipieerde lichtcomfort van de studenten. Deze 
combinatie van factoren werd ook positief geassocieerd met de ervaren gezondheid van 
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de studenten, hun cognitieve vermogen, hun emotionele balans en de kwaliteit van het 
leren. Deze combinatie van factoren had echter een negatieve invloed op het vermogen 
van de studenten om problemen op te lossen, terwijl de academische testscore van de 
studenten niet werd beïnvloed. In de laatste drie weken, toen de luchtkwaliteit in zowel 
de interventie- als controlecondities was verbeterd, werden deze effecten echter niet 
waargenomen, terwijl er nog wel een verschil was tussen deze condities met betrekking 
tot de nagalmtijd en lichtcondities. Onbekend is of de opeenvolgende volgorde van de 
veranderingen van het binnenmilieu relevant is voor het teweegbrengen van deze 
effecten en of het verbeteren van twee binnenmilieu aspecten al gunstig is. Toekomstige 
studies zijn nodig om dit verder te onderzoeken. 

Ten slotte werd in een kwalitatieve casestudy de percepties van docenten en 
studenten onderzocht met betrekking tot het binnenmilieu in leslokalen, die geschikt zijn 
voor het geven van colleges met een maximale capaciteit van ongeveer 30 studenten. 
Verder is onderzocht hoe docenten en studenten een aanvaardbare kwaliteit van het 
binnenmilieu realiseren en handhaven in deze leslokalen. Voor deze studie werd een 
kwalitatieve onderzoeksaanpak toegepast om de ervaringen van docenten en studenten, 
gerelateerd aan het binnenmilieu in klaslokalen, te verzamelen. Elf docenten van de 
Hanzehogeschool Groningen werden individueel geïnterviewd en vierentwintig 
studenten van deze hogeschool namen deel aan drie focusgroep discussies. Op basis van 
de bevindingen van deze studie kon worden geconcludeerd dat docenten en studenten 
onacceptabele binnenluchtkwaliteit, thermische, licht en akoestische condities 
ervaarden, die vervolgens hun vermogen om les te geven en te leren negatief 
beïnvloedden. Bovendien was het voor docenten moeilijk om een acceptabele 
omgevingstemperatuur en binnenluchtkwaliteit te handhaven zonder ramen of deuren te 
openen. Het openen van ramen en deuren leidde vervolgens tot ervaren geluidsoverlast. 
In oncomfortabele binnenmilieu condities konden docenten besluiten om eerder dan 
gepland een pauze in te lassen of om de les eerder te laten eindigen. Wanneer studenten 
oncomfortabele condities ervaarden had dit een negatieve invloed op het 
concentratievermogen, de emotionele balans en het vermogen om te leren. Uit deze 
studie kwam ook naar voren dat het belangrijk is om aanvaardbare lucht- en 
omgevingstemperatuur condities in klaslokalen te realiseren. Dit vermindert de noodzaak 
om ramen en deuren te openen waardoor geluidsoverlast en daarmee samenhangende 
afleiding wordt voorkomen. Ontwerpers en ingenieurs kunnen zich laten inspireren door 
deze percepties van eindgebruikers, welke vaak worden verwoord door facility managers, 
te integreren tijdens renovatie- of nieuwbouwprojecten, met als doel om betere 
binnenmilieucondities te realiseren in klaslokalen voor het hoger onderwijs. 

De resultaten van deze vier studies geven aan dat er niet één standaard 
binnenmilieuconditie bestaat om optimaal verschillende activiteiten in leslokalen te 
faciliteren. De omgevingstemperatuur moet effectief worden geregeld, met daarnaast de 
mogelijkheid om deze (handmatig) aan te kunnen passen. Ook de verlichting moet kunnen 
worden aangepast, zowel in lichtkleur als in lichtintensiteit. Dit maakt het mogelijk voor 
docenten om het binnenmilieu aan te passen op de activiteit in het leslokaal, waarmee 
deze activiteit optimaal wordt gefaciliteerd. Verder moeten docenten door de beheerder 
van het gebouw, bijvoorbeeld het Facilitair Bedrijf, worden geïnformeerd over hoe 
lesactiviteiten optimaal kunnen worden gefaciliteerd en in het lokaal kunnen worden 
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gecreëerd. En dit kan per klaslokaal verschillen omdat tussen gebouw en lokalen 
verschillen zijn in de wijze waarop het binnenmilieu wordt geconditioneerd. De 
onderbouwing voor het creëren van verschillende binnenmilieucondities in klaslokalen 
wordt gegeven door de kennis die beschikbaar is gekomen uit dit onderzoek, wat heeft 
aangetoond dat optimale binnenmilieucondities een positieve invloed hebben op het 
comfort, de gezondheid, de emotionele balans en de academische prestaties van de 
docenten en studenten. Daarmee dragen deze uitkomsten bij aan het creëren van een 
beter schoolklimaat.  
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1.1 Introduction 
From a historical perspective, the environmental setting was carefully considered when 
lecturers and students met. For example, more than 2000 years ago, the school of 
Epicurus was founded and located in the ancient Greek city Melite. Although the school’s 
garden was located in the suburbs, Epicurus and his fellow philosophers spent their time 
preferably in the garden to study and discuss philosophy (Wycherley, 1959). Although 
after the rise of Christianity more and more school buildings were built in big cities, which 
were attached to churches and monasteries, these cities did not provide a healthy and 
comfortable climate for the students at all (Zeiler, 2022). From the beginning of the 
nineteenth century, schools for primary and secondary education had only one classroom 
with sometimes hundreds of children. The IEQ conditions in these classrooms were poor 
and children became ill. At that time in America and England “fresh-air-room” schools 
became popular. In these schools, teaching took place while the windows in the 
classrooms remained open and without heating of the classroom, even during cold days. 
Therefore, the indoor air quality remained “fresh” and “clean” (Kingsley & Dresslar, 1917).  
When designing school buildings in the early 20th century, the benefits of outside 
conditions were also acknowledged, due to health problems of pupils caused by the then-
prevailing tuberculosis. With the introduction of open-air schools, teaching outside was 
facilitated, like Epicurus did in ancient times. In the Netherlands, open-air schools were 
built, usually close to the sea or in the forest, where education was provided in the open 
air as much as possible to promote the health of pupils in primary education (Broekhuizen, 
2005). Although these schools were, first, designed for delicate children, around 1950 
open-air schools were also built to educate healthy children in rural areas. Outside 
conditions, in comparison to indoor conditions, improved not only students’ health, 
students’ ability to concentrate also improved (Broekhuizen, 2005). An example of how 
an architect in 1961 integrated outdoor conditions into a school design by building a 
permanent open-air classroom with a retractable roof is shown in Figure 1-1, which can 
be found in Leeuwarden, the Netherlands. The retractable roof prevented moving and 
covering of furniture and thus avoided turmoil while pupils and teachers could benefit 
from outside conditions (Broekhuizen, 2005).  

 
Figure 1-1 Classroom with a retractable roof. The left picture shows the roof covering the 
classroom. The right picture shows the roof in the rejected position (Photography: Mark 

P. Mobach). 
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To the best of our knowledge, no initiatives were deployed in the Netherlands to 
facilitate higher education with open-air schools in the Netherlands. However, the 
importance of the ability to concentrate in relation to student learning performance was 
at the beginning of the 20th century already characterized by Kingsley and Dresslar (1917, 
p. 259) as follows: “There is, perhaps, no better index of mental overwork than that 
furnished by lack of attention and failure of concentration. A teacher who is able to 
perceive the presence of either of these factors is possessed of the key to both successful 
teaching and the maintenance of healthful child development.” In 2018, at the start of 
this study, there were still concerns about the IEQ in schools. Although it was known for 
more than a decade that the IEQ should be improved (Haverinen-Shaughnessy et al., 
2004; Heschong, 2002), major problems were still identified in Europe regarding the IEQ 
in classrooms, which negatively affected the general well-being and comfort of users 
(European Commission's Directorates General for Health and Consumers & Joint Research 
Centre, 2014). In practice, facility managers of schools in higher education reported 
complaints from staff and students, such as poor air quality, too low or too high indoor 
temperatures, classroom noise, and light intensity. Furthermore, research in the 
Netherlands revealed that the IAQ in schools for secondary education was even worse, 
compared to the IAQ in primary schools (Meijer & Duijm, 2010); and there was no reason 
to assume that IEQ conditions in classrooms for higher education were better. Kok et al. 
(2015), for example, revealed that the IEQ of classrooms and buildings of 18 Dutch 
universities of applied sciences was rated the lowest of all facility aspects. 

To improve the IEQ in schools, the Dutch government issued a program of 
requirements (PoR) “Fresh Schools” (in Dutch “Frisse Scholen”) in 2008 (RVO, 2008), 
which was updated in 2015 and 2021 (RVO, 2021). These requirements for energy 
consumption and the IEQ have been formulated on the basis of consensus between the 
parties concerned and strive for a higher level of ambition than the minimum 
requirements, as listed in the Dutch national building code (“Building decree”), for school 
buildings to be built or renovated (BZK, 2012). Many of the contemporary and newly built 
school buildings, which apply these PoR “Fresh Schools”, are highly insulated and aim for 
net zero energy consumption. However, there is a danger that the focus on energy 
reduction leads to less attention towards the IEQ (Zeiler, 2022). Recently, and induced by 
the COVID-19 pandemic, research revealed again that the IEQ, and more specific the IAQ, 
in many schools is still insufficient (Ruimte-OK, 2021). The suggestion of a possible 
reduced attention and undeserved neglect towards the indoor environment is also 
confirmed in a recent publication, which covers 88 recent Dutch examples of inspirational 
learning environments for secondary and higher education, but not including the IEQ as 
one of the characteristics of a meaningful learning and working environment 
(Schooldomein, 2021). It is therefore relevant to renew attention to the IEQ conditions in 
schools and more specifically to those of classrooms for higher education.  
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1.2 Importance of classrooms’ environment 
 

We shape our school buildings, and afterwards our school buildings shape us 
 

Inspired by Winston Churchill (1945) 
 

In this study, it is pre-supposed that the environmental setting of classrooms is an 
important facilitator of the educational process. Ideally, school buildings in general and 
classrooms in particular should influence the educational process positively by providing 
a healthy and comfortable built environment, which in return will contribute to a positive 
school climate (Wang & Degol, 2016).  

This study focusses on the indoor environment in higher education classrooms, 
as part of the schools’ built environment. The following four conditions define the indoor 
environment of classrooms: (1) acoustics conditions, (2) indoor air quality (IAQ) 
conditions, (3) thermal conditions, and (4) visual conditions (Frontczak & Wargocki, 2011). 
Optimal indoor environmental quality (IEQ) conditions in school buildings foster students’ 
development and learning (Cohen, J. et al., 2009). However, the opposite is also true; 
uncomfortable and unhealthy IEQ conditions can affect students’ performance (Mendell 
& Heath, 2005). When students cannot perform to the best of their ability, it can have 
adverse effects on students and society (Wargocki et al., 2005). Mendell & Heat (2005, p. 
1) concluded that: “overall, evidence suggests that poor IEQ in schools is common and 
adversely influences the performance and attendance of students, primarily through 
health effects from indoor pollutants”. 

The built environment of schools refers to the whole range of physical properties 
of a classroom, where teaching and learning activities take place. It includes the physical 
characteristics of learning materials or tools (e.g., texture, color, size, shape, weight, and 
sound), the physical presence of other people, and the physical attributes of the built 
environment (e.g., volume, density, arrangement, indoor environment) (Choi, H. et al., 
2014). The indoor environment, as part of the school’s built environment, is accepted as 
being an independent variable that can positively influence academic outcomes (Choi et 
al., 2014). This leads to the assumption that this environment can be designed in such a 
way that it may improve the quality of in-class activities, which in turn may have a positive 
effect on the quality of learning, teaching, and academic achievement (Choi et al., 2014). 
Extensive empirical research has revealed a relation between features of school climate, 
e.g., the indoor environment, and student outcomes across academic, behavioral, and 
psychosocial domains (Wang & Degol, 2016). This relation between the indoor 
environment, in-class activities, and academic outcomes can be explained with the 
framework developed by Donabedian (1988). This framework defines a three-part 
approach to assess the quality of outcome, i.e., a good structure increases the likelihood 
of a good process, and a good process increases the likelihood of a good outcome. Figure 
1-2 shows this three-part approach to assess the quality of academic outcomes, when the 
indoor environment is treated as an independent variable of structure and when 
academic outcomes are related to students’ short and long-term academic performance.  
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Figure 1-2 Conceptual framework to understand relations between classrooms’ indoor 
environment, teaching and learning, and academic outcome, adapted from Donabedian 

(1988). 

 The assumed relations between classrooms’ indoor environment, as part of 
schools’ built environment, and classroom users, are elaborated in the next paragraph. 

 
1.3 Relations between classrooms’ indoor environment and users  

 
No matter what happens in the world of human beings, it happens in a spatial setting, 
and the design of that setting has a deep and persisting influence on the people in that 

setting 
 

Edward T. Hall (1966) 
 
To understand environment-user relationships, Bitner (1992) developed a framework 
within the context of service organizations, and identified five categories: (1) 
environmental dimensions, (2) holistic environment, (3) moderators, (4) internal 
responses, and (5) behavior. When applying these categories to an educational context, 
the environmental dimensions include all physical properties of the classroom, see 
paragraph 1.2. Although the dimensions of the built environment are being defined 
independently, it is important to recognize that they are perceived by lecturers and 
students as a holistic pattern of interdependent stimuli (Bitner, 1992).  

Lecturers and students receive information about the environment in which they 
teach and learn through their senses (Hall, 1966). Man’s sensors are the eyes, ears and 
nose (distance receptors) and membranes and muscles (immediate receptors). The last 
human receptor is the skin, both an immediate and a distance receptor because it is the 
chief organ of touch and it is sensitive to heat gain and loss (Hall, 1966). The environment, 
as observed by these human sensors, and the way the information of these sensors is 
processed by the central nervous system and the brain ultimately determine how 
students and lecturers experience the environment. Each dimension of the built 
environment may affect the overall perception independently and/or through its 
interactions with the other dimensions (Bitner, 1992).  

User experiences of the environment may differ individually, due to personal, 
social, and cultural differences (Bitner, 1992; Hall, 1966). The individual experience of the 
environment will lead to three types of internal responses: cognitive, emotional, and 
physiological, and are interdependent (Bitner, 1992; Choi et al., 2014). For example, if a 
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student can concentrate well, which is a cognitive response, this can also lead to a positive 
emotional response, e.g., feeling pleasant; vice versa.  

Environmental psychologists suggest that individuals react to places, e.g., 
classrooms, with two general and opposite forms of behavior: approach and avoidance 
(Mehrabian & Russell, 1974). Approach behaviors include all positive behaviors that might 
be directed at a particular place, such as the desire to stay, explore, work, and affiliate 
differences (Bitner, 1992). Avoidance behaviors reflect the opposite, in other words, a 
desire not to stay, explore, work, and affiliate. In addition to its effects on their individual 
behaviors, the classroom environment influences the nature and quality of the 
interactions between lecturer and student, such as participation, withdrawal and helping 
(Holahan, 1982). From an academic perspective, approach behaviors of lecturers and 
students and good interactions between and among them, increase the likelihood of good 
user outcomes regarding gained knowledge and developed skills (Wang & Degol, 2016). 
Figure 1-3 shows how classrooms’ indoor environment influences student and lecturer 
internal responses, behavior, and interactions between and among them.  

 
Figure 1-3 Relations between classrooms’ indoor environment, as part of classroom 

environment, student and lecturer responses, behavior, and interactions between and 
among them, adapted from Bitner (1992). 

This study explores the categories, as presented in Figure 1-3, i.e., classroom 
indoor environment and the perceived IEQ, perception, response, and behavior 
categories, including the assumed relations between and among them.  

 
1.4 Contribution to science and practice 
From a scientific perspective, there is a need to understand and quantify the influence of 
the presented categories in Figure 1-3 on academic achievement. Research over the last 
decade at schools shows that classroom conditions are far from optimal and in some cases 
even unhealthy and affect the performance of lecturers and students negatively 
(Haverinen-Shaughnessy et al., 2004). Although there is sufficient evidence, for example, 
that thermal conditions and indoor air quality do affect the performance of office work 
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and schoolwork; the evidence is often based on experiments in simulated environments, 
such as climate chambers (Wargocki & Wyon, 2017). These findings require validation in 
field intervention experiments in which the performance of real work is monitored 
quantitatively (Wargocki & Wyon, 2017). Furthermore, research in general does not 
consider the perception of positive stimuli. Therefore, there is a need for an adapted 
approach to evaluation of health and comfort of occupants in the indoor environment 
with real subjects (Bluyssen, 2010).  

From a practical perspective, this study provides information about evidence-
based improvements for users, interactions between users, and education outcomes. 
Different IEQ conditions in classrooms are examined and discussed in real-life settings. 
The examined IEQ conditions are derived from the Dutch program of requirements (PoR) 
“Fresh Schools” (in Dutch, “Frisse Scholen” (RVO, 2015). The requirements have been 
formulated on the basis of consensus between the parties concerned and strive for a 
higher level of ambition than the minimum requirements, as listed in European and Dutch 
guidelines for school buildings (BZK, 2012). The Dutch Chief Government Architect 
recommends that every municipality and every school management, when renovating or 
building a future-proof school, starts from the highest level of ambition, class A, labelled 
as “excellent”, or at least class B, which is labelled as “good”. The consequence of this 
recommendation is that school management must make a choice between class A or B 
requirements for the five listed themes in the PoR. Application of class A requirements 
will inevitability lead to higher initial building costs; however, what the benefits are for 
lecturers and students remains unclear. This study aimed to provide information to make 
a well-considered choice between class A and B requirements. Furthermore, this study 
provides a thorough and profound understanding of the perceptions of lecturers and 
students towards classrooms’ actual IEQ conditions and how these conditions influence 
the perceived quality of teaching and learning. Incorporation of these end-user 
perceptions in the renovation or construction of school buildings contributes to an 
improved school climate (Wang & Degol, 2016).  

The overall aim of this study is to gain new knowledge about optimal IEQ 
conditions that best facilitate teaching and learning in higher education, which positively 
influence the academic achievement of lecturers and students. To provide input, the 
following four research questions are answered: (1) What is known about how the indoor 
environment influences students and their academic achievement? (2) How can this 
influence be measured? (3) How can indoor environmental quality positively contribute 
to students’ comfort, health and academic achievement? And (4): How do indoor 
environmental classroom conditions influence teaching and learning in higher education? 
In total four propositions are examined: (1) the IEQ influences the quality of teaching; (2) 
the IEQ influences the quality of learning, (3) the IEQ influences the students’ academic 
achievement, and (4) indoor environmental conditions, meeting quality class A of the 
Dutch guidelines as compared to class B, have a positive effect on students’ perceptions, 
responses, and performance. The next paragraph of this chapter presents a brief outline 
of this thesis. 
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1.5 Outline of the thesis 
This thesis provides information about how the IEQ conditions in higher education 
classrooms influence students and lecturers in four main sections. Chapter 2 provides an 
insight into what is known about the influence of IEQ, based on the information available 
in scientific literature. Studies that examine the positive or negative effects of the IEQ in 
classrooms in higher education on the quality of teaching and learning and students’ 
academic achievement were identified, analyzed and summarized. Furthermore, the first, 
second and third propositions were examined in this study. Chapter 3 describes the 
development of a systematic approach, which give guidance to test the second and third 
propositions in practice. This approach was derived from methods, applied in the 
identified studies from literature which analyzed the influence of the IEQ on students and 
lecturers. The presented approach combines existing methods to enable studying the 
effects of all four IEQ parameters simultaneously on students’ perceptions, responses and 
academic achievement. Chapter 4 presents a field study that examined the influence of 
improved acoustic, lighting, and indoor air quality conditions on students’ comfort, 
internal responses, and short-term academic performance. For this study, the developed 
systematic approach was applied to study the effect of high-quality IEQ conditions, 
meeting quality class A of the Dutch guidelines, compared to those meeting quality class 
B of the Dutch guidelines. In addition, the fourth proposition was examined in this 
chapter. Chapter 5 provides insight into how lecturers and students perceive IEQ 
conditions in classrooms. The framework, which was developed during the composition 
of the systematic approach including all related topics to classrooms’ IEQ conditions, was 
used to identify and analyze the relations between the IEQ conditions and perceived 
comfort, health and academic achievement. Furthermore, this chapter outlines users’ 
preferences regarding optimal acoustic, indoor air quality, lighting, and thermal 
conditions in classrooms. Figure 1-4 visualizes the four main sections of this thesis. 
Chapter 6 presents the general discussion in which the key findings, practical 
implications, strengths, and limitations of this thesis are discussed and the final 
conclusions are presented.  
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Note: 
 
         The eye which represents the lighting environment visualizes humans’ internal cognitive responses 
 
         The ear which represents the acoustic environment visualizes humans’ internal physiological responses 
 
         The nose which represents the indoor air quality   visualizes humans’ internal emotional responses 
 
         The skin which represents the thermal environment 
 

Figure 1-4 Visualization of the four steps to determine which indoor environmental 
conditions best facilitate in-class activities and foster academic achievement in 

classrooms for higher education. 
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indoor environmental conditions affecting the academic achievement of students and 
teachers in higher education: A systematic literature review. Indoor Air, 31(2), 405-425. 
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2.1 Introduction 
In schools, students learn to form positive social relationships, gain independence, 
and develop emotionally, behaviorally, and cognitively (Cohen et al., 2009). The most 
important role for school management is to provide an optimal school climate that 
represents virtually every aspect of the school experience. This includes the quality of 
teaching and learning, school-community relationships, school organization, and the 
institutional and structural features of the school environment (Wang & Degol, 2016). This 
is also a challenge in the education at a college or university, hereafter referred to as 
higher education (Wæraas & Solbakk, 2009). To facilitate the school climate, higher 
education school management provides buildings, assets, and services for their 
employees and students. The role of facility management (FM) is to coordinate and 
maintain these assets and services (NEN-EN-ISO 41011, 2018). By doing so, FM influences 
a school’s ability to act proactively and meet all requirements to create a positive school 
climate (Wang & Degol, 2016). A positive school climate is associated with students’ 
healthy development and the retention of lecturers, and can even have a predictive value 
for the academic achievement of students (Cohen et al., 2009).In order to improve the 
effectiveness of this climate, FM has an active role in creating an optimal learning 
environment. This requires, among other things, appropriate ventilation, heating and air 
conditioning, ample forms of lighting, necessary acoustical control, and upkeep of 
maintenance (Wang & Degol, 2016). 

This study focusses on the indoor environment, which is a system of the indoor 
air quality (IAQ), thermal conditions, acoustic conditions, and lighting conditions 
(Frontczak & Wargocki, 2011). Many factors may influence the academic achievement of 
students (Lee, J. & Shute, 2010), but the indoor environmental quality (IEQ) in classrooms 
can potentially influence teaching and learning positively (Lee & Shute, 2010; Wargocki & 
Wyon, 2017), which in turn increases the likelihood of a better academic achievement of 
students, see Figure 2-1 (Wang & Degol, 2016). 

 
Figure 2-1 Conceptual framework for the influence of indoor environmental conditions on 

students’ academic achievement in schools (Wang & Degol, 2016). 

The IEQ addresses the subtle issues that influence how users experience an indoor space, 
for example, a classroom (Bitner, 1992).The IEQ results from a variety of pollutants or 
other determinants that can be caused by all four indoor environmental parameters. In 
this context, occupants’ comfort depends on the actual indoor environmental conditions 
and personal demographic characteristics, such as gender and age (Frontczak & Wargocki, 
2011). In addition, it depends on psychobiological processes, such as arousal and stress, and 
psychological processes, such as perceived control and attention (Veitch, 2001). Moreover, 
the IEQ to which lecturers and students are exposed, can affect teaching effectiveness 
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and instructional practices (Dawson & Parker, 1998), which in turn can affect students’ 
academic achievement (Wang & Degol, 2016). A study of Kok et al.(2015) showed, for 
example, a statistically significant positive relationship between lecturers’ perceptions of 
classrooms’ lighting and acoustic conditions and study success. Also, the IEQ can influence 
users’ task performance, communication and social interaction, mood, and health and 
safety at school (Fisk et al., 2019; Frontczak & Wargocki, 2011; Wang & Degol, 2016). This 
influence has often been examined by analyzing the effect of one parameter (Frontczak 
& Wargocki, 2011). In 2016, Wargocki and Wyon analyzed the combined effect of thermal 
comfort and IAQ on humans’ short-term cognitive performance (Wargocki & Wyon, 
2017). These researchers identified the following human mechanisms which are affected 
by both thermal and IAQ conditions: distraction and attention, motivation, arousal, 
neurobehavioral symptoms, and acute health symptoms. Moreover, lighting conditions, 
for example, can affect mental alertness and cognitive performance (Chellappa et al., 
2011); and annoyance and distraction can be caused by poor acoustic conditions 
(Maxwell, 2009). Furthermore, a poor IEQ can cause adverse health outcomes, which can 
cause sick leave and impaired academic achievement (Mendell & Heath, 2005). Students’ 
academic achievement also depends on how lecturers use all resources to improve in-
class activities (Wang & Degol, 2016). Finally, it depends on the students’ ability to 
concentrate and think clearly, as these aspects together influence the in-class academic 
performance of students (Wargocki & Wyon, 2017). Therefore, to assess both the 
individual and the combined influences of all four indoor environmental parameters on 
the quality of teaching and learning and students’ academic achievement is a worthwhile 
exercise. 

At this moment, there are no specific guidelines available for higher education 
school buildings. The focus of earlier research, for example addressing the IAQ, was mainly 
on pupils in primary and secondary education (Fisk, 2017). Based on the outcome of this 
research, specific IEQ guidelines for pupils of primary and secondary schools were 
developed (RVO, 2008). However, facilitating young adults (aged 18-25 years) and 
lecturers (aged 25-65 years) in higher education might require a different IEQ in which 
they can perform optimally. In order to support initiatives, which aim to develop specific 
IEQ guidelines for higher education school buildings, this review aims to provide an 
overview of how classroom indoor environmental conditions influence the quality of 
teaching and learning and students’ academic achievement in higher education. 

The following research question is explored in this review: What is the effect of 
IEQ in classrooms in higher education on the quality of teaching and learning, and 
students’ academic achievement? In addition, three propositions will be examined: (a) 
the IEQ influences the quality of teaching; (b) the IEQ influences the quality of learning, 
and (c) the IEQ influences the students’ academic achievement. In addition, in the context 
of this study, the quality of teaching and learning is operationalized by how lecturers and 
students perceive teaching quality, learning quality, and their physical and mental health. 
Students’ academic achievement refers to their short-term and long-term academic 
performance.2 Short-term academic performance is often quantified with cognitive 
performance tests or with the use of school exercises (Wargocki et al., 2002; Wargocki & 
Wyon, 2017) Long-term academic performance focusses on the performance of students 
for a course or academic year (Gaihre et al., 2014; Pawlowska et al., 2014). 
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2.2 Methodology 
We applied the Cochrane Collaboration Method to identify relevant literature for review 
(Alderson et al., 2004). We included laboratory experiments and field experiments; results 
obtained in both settings can reveal how the IEQ influences the quality of teaching and 
learning and students’ academic achievement. Included were studies that addressed 
students and lecturers in higher education with no physical disabilities (e.g., diseases, 
blindness, and under sedation) or mental disabilities (e.g., auditory processing disorder, 
attention disorders, and dyslexia) and that are written in English. In addition, we included 
studies that addressed the physical environmental conditions in combination with 
physiological conditions (e.g., attention, comfort, discomfort, illness, stress, and vitality), 
affective responses (e.g., perceived mood and emotions), or the influence on teaching, 
learning, or academic achievement. We did not apply any restrictions with regard to the 
publication year and searched relevant databases until the 20th of May 2020. We 
identified potentially relevant literature through computerized searches in the following 
databases: Web of Science, Scopus, Emerald Insight, Wiley Online Library, Sage, PubMed, 
and 27 EBSCOhost databases (i.e., Academic Search Premier, ERIC, APA PsycINFO, Teacher 
Reference Center), which were searched simultaneously. For the search, we used 
keywords that are related to classrooms in higher education, IEQ, teaching, learning, and 
students’ academic achievement. Appendix 1 presents an overview of the used keywords 
during the search. The used search strings can be found in Appendix 2. 

The search through the selected databases yielded 2501 publications, which were 
imported in RefWorks. After removing duplicates (n = 608), we analyzed the relevance of 
the selected publications. When the title, keywords, or abstract did not give any indication 
that indoor environmental conditions were studied, the publication was excluded (n = 
1512). These publications emerged in the primary search because one or more keywords 
were used in a different context. For instance, a study used the word “light” or “noisy” as 
an adjective, or the word “illuminate” was used as a synonym for “illustrate” or 
“embellish.” We also excluded publications that addressed only the physical indoor 
environmental conditions, or other types of building performance (e.g., energy 
consumption and sustainability) without analyzing the effect on teaching, learning, or 
academic achievement (n = 135). Finally, we excluded publications that addressed 
humans with physical or mental disabilities (n = 44), and publications that did not address 
classrooms in higher education (n = 131). All publications not written in English were 
excluded (n = 8). In total, 63 publications were included after this selection stage. 

As a final selection stage, the relevance and quality of the 63 remaining 
publications were determined. To assess the relevance of the included publications, the 
context and scope of the study were assessed. The context of the study was high when 
the influence of multiple indoor environmental conditions on the quality of teaching, 
learning, or academic achievement was analyzed. In addition, the scope of the study was 
high if the study analyzed indoor environmental conditions and assessed the impact of 
these conditions on the performance of lecturers or students. Moreover, the reliability 
and the methodological quality of the study were analyzed to assess the quality of the 
study. The reliability of the study was high when it was published in a peer-reviewed 
journal and provided detailed information about the sample (e.g., sample size, gender, 
age, and standard deviation). The methodological quality was high when the 
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methodological section in the study described in detail how the research was conducted 
and when the applied tests or questionnaires were available. In addition, this quality was 
high when the study provided detailed information about the accuracy of used measuring 
equipment and how the measurements were performed in the classroom (e.g., position, 
number of measurements, and measuring height). Finally, the methodological relevance 
was high when three or more key performance indicators of the targeted four indoor 
environmental parameters were measured, because these studies may reveal, in 
particular, the combined influence of the indoor environment. 

Independently, the authors scored publications, compared the individual scores, 
and adjusted the rubrics of the assessment tool. Appendix 3 presents the authors’ final 
version of the assessment procedure, which was used for scoring the relevance and 
quality of all publications. The context, scope, reliability, and methodological quality 
scores were expressed in a percentage of the maximum score (100 percent). Studies with 
a relevance and quality (RQ) score lower than 60 percent were excluded (n = 44). Through 
hand-searching, using the title of the study in Google Scholar, two additional studies have 
been identified. These studies addressed the same research as the, through the 
systematic search, identified publication; however, they contain additional and relevant 
information. The first study added is the doctoral thesis of and complements the study of 
Ahmed et al.(2017). The second study is of Mishra et al.(2017) and complements the study 
of Kooi et al.(2017). Figure 2-2 summarizes all different selection stages during the 
screening process, which eventually led to the identification of the 21 included studies. If 
an included study examined students’ and lecturers’ comfort and health, this is linked to 
the quality of teaching or learning. Examined students’ cognitive performance, for 
example, attention or concentration tests, and students’ score on school tests, for 
example, calculation and reading tests, was classified as short-term academic 
performance. Students’ grades of a course or academic year were classified as long-term 
academic performance. Reported statistical significant effects of different IEQ conditions 
on students’ academic achievement were quantified by calculating the increase or loss of 
the reported performance, based on the scores presented. 
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Figure 2-2 Flowchart of the screening process of the literature. 

 
2.3 Results 
Figure 2-3 shows the development in time of the distribution of the 63 identified studies, 
before the final selection stage and the distribution with respect to the studied indoor 
environmental parameters. The number of identified publications in relation to the year 
of publication indicates a growing interest in the influence of the IEQ on learning and 
academic achievement. Three studies addressed all four environmental parameters on 
the quality of teaching, learning, or academic achievement. The results of this review were 
derived from 19 identified and two additional studies of high quality and relevance with 
a RQ-score of 60 % of higher. 

Table 2-1 and Table 2-2 describe key features of the 21 included studies. We 
derived the table layout of Table 2-1 from the way Mendell and Heath (2005) and 
presented their results. Table 2-1 presents the direct associations between indoor 
environmental conditions and students’ academic performance. Table 2-2 presents direct 
associations between actual or perceived indoor environmental conditions and perceived 
academic performance, physical health, or comfort.  
The results are presented on the basis of the RQ-score, beginning with the study with the 
highest score, and include the main findings of the influence of the IEQ on lecturers’ and 
students’ health and comfort and students’ academic performance. Appendix 4 provides 
additional details on these studies, including information about the age of participants, 
measured indoor environmental performance indicators, and studied outcomes. 
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Figure 2-3 The number of studies addressing the IEQ in classrooms in higher education, 
the distribution over the indoor environmental parameters, and the distribution over the 

years. 

 
Table 2-1 Findings from research on direct associations between indoor environmental 

conditions and students’ academic performance. See footnote to table for the 
explanation of all variables and symbols used.  
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Ahmed et al. 
(2017) 
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Table 2-1 continued. 
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Concentrate
d and 
distributive 
attention 
test 

Romania 
(Timisoara)  

cc ♀♂ S 18 qE @ 85 

↓ ↑   ↓         

Sarbu and 
Pacurar 
(2015) 

Distributive 
attention 
test 

↓ ↑   ↓         

Number of 
hits in 
performance 
test 

Brazil cc ♀♂ S 84 qE @ 85 

↕               

Siqueira et 
al. (2017) 

Time spent 
on 
performance 
test 

↑               

Perception 
test 

China cc ♀♂ S 10 qE @ 85 ↓ ↓      ↓ ↑  Xiong et al. 
(2018) 

Memory test ↑     ↓   
Problem-
solving test 

↓ ↓      ↓ ↑  

Attention-
oriented test  ↑    ↓ ↑  

Recognition 
rate 

China l ♀♂ S 8 qE @ 85             ↓   Yan et al. 
(2012) 

Short-term 
memory and 
verbal ability 
test 

Italy 
(Lombardia) 

cc ♀♂ S 20 qE @ 81 

↓               

Barbic et al. 
(2019) 

Reasoning 
test ↕               

Knowledge 
test (exam 
score) 

USA 
(Amherst) 

c ♀♂ S 409 C @ 79 
↓ ↓             

Hoque et al. 
(2016) 

Perception 
test 

Saudi Arabia 
(Riyadh) 

l S 40 qE @ 79 ↓ ↓             Almaqra et 
al. (2019) 

Lexical 
decision test 

USA  cc 
 

♀♂ S  158  E    
  

69            ↓     
Shelton et 
al. (2009) 
  Knowledge 

test 
          ↓     

Knowledge 
test 
  

USA cc ♀♂ S 71 E   66 

          

↓ 

    

End et al. 
(2010) 
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Table 2-1 continued. 

 Study features 
Effect of indoor environmental 

parameter Reference 
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Attention 
test 

Colombia 
(Bogotá) 

cc ♀♂ S 141 qE   60 
          ↓     

Castro-
Martínez et 
al. (2016) 

Note: Geographic location: country (place or region if reported). 
Setting: c = classroom; cc = controlled classroom; l = laboratory or climate chamber. 
Subject: ♀ = female participants; ♂ = male participants; S = students; T = lecturers. 
Design: E = experiment, qE = quasi-experiment, C = cohort. 
RQ: relevance and quality score in %. 
Key confounders: @ = key confounders are controlled. 
Effect of indoor environmental parameter: ↓ = negative effect; ↑ = positive effect; ↕ = no effect; red marking = negative 
effect (p ≤ 0.05); green marking = positive effect (p ≤ 0.05); no marking = no statistical significant effect (p > 0.05 or not 
reported).  
Correlation: + = positive correlation;  - = negative correlation green signifies included and measured; * = p ≤ 0.05; ** = p ≤ 
0.01; *** = p ≤ 0.001; ○ = p > 0.05;  x = not reported or no correlation. 
 

Table 2-2 Findings from research on direct associations between actual or perceived 
indoor environmental conditions and perceived academic performance, physical health 

or comfort. See footnote to Table 1 for the explanation of all variables and symbols used. 

 Study Features Association Reference 
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Accuracy in 
cognitive 
performance 
tasks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Saudi Arabia, 
(Jeddah) 

 

cc ♀ S 499 C @ 92 Thermal sensation slightly 
warm, cool and slightly 
cool have a positive effect 
on the outcome 
compared to thermal 
neutral sensation  

 +*** Ahmed et 
al. (2017) 

Thermal sensation cold 
and thermal discomfort 
that attributes to inability 
to focus and numbness in 
fingers have a negative 
effect on the outcome 
compared to thermal 
neutral sensation 

 -*** 

Reported symptoms of 
headache, dizziness, 
heaviness on head, 
confusion, difficulty 
thinking, difficulty 
concentrating and fatigue 
have a negative effect on 
the outcome compared 
to no reported symptoms 

 -*** 
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Table 2-2 continued. 

 
Study Features Association Reference 
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Heart rate  Brazil cc ♀♂ 
S 

84 qE @ 85 An air temperature of 
27.95°C (globe 
temperature 25.50°C) 
increases the heart rate 
compared to an air 
temperature of 22.60°C 
(globe temperature 
23.11°C) 

 +* Siqueira et 
al. (2017) 

Error rate and 
cognitive 
performance 

Thermal discomfort has a 
negative effect on the 
outcome compared to a 
thermal neutral sensation 

 -* 

Blood pressure 
 
 
  

Thermal discomfort has a 
negative effect on the 
outcome compared to a 
thermal neutral sensation  

 -* 

Saliva cortisol 
concentration 

Sweden 
(Helsingborg)  

cc ♀♂ 
S 

72 qE @ 83 The effect of a LED 
lighting system compared 
to a T5 lighting system on 
saliva cortisol 
concentration 

 +*/ x Gentile et 
al. (2018) 

Perceived 
mood and light 
perception 

The effect of a LED 
lighting system compared 
to a T5 lighting system on 
perceived strength and 
quality of lighting 
conditions 

 +*** 

Heart rate 
 
 
 

Italy 
(Lombardia) 

cc ♀♂ 
S 

20 qE @ 81 Thermal discomfort has a 
negative effect on the 
outcome compared to a 
thermal neutral sensation 

 -*** Barbic et 
al. (2019) 
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Table 2-2 continued. 
Study Features Association Reference 
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Melatonin 
concentration 
in blood and 
subjective 
perception of 
sleepiness 

Republic of 
Korea 
(Daejeon) 

cc ♀♂
S 

15 qE @ 79 The effect of exposure to 
blue-enriched white light 
with a color temperature 
of 6,500 K at an 
illuminance level of 500 lx 
causes a decline of the 
outcome compared to 
exposure to warm white 
light with a color 
temperature of 3,500 K at 
an illuminance level of 
500 lx 

 -* Choi et al. 
(2019) 

Perceived 
alertness, 
mood, and 
visual comfort 

The effect of exposure to 
blue-enriched white light 
with a color temperature 
of 6,500 K at an 
illuminance level of 500 lx 
has a positive effect on 
the outcome compared 
to exposure to warm 
white light with a color 
temperature of 3,500 K at 
an illuminance level of 
500 lx 

 +* 

Cortisol 
concentration 
in blood  

No effect was observed 
on the outcome if 
participants were 
exposed to blue-enriched 
white light with a color 
temperature of 6,500 K at 
an illuminance level of 
500 lx compared to when 
they were exposed to 
warm white light with a 
color temperature of 
3,500 K at an illuminance 
level of 500 lx  

 -

Actual thermal 
sensation 

The 
Netherlands 
(Eindhoven) 

c ♀♂
S 

384 C @ 71 Even when thermal 
conditions during class 
did not change much, 
thermal perception was 
different at class entry 
compared to thermal 
perception after the first 
45 min  

 * Mishra et 
al. (2017) 
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Table 2-2 continued. 
Study Features Association Reference 
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Perceived IAQ  Sweden 
(Lund) 

cc ♀♂
S 

232 qE @ 70 A carbon dioxide 
demand-controlled 
variable air flow 
ventilation system has a 
positive effect on the 
outcome compared to a 
ventilation system with a 
constant air flow 

 +* Norbäck 
et al. 
(2013) 

Self-reported 
headache and 
tiredness 

 +** 

Satisfaction 
with IAQ 

China  
(Xi’an) 

c ♀♂
S 

992 C 66 There was no relation 
observed between actual 
CO2 concentration and 
perceived IAQ 

 x Liu et al. 
(2008) 

Actual thermal 
sensation 

A relationship was 
observed between actual 
thermal sensation and 
perceived IAQ 

 +* 

Fundamental 
frequency, 
vocal intensity, 
percentage of 
phonation, 
cycle dose 

Brazil  
(Belo 
Horizonte)  

cc ♀ T 27 qE 65 Noisy conditions of 76.0 
dB have a negative 
influence on the 
outcomes compared to 
more quiet conditions at 
43.92 dB  

 -*** Rabelo et 
al. (2019) 

Self-reported 
academic 
performance 

China 
(Hong Kong) 

cc ♀♂
S 

312 C 62 Increasing numbers of 
complains about the IEQ 
have a negative effect on 
the self-reported 
academic performance 

 -* Lee et al. 
(2012) 

Note: See footnote to Table 2-1 for the explanation of all variables and symbols used. 

Ahmed et al. (2017) studied the individual and combined effect of different air 
temperatures, carbon dioxide concentrations (CO2), and perceived thermal sensation 
on the cognitive performance of 499 female students in Saudi Arabia. Participants were 
exposed to different indoor environmental conditions in two identical university 
classrooms. This exposure revealed that air temperature affects the accuracy of tasks 
differently according to the type of task while cognitive performance in all tasks improved 
significantly (p < 0.001) when CO2 levels decreased from 1800 to 600 ppm and from 
1000 to 600 ppm. Although students’ accuracy in complex and vigilance tasks was the 
highest at an air temperature of 20°, the highest accuracy for memory tasks was 
observed at an air temperature of 23°C, compared to 20 and 25°C (p < 0.001). 

Sarbu and Pacurar (2015) analyzed students’ concentrated and distributive 
attention test scores in relation to air temperature, relative humidity, and CO2 
concentration. Students’ cognitive performance peaked at temperatures between 24 and 
26°C, a relative humidity of approximately 60 %, and a CO2 level of approximately 500 
ppm. Although the sample size of this experiment was relatively small (n = 18), the 
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researchers report correlations between the observed indoor environmental parameters 
and students’ cognitive performance.  

Siqueira et al. (2017) tested the cognitive performance of 84 students by means 
of five different tests in a computer classroom. In addition, the impact on students’ health 
was analyzed by measuring their heart rate. An average score was calculated for the 
number of hits and the time required. The results showed that the number of hits was 
similarly distributed over the 3 days of testing and an average air temperature of 22.60°C 
(Day 1), 23.24°C (Day 2), and 27.95°C (Day 3). The total time spent decreased significantly 
(p < 0.05) over the experimental period. The researchers reported that this effect could 
have been caused by the students wanting to leave the uncomfortable warm environment 
more quickly. The thermal conditions of the environment are factors that may affect 
cardiovascular parameters. The heart rate of the students increased with 8% (p < 0.05) 
at the end of the cognitive activity at Day 3 compared to Day 1 and with 7% (p < 0.05) 
compared to Day 2. An air temperature of 23.3°C was associated with thermal neutral 
sensation. 

Xiong et al.(2018) explored the impact of three indoor environmental parameters, 
that is, thermal, acoustic, and visual conditions, on learning efficiency in an environment-
controlled university classroom. Five female and five male students were exposed to three 
different air temperatures, three different desk illuminance levels, and three different 
noise levels. Students’ cognitive performance was measured for each condition with four 
different cognitive function tests. For the perception-oriented task, students scored 
highest at a temperature of 22°C, an illuminance level of 2200 lx, and a background noise 
level of 50 dB(A). The scores of a memory-oriented task were the highest at 27°C, 300 lx, 
and 50 dB(A). At 22°C, 300 lx, and 40 dB(A) students scored the highest for a problem-
solving task. The final task, the attention-solving task, was performed the best at 17°C, 
2200 lx, and 40 dB(A). The memory-oriented task was the only experiment in which 
students’ cognitive performance was affected by all three indoor environmental 
parameters (p < 0.05). Analyses of the results showed that cognitive performance can 
decline with as much as 52 %, when conditions were the worst. Table 3 presents an 
overview of the quantified combined effect, of an intervention IEQ condition compared 
with the optimal IEQ condition, on cognitive performance tasks. 

Yan et al. (2012) used students’ recognition rate, as an indicator for cognitive 
performance, to determine possible differences between different fluorescent lighting 
(color temperatures of 2700, 4000, and 6500K) with the same color rendering index (≥80) 
and luminous values, which were kept constant between 4050 lumen and 4450 lumen. 
Although the experiment was not conducted in a classroom and with a relative small sample 
size (n = 8), the results indicated that of the three color temperature lamps used, the 
fluorescent lamp of 4000K was the most suitable classroom light source. The best color 
temperature combination was 4000K for classroom light, matched to 2700K for 
chalkboard light and compared with the worst combination the average recognition rate 
was 23 % higher. 
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Table 2-3 Overview of combined effects of two or more indoor environmental 
parameters on cognitive performance. See footnote to Table for the explanation of all 

variables and symbols used. 

Optimal IEQ condition Intervention IEQ condition Reference 
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Average score cognitive 
performance tasks 

600 20 1000 23 12 Ahmed et al. 
(2017) 

Average score cognitive 
performance tasks 

600 20 1800 25 23 

Memory-oriented task 27 300 50 22 60 70 47 Xiong et al. 
(2018) 

Perception-oriented task 22 2200 50 27 2200 40 32 

Problem-solving-
oriented task 

22 300 40 22 60 70 42 

Note: Condition: IAQ = indoor air quality; TC = thermal conditions; LC = lighting conditions; AC = acoustic conditions.  
Effect: red marking: negative effect (p < 0.05).

Gentile et al. (2018) compared a direct/indirect T5 lighting system to a new 
completely indirect LED lighting system, which was installed in four identical school 
classrooms. Besides the electricity consumption, saliva cortisol concentration, as an 
indicator of students’ health, and mood and light perception, as indicators for students’ 
comfort, of 83 students were analyzed. The perceived strength of lighting of the 
experimental LED lighting conditions was significantly higher (p < 0.001) than that of 
the control lighting conditions, although the maintained horizontal illuminance level was 
the same in both lighting conditions. Furthermore, no general effects on the level of the 
stress hormones, that is, cortisol, were observed over the whole observation period. 
However, during the dark months, the experimental LED system better-supported 
students’ stress hormones suppression (p < 0.05), but it was not clear whether this effect 
was caused by the different light source, the light distribution, or a combination of both.  

Barbic et al. (2019) analyzed the impact of thermal conditions on students’ 
health, comfort, and cognitive performance. Twenty students underwent a continuous 
single-lead electrocardiogram recording during a two-hour lecture, on two different days 
with different classroom temperatures, respectively, 22.4 and 26.2°C. On the second 
day, most students experienced thermal discomfort, the difference between Day 1 and 
Day 2 was significant (p < 0.0001). This difference in thermal discomfort on Day 2 
led to a decline of cognitive functions short-term memory (−12 %, p = 0.007) and 
verbal ability (−24 %, p < 0.001). There was no decline of the cognitive function 
reasoning, on the contrary, there was an improvement of 1 %, but this effect was 
not significant (p = 0.92). The researchers did not report any health risks, caused by the 
experienced thermal discomfort on Day 2. However, this discomfort on Day 2 was 
associated with a higher cardiac sympathetic modulation, as indicated by higher values of 
heart rate (+10 %, p < 0.001), which may have adversely influenced the cognitive 
performance of the students.  



2 

Systematic literature review 

41 

Choi et al. (2019) analyzed the impact of different lighting conditions on 
students’ health, by analyzing students’ melatonin concentration in blood and their 
perceived health, by analyzing their mood and sleepiness. In addition, students’ 
perceived visual comfort and cognitive performance, by analyzing their perceived 
alertness, were collected of 15 students, who participated in this research. The 
researchers found that blue-enriched LED light exposure might be an effective potential 
countermeasure for morning drowsiness and dozing off in class, particularly in schools 
with insufficient daylight. The researchers reported correlations between blue-enriched 
LED light exposure and melatonin concentration in blood, subjective perception of 
sleepiness, perceived alertness, mood, and visual comfort (p < 0.05). From an educational 
standpoint, however, warm white light has been reported to provide a relaxing 
environment and support communication. Therefore, the application of blue-enriched 
white light requires careful consideration and the authors’ advice is to incorporate this 
light appropriately according to learning activities or to apply an auto-dimming feature 
in which the warm white light gradually changes to blue-enriched white light after its 
prolonged use during the morning. 

Hoque and Weil (2016) examined the thermal environment, thermal comfort, and 
test scores of 409 students. The aim of this study was to quantify the relationship between 
the air temperature, humidity, air speed, and perceived comfort and students’ test score, 
as an indicator of their short-term academic performance. The researchers found that 
students who felt thermal discomfort performed worse on tests than those with no 
thermal discomfort (p < 0.001). Table 2-4 presents a summary of the effect of thermal 
sensation on different tasks and academic test scores. 

Table 2-4 Effect of thermal sensation on different tasks and academic test scores. See 
footnote to the table for the explanation of symbols used. 

Thermal sensation Reference 

Ta
sk

 

Co
ld

 

Co
ol

 

Sl
ig

ht
ly

 
co

ol
 

N
eu

tr
al

 

Sl
ig

ht
ly

 
w

ar
m

 

W
ar

m
 

H
ot

 

Au
th

or
 

Accuracy on vigilance tasks 10 % 1.5 % 2 % 1 7 % 12 % 16 % Ahmed et al. 
(2017) Memory-oriented tasks/learning 

tasks 
11 % 1 % 2 % 1 0.5 % 14 % 22 % 

Academic test scores 16 % 9 % 9 % 16 % Hoque et al. 
(2016) 

Note: 1 = reference score; red marking = negative effect (p < 0.001); green marking = positive effect (p < 0.001). 

Almaqra et al. (2019) analyzed thermal conditions and caffeine intake on 
students’ cognitive performance, by analyzing students’ score on a Stroop test, which is a 
perception-orientated test. The researchers concluded that an increase of caffeine intake 
did not significantly improve the cognitive performance of the 40 students, who 
participated in this study. However, the relationship between air temperature and 
performance appeared to be nonlinear. Students’ cognitive performance peaked at 23°C 
and declined with 48 % at a higher temperature of 30°C, and with 29 % at a lower 
temperature of 16°C (p < 0.001). 
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Bajc et al. (2018) measured the short-term academic performance of 240 
students and related this performance to their perceived thermal comfort. To determine 
possible performance loss, students had to perform a listening exercise. The results 
indicated that personal feelings regarding thermal comfort in buildings are strongly 
subjective. In addition, the results indicated that performance and performance loss are 
not just a function of the predicted mean vote (PMV) index, and no simple relation in real 
conditions can link productivity loss of students with the PMV index alone. 

Mishra et al. (2017) and Kooi et al. (2017) studied the effect of temporal 
transitions on the perceived thermal comfort of 384 students. They observed that 
students’ thermal perceptions changed significantly (p < 0.05) as the class progressed. In 
addition, they observed gender differences in thermal sensation. After the transition 
period of about 20 min, the correlation between operative temperature and thermal 
sensation receded and individual thermal preferences evened out. 

Norbäck et al. (2013) examined the effect of two different ventilation systems on 
the perceived comfort and physical health of 232 students. Statistically significant 
differences, in favour of the variable flow conditions, were observed for immediate 
perception of air quality (p = 0.02), headache (p = 0.003), and tiredness (p = 0.007) and 
concluded that the critical level of CO2 in classrooms is 800 ppm and the critical 
operational indoor temperature is 22°C. 
Shelton et al. (2009) and End et al. (2010) investigated the effect of a disturbing noise from 
within a classroom on students’ short-term academic performance with a knowledge test, 
covering topics presented in the lecture. The results revealed a significant (p < 0.05) 
decline of as much as 37 % of students’ performance. 

Liu et al. (2019) examined students’ comfort in naturally ventilated university 
classrooms, in the north-west of China. A total of 992 responses were collected during 
days when the mean outdoor air temperature was about 10°C. The results showed that 
the thermal neutral temperature was 20.6°C and revealed that only thermal sensation 
has a significant correlation (p < 0.05) with air quality perception. 

Rabelo et al. (2019) analyzed the impact of noisy classroom conditions on the 
voice of 27 lecturers. Observed was that an increase in background noise of 32 dB causes 
an increase of the fundamental frequency of lecturers’ voice of 12 % (p < 0.001), an 
increase of vocal intensity of 8 % (p <0.001), an increase of the percentage of phonation 
of 16 % (p < 0.001), and an increase of the number of vibration cycles of 31 % (p < 0.001). 
These results indicate that an increase of background noise increases vocal health risks of 
lecturers. 

Lee et al. (2012) investigated the relationship between the actual IEQ in university 
teaching rooms, the perceived indoor environmental comfort, and the perceived short-
term academic performance of 321 students. Correlations were found between the self-
reported academic performance and the number of IEQ complaints of students (p < 
0.05). Compared to the contribution of the thermal and lighting conditions and IAQ, which 
contribute similar to the overall perceived IEQ, the acoustic conditions were found to be 
a relatively sensitive contributor to the overall indoor environmental satisfaction with an 
almost twice as high coefficient value (p < 0.0001). 

Castro-Martínez et al. (2016) indicated that noise levels have an important effect 
on the students’ attention processes, and that specific changes, aimed at decreasing 
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reverberation values in classrooms (with at least 0.7-0.9 s) affect positively the levels of 
attention and students’ short-term academic performance. They found that the 141 
students, who participated in this study, scored significantly better (p < 0.01) on 
mathematics (+59 %), statistics (+18 %), and attention (+14 %) in a classroom with an 
average reverberation time of 1.2 s compared to students in a classroom with an average 
reverberation time of 2.0 s.  

Figure 2-4 presents the relation between the studied variables, presented in the 
included studies, and the quality of teaching, learning, and students’ academic performance. 

Figure 2-4 Relation between the studied variables and the quality of teaching, learning, 
and academic performance. 

2.4 Discussion 
This review aims to give an overview of 21 studies of high quality and relevance on the 
influence of the IEQ—as a system of the IAQ, thermal conditions, acoustic conditions, 
and lighting conditions— on the quality of teaching and learning and students’ 
academic achievement in higher education. Figure 3 shows that in the last decade the 
IEQ conditions have been examined more holistically and have been conducted in both 
controlled and free-running conditions. Only three studies addressed all four indoor 
environmental parameters (Ahmed et al., 2017; Jamaludin et al., 2016; Lee et al., 2012). 
However, none of these studies analyzed the combined influence of these parameters 
on the quality of teaching, learning, or academic achievement. Therefore, the emergent 
properties of all four indoor environmental parameters cannot be determined yet. 
However, the evidence does illuminate the influence of one or multiple indoor 
environmental parameters on the quality of teaching, learning, and students’ short-term 
academic performance. First, we reflect on the influence of the IEQ on the quality of 
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teaching. Secondly, we will discuss the influence of the IEQ on learning. Finally, we will 
discuss the influence of the IEQ on students’ academic achievement. 

2.4.1 The influence of the IEQ on the quality of teaching 
As explained in the introduction, the quality of teaching is determined by the level of 
comfort, mental health, and physical health of lecturers. Mendell and Heath (2005) relate 
a poor IEQ to adverse health outcomes and discomfort, which can impair teaching 
effectiveness and instructional practices (Dawson & Parker, 1998), which in return affect 
students’ academic achievement (Wang & Degol, 2016). Two publications were identified 
which addressed the quality of teaching. Therefore, the evidence for the influence of the 
IEQ on teaching is limited and focusses on one parameter, that is, acoustic conditions. 
High noise levels in classrooms can cause heavy strain on female lecturers’ vocal cords 
and increase lecturers’ health risks (Rabelo et al., 2019). However, the intelligibility of a 
teacher’s voice is an essential element in the transfer of knowledge from teacher to 
student. This is supported by the findings of Castro-Martínez et al. (2016) that 
acoustics in classrooms could affect the ability of students to hear the teacher. In 
addition, this ability to hear decreases substantially when the distance between teacher 
and student increases (Leavitt & Flexer, 1991). According to Jonsdottir (2006), voice 
amplification can improve the intelligibility of a teacher’s voice. This researcher 
reported evidence that voice amplification can positively influence the perceived quality 
of teaching by lecturers, reduce lecturers’ experienced voice fatigue, and improve student 
attention. Although this evidence indicates that the acoustic conditions influence the 
quality of teaching, the amount of evidence is limited to one IEQ parameter, and based 
on this evidence, the exact influence of all IEQ parameters on the quality of teaching 
cannot be determined or quantified. 

2.4.2 The influence of the IEQ on the quality of learning 
The quality of learning, like the quality of teaching, is determined by the level of comfort, 
mental health, and physical health of students. Mendell and Heath (2005) relate a poor 
IEQ to adverse health outcomes, discomfort, and distraction of students; the latter 
negatively influencing students’ achievement. The actual and perceived IAQ can be 
positively influenced by applying a CO2 demand-controlled ventilation system (Norbäck et 
al., 2013). Sufficient ventilation will contribute to maintaining good air quality during the 
use of classrooms and will positively influence the perceived overall IEQ (Lee et al., 2012). 
One study could not find a relationship between the actual CO2 concentration and 
perceived IAQ (Liu et al., 2019). However, a significant correlation was observed between 
the actual thermal sensation of students and the perceived IAQ, indicating a mutual 
interdependence between the perceptions of these two indoor environmental 
parameters (Liu et al., 2019). 

Thermal neutral sensation varies per individual and depends also on many 
factors, for example, climate, cooling or heating season, adaptation period, and room 
temperature at home (Hoque & Weil, 2016). When the thermal environment is assessed, 
there is evidence that indicates gender differences. Female students tend to feel cold 
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more than male students (Hoque & Weil, 2016; Lee et al., 2012; Mishra et al., 2017; 
Norbäck et al., 2013).

High indoor temperatures increase students’ heart rate (Barbic et al., 2019; 
Siqueira et al., 2017). Liu et al. (2008) also observed this effect. They concluded that 
these high temperatures strongly stimulate the sympathetic nervous system, causing 
thermal discomfort. Furthermore, a heart rate that exceeds the normal heart rate at rest 
may affect students’ cognitive performance negatively (Siqueira et al., 2017).

The included studies indicate that a thermal neutral sensation will occur at 
different indoor temperatures, between 19.5 and 23.3°C (Liu et al., 2019; Norbäck et al., 
2013; Siqueira et al., 2017) and depends on outdoor temperature and transition period 
(Liu et al., 2019; Mishra et al., 2017). However, De Abreu-Harbich et al.(2018), for 
example, observed a thermal neutral sensation at an even higher indoor temperature of 
25.9°C, among students in a high-altitude tropical climate. Furthermore, thermal 
neutrality is influenced by more factors, besides indoor and outdoor temperature, 
transition period and climate. For example, indoor air humidity and the clothing insulation 
(clo) value, metabolic rate, gender, and age of students will influence their thermal 
sensation vote (Fanger, 1970). Even students’ socio-economic and socio-cultural 
background will influence their thermal sensation vote (Singh et al., 2019). This explains 
why students’ thermal sensation will differ, even among students in the same classroom 
and in the same indoor environment. In line with the findings of Singh et al. (2019), 
students in university classrooms report feeling comfortable on the cooler side of the 
thermal sensation scale. In order to assess thermal sensation, combined thermal 
sensation scales (e.g., a combined scale for the thermal sensations “slightly warm” and 
“warm”) should be avoided because all descriptors of human thermal sensation can cause 
a different effect on perceived or measured short-term academic performance (Xiong et 
al., 2018). 

Perceived visual comfort can be positively influenced with different correlated 
color temperatures. Warm white light provides a relaxing environment and supports 
communication, and should gradually change to blue-enriched white light after its 
prolonged use during the morning to prevent drowsiness and dozing off in class (Choi et 
al., 2019). Application of these different correlated color temperatures imitates the 
natural change of daylight during the day and therefore supports lecturers’ and students’ 
circadian rhythm (Gentile et al., 2018). Application of a lighting system with a color 
temperature of 4000K in classrooms can also influence the ability to concentrate 
positively (Yan et al., 2012). Although artificial lighting systems are necessary for creating 
optimal lighting conditions for facilitating in-class activities, students should be always 
provided with access to daylight in order to regulate students’ circadian rhythm and level 
of stress hormones, that is, cortisol (Gentile et al., 2018). And according to Reid and Zee 
(2011), regulation of students’ circadian rhythm is important because it influences 
students’ alert state and cognitive performance. 

Acoustic comfort is an important factor, which might play a dominant role in 
how the overall IEQ is perceived by students (Lee et al., 2012). Creating acceptable 
acoustic conditions in classrooms is important. Poor acoustic conditions can affect 
students’ ability to hear the teacher (Castro-Martínez et al., 2016). Furthermore, 
Persinger et al. (1999) pointed out that poor acoustic conditions can cause mental health 
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effects such as fatigue and concentration problems among students. In addition to 
what we have elaborated before, it is essential for students to hear the voice of 
lecturers clearly in order to be able to learn effectively. 

The evidence presented suggests that the IEQ influences the quality of learning. 
By providing conditions in which students feel comfortable, they will be able to 
concentrate better and keep their attention for a longer period of time. However, poor 
IEQ can cause negative health effects, such as fatigue and sleepiness in students. These 
effects can lead to sick leave, which in turn can affect students’ achievement (Mendell & 
Heath, 2005). 

2.4.3 The influence of the IEQ on students’ academic achievement 
The focus of all included studies, which examined the effect of IEQ on students’ academic 
achievement, was on students’ short-term academic performance. Therefore, the impact 
of the IEQ on students’ long-term academic performance could not be determined yet. 
Further research is needed to determine the possible relation between the short-term 
and long-term academic performance of students. 

Nine of the included IAQ-studies (Bajc et al., 2018; Barbic et al., 2019; Gentile et 
al., 2018; Ahmed et al., 2017; Lee et al., 2012; Liu et al., 2019; Sarbu & Pacurar, 2015; Yan 
et al., 2012) used CO2 concentration in ambient air as the performance indicator of the 
IAQ. One may assume, however, as humans (generally) are the single source of CO2, both 
CO2 concentration and other bio-effluents are correlated. None of the included studies 
analyzed the effect of pure elevated CO2. Therefore, the observed effect of CO2 on 
improved or impaired short-term academic performance is caused by a combination of 
CO2 and other pollutants. The reported CO2 concentration in the identified studies should 
be considered as an indicator of ventilation adequacy, which can be related to human bio-
effluents, but also to material emissions, chemicals used indoors, as well as other indoor 
sources of pollutants. The negative effect of elevated concentrations of bio-effluents, but 
not pure CO2, and other constituents on cognitive performance is also confirmed by Zhang 
et al. (2017). The cognitive performance of students can decline by as much as 13 % (p < 
0.001) when the CO2 concentration increases from 600 to 1000 ppm (Ahmed et al., 
2017). However, this concentration of CO2 still meets prevailing guidelines (NEN-EN 
16798, 2019). High CO2 concentrations of 1800 ppm might affect cognitive performance 
with 24 % (p < 0.001) (Ahmed et al., 2017). The influence of high CO2 concentrations, as 
proxy for the IAQ, was higher on complex and memory-oriented than for vigilance tasks. 
However, the study of Ahmed et al. (2017) is the only study that quantified the effect of 
IAQ on cognitive performance and examined only female students. Because of these 
limitations, these results need to be validated with additional field research to confirm 
the impact and should explore possible gender differences. 

Thermal discomfort, caused by high or low temperatures, affects students’ 
cognitive performance (Almaqra et al., 2019; Barbic et al., 2019; Hoque & Weil, 2016; 
Ahmed et al., 2017). Barbic et al. (2019) observed a decrease of as much as 24% when 
students experienced thermal discomfort due to high temperature. However, not all 
thermal discomfort sensations lead to a deterioration of cognitive performance 
(Siqueira et al., 2017), and the effect is most likely task dependent. Thermal sensations 
“cool” and “slightly cool” can positively influence cognitive performance (Xiong et al., 
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2018); thermal sensations “cold,” “slightly warm,” “warm,” and “hot” can affect cognitive 
performance negatively (Siqueira et al., 2017). The thermal sensation “hot” affects 
cognitive performance of vigilance tasks and memory and learning tasks more than the 
thermal sensation “cold (Ahmed et al., 2017).” Nevertheless, Bajc et al. (2018) concluded 
that students’ short-term academic performance is not just a function of PMV index; 
there is no simple relation in real conditions that can link this performance to the PMV 
index alone. 

The color temperature and light intensity of artificial lighting can affect the 
cognitive performance of students (Xiong et al., 2018). This effect can be as much as 23 % 
but this percentage is based on an average recognition rate of objects (Yan et al., 2012). 
The effect of these conditions on other cognitive tasks of students is not revealed yet.  

Two studies investigated the impact of acoustic conditions on short-term 
academic performance (Lee et al., 2012; Xiong et al., 2018). Xiong et al. (2018) observed 
that under normal conditions of 22°C and an illumination level of 300-2200 lx, an 
increase of sound pressure, from 40 to 70 dB(A), affected overall cognitive 
performance negatively with 3 %-42 % (p < 0.05). Hongisto (2005) also confirmed this 
effect in an office setting. As observed for thermal conditions, the extent of this effect 
was also task dependent. To quantify students’ short-term academic performance, 
seven of the 11 studies used standard cognitive performance tests (Almaqra et al., 2019; 
Barbic et al., 2019; Hoque & Weil, 2016; Ahmed et al., 2017; Sarbu & Pacurar, 2015; 
Siqueira et al., 2017; Xiong et al., 2018). Castro-Martínez et al. (2016) used a different 
method to quantify students’ short-term academic performance. They used students’ 
examination scores on mathematics and statistics and analyzed the attention level with 
video recording of students’ behavior in the classroom. Although an increase of 
reverberation time does not always lead to a decrease in short-term academic 
performance, it can affect the intelligibility of background speech and therefore could 
influence the disturbance and performance of students (Castro-Martínez et al., 2016; 
Braat-Eggen et al., 2019). Students’ short-term academic performance is also affected by 
unwanted noises in the classroom and may decrease this performance with as much 
as 34 % (Shelton et al., 2009). 

There might be a relation between perceived acoustic comfort and actual thermal 
conditions but the precise effect remains unclear. Research of Xiong et al. (2018) revealed 
some relations between thermal comfort and acoustic comfort but not all cognitive tasks 
were affected due to a combination of these conditions. The combined effect of air 
temperature and CO2 seems to increase when air temperature and CO2 concentration 
increases according to Ahmed et al. (2017). Other factors, besides temperature, such as 
stress, sleep deprivation and pre-existing disease or illness, among others, may play a role 
in health-related symptoms, such as headache and tiredness (Norbäck et al., 2013). 

Individuals who are fatigued are also more likely to experience increased levels of 
psychological distress, acute health symptoms, and behavioral problems; these problems 
affect human performance (Ahmed et al., 2017). 

It is well documented that the four individual IEQ parameters do affect the short-
term performance of students. Combined effects of thermal conditions and IAQ were 
observed by Ahmed et al., (2017) among 499 female students. In addition, they controlled 
the lighting and acoustic conditions. However, they did not analyze the combined 
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influence of these conditions. Xiong (2018) analyzed the combined influence of three IEQ 
parameters, thermal and lighting conditions and IAQ. None of the studies analyzed the 
combined influence of all four indoor targeted environmental parameters. Therefore, the 
magnitude of the combined influence of these four IEQ parameters cannot be quantified 
yet. 

2.5 Future research 
This systematic review revealed existing evidence about the influence of the IEQ on the 
quality of teaching, learning, and students’ short-term academic performance. However, 
the influence of the IEQ on the quality of teaching could be further explored. Not only the 
influence of the IEQ on lecturers’ health, also the effect of the IEQ on the quality of 
instructional practices, teaching effectiveness, and the motivation of lecturers should be 
explored. Although the short-term academic performance has been analyzed in different 
studies, the relation between the IEQ and the long-term academic performance of 
students was not revealed. Additional research is needed to better understand this 
possible relation and to quantify the impact on students’ academic achievement. For 
analyzing the actual environmental conditions, different measuring equipment was used 
and one or more key performance indicators, to determine the IEQ, were applied. 
Additional research is needed to determine the key performance indicators of the IEQ 
and how these should be measured in a classroom; in order to (consistently) relate 
perceptions, health symptoms, and performance to the actual IEQ. Determining key 
performance indicators can also contribute to making future results more comparable. 

Although various standardized tests are available for measuring short-term 
cognitive performance, few methods were identified for measuring the effect of the IEQ 
on physical health effects, emotional response, and long-term academic performance. 
New methods should be developed and could help to reveal the influence of the actual 
and experienced IEQ on lecturers’ and students’ health, cognitive performance, emotion, 
and behavior (Bitner, 1992). 

2.6 Strengths and limitations 
During the review process, all studies were assessed on quality and reliability. Assessors 
were the authors of this review. Each assessor examined the exact same studies. The scores 
of all assessors were compared and discussed and resulted in minimal differences. In 
addition, this process led to adjustments and fine-tuning of the assessment procedure. This 
procedure was developed by the assessors and included all rubrics, as no other tool was 
applicable to this specific domain.  

The developed tool can only be applied when studies related to the IEQ need to be 
assessed for relevance and quality. Cultural or geographical differences between the 
studies were not analyzed. Therefore, the optimal conditions, as presented in the collected 
evidence, may not be applicable in every situation and are bound to the specific cultural 
and geographical cultural backgrounds. However, these conditions can be used as an 
indication for the development of optimal indoor environment conditions for lecturers 
and students in a specific setting. 
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2.7 Conclusion 
The primary goal of this systematic literature review was to provide an overview of how 
classroom indoor environmental conditions influence the quality of teaching and learning 
and students’ academic achievement in higher education. Although a wide range of 
relevant evidence of high-quality research was identified, the amount of evidence which 
examined the effect of the IEQ on the quality of teaching is limited to only two studies on 
acoustics. These studies illuminate how high background noise levels affect students’ 
ability to hear lecturers’ voice and increase lecturers’ health risks. Evidently, this is 
insufficient to determine the precise influence of all four IEQ parameters on teaching 
quality. 

In this context, the first proposition—that the IEQ influences the quality of 
teaching—cannot be confirmed or rejected due to a lack of evidence. However, there is 
some evidence which suggests the negative impact of impaired acoustic conditions on 
lecturers’ health. The second proposition—that the IEQ influences the quality of 
learning—is confirmed. Sufficient evidence confirms that a poor IAQ, thermal, acoustic, 
and lighting conditions negatively influence the quality of learning due to discomfort and 
impaired mental and physical health of students. Moreover, optimal conditions 
contribute positively to the quality of learning by creating an environment in which 
students feel more alert and pay more attention to the information presented in the 
lecture. Studies showing that the IEQ influences students’ academic achievement 
partially confirm the third proposition. The available evidence that specifies the influence 
of individual or combined indoor environmental conditions on students’ short-term 
academic performance is sufficient to conclude that these conditions can either influence 
this performance positively or negatively.  

Optimal IEQ conditions, in which the students performed at their best, were task 
dependent, with a preference for a relatively cool, bright, and quiet environment and in 
ambient air with low CO2 concentrations. However, on the other side, the hypothesized 
influence of all IEQ parameters on students’ long-term academic performance cannot be 
confirmed due to a lack of evidence. Therefore, the overall influence of the IEQ on 
students’ academic achievement cannot be fully determined yet. 
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3.1 Development of a systematic approach 
3.1.1 Introduction  
This study explores how to measure the influence of the indoor environmental quality 
(IEQ) parameters on students and their academic performance. It is the primary 
responsibility of the school management to provide appropriate classrooms for 
education; which can positively influence students’ academic performance, contributing 
to a sustainable and positive school climate (Cohen et al., 2009). As part of classrooms’ 
environmental quality, this study focusses on four IEQ parameters: (1) indoor air quality, 
(2) thermal conditions, (3) acoustic conditions, and (4) lighting conditions (Frontczak &
Wargocki, 2011). This study examines how to measure the combined influence of all four
IEQ parameters on the academic performance of students in higher education. The
academic performance of students is acknowledged as an important study outcome,
besides behavioral and psychological outcomes (Wang & Degol, 2016).

In the last decade, there has been an increasing interest in developing a more 
holistic approach for examining the influence of IEQ conditions on students’ academic 
performance (see Chapter 2). Previous research on the combined influence of two or 
more IEQ parameters found that IEQ does influence students’ performance (see Chapter 
2). For example, Wargocki and Wyon (2017) demonstrated how cognitive performance is 
influenced by thermal conditions and indoor air quality. Other studies have examined the 
combined influence of thermal conditions and indoor air quality (Ahmed et al., 2017; 
Sarbu & Pacurar, 2015). These studies show that poor IEQ conditions affects students’ 
cognitive performance in higher education. Xiong et al. (2018), who explored the impacts 
of three IEQ parameters, namely thermal, acoustic, and visual conditions on students’ 
cognitive performance, concluded that optimal IEQ conditions in which students perform 
at their best, are task dependent, with students preferring a relatively cool, bright, and 
quiet environment. However, few studies have examined the combined influence of all 
four IEQ parameters (see Chapter 2).  

A holistic assessment of indoor environmental conditions is important because of 
the mutual interaction of IEQ parameters. This interaction was observed by Kim and De 
Dear (2012), who developed a model to determine these interaction effects and the 
existence of a hierarchy among IEQ parameters in another setting. Two basic IEQ factors, 
namely temperature and noise level, were identified on the basis of data collected in 
office environments. The negative impact of these factors outweighs their positive effects 
on the overall experience of IEQ. Air quality, the amount of light in the workplace, visual 
comfort related to the lighting, and sound privacy were classified as proportional IEQ 
factors. The overall occupant satisfaction increased or decreased in linear proportion to 
the building’s performance impacting these factors (Kim & de Dear, 2012). 

Although previous studies have explored the influence of the above-mentioned 
parameters, to the best of our knowledge, no study has combined the four separate 
parameters within a systematic approach to examine the impacts of the IEQ in higher 
education classrooms. Therefore, there is a need to develop models for assessing the 
influence of multiple environmental parameters on students’ performance (Torresin et 
al., 2018). To assess this influence, a framework of Bitner (1992) is used. This framework 
was selected because it addresses the combined influence of different environmental 
factors, including all four IEQ parameters. To enable its application in higher education 
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classrooms, the relationships described in the work of Wang and Degol (2016) were fitted 
into this framework. Figure 3-1 presents the framework for understanding IEQ-user 
relationships in classrooms and outlines the systematic approach.  
 

Figure 3-1 The systematic approach, based on Wang and Degol (2016) and Bitner (1992). 

The main objective of this study is to develop and validate a systematic approach 
for measuring the effect of all four IEQ parameters in higher education classroom on 
students’ perceptions, responses and academic performance. The application of this 
systematic approach benefit future studies seeking to determine the influence of both 
single and multiple IEQ parameters. Furthermore, it will be possible to determine whether 
there is a hierarchy between IEQ parameters in assessment of the impacts of IEQ on users 
in higher education classrooms. In this work, existing methods are used for measuring the 
influence of IEQ parameters on students and their academic performance. Subsequently, 
a pilot study is conducted to assess the validity and applicability of the systematic 
approach in real-life conditions. In the next section, the development of the systematic 
approach is described, followed by its application in the third section 
 
3.1.2 A systematic approach for assessing the effects of multiple IEQ parameters 
3.1.2.1 Method 
The development of a systematic approach entailed the following three phases: (1) 
compilation of available information on how to measure IEQ and higher education 
students’ perceptions, responses and academic performance, (2) categorization of the 
available information on these methods and (3) adjustments of the identified methods 
and tests if needed and their incorporation into the systematic approach. This paragraph 
presents an overview of these three phases. Appendix 5 provides a list of the 
nomenclature for indicators of the IEQ with abbreviations. 

During the first phase, available information on how to measure the IEQ and the 
influence of the IEQ on students’ perceptions, responses and academic performance was 
collected from literature. Potentially relevant publications were identified through 
searches in the following databases: Web of Science, Scopus, Emerald Insight, Wiley 
Online Library, Sage, PubMed, and 27 EBSCOhost databases (e.g. Academic Search 
Premier, ERIC, APA PsycINFO, Teacher Reference Center). For the search, keywords 
relating to classrooms’ IEQ, teaching and learning, and students’ academic performance 
were used. Publications whose titles, keywords or abstracts did not indicate that indoor 
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environmental conditions were the topic of study were excluded (n = 1,162). These 
publications emerged in the primary search because one or more keywords were used in 
different contexts. Publications that only addressed physical indoor environmental 
conditions or other types of building performance (e.g. energy consumption and 
sustainability) and did not analyze their effects on teaching, learning or academic 
performance were excluded (n = 102). Finally, publications were excluded that addressed 
people with physical or mental disabilities (n = 23), those that did not address classrooms 
in higher education (n = 54) and those that were not written in English (n = 3).  

Following this selection stage, 51 publications were included, to which three 
additional publications were added of Corgnati and Viazzo (2004), Ricciardi & Buratti 
(2018), and the NEN-EN-ISO 7730 (2005). These additional publications were cited by 
resp. Castilla et al. (2018a), Corgnati et al. (2007), and De Abreu-Harbich et al. (2018) and 
provided relevant additional information about the applied methods. In place of a study 
by Kooi et al. (2017), the more complete publication by Mishra et al. (2017) on the same 
study was used. Further details on the applied search string and exclusion criteria can be 
found in a previous systematic literature review (see Chapter 2), which provides an 
overview of how all four IEQ parameters influence students’ perceptions, responses, and 
academic performance. Figure 3-2 shows the outcome of the selection stages during the 
screening of the identified publications. 

Figure 3-2 Literature screening process for developing a systematic approach. 



3 

 
Development of a systematic approach 

55 
 

In the second phase of the systematic approach development, the available 
information on the applied methods was categorized, according the categories in Figure 
3-1. In addition, the available questionnaires in the corresponding manuscripts were 
arranged by topic, e.g. all items which address the perceived indoor air quality or thermal 
comfort.  

During the third and final phase, constraints were set for applying the systematic 
approach. Methods and tests were used to compose the approach which showed 
statistically significant associations between the short-term influence of the IEQ on 
students’ perceptions, responses, and academic performance. If necessary, items, 
addressing the perceived IEQ, students’ perceived cognitive responses to the IEQ, and 
students’ perceived academic performance were reformulated to enable the use of a 
single, uniform response scale. Three experts from professional and education fields, who 
deal with indoor environment issues on a daily basis, were consulted to assess the content 
and face validity of the composed questionnaire. The consulted experts were a senior 
lecturer and researcher, who specializes in building physics, of The Hague University of 
Applied Sciences, a consultant focusing on sustainability and health from DGMR Advisors 
for Construction, Industry, Traffic, and Environment, and an advisor on indoor climate 
control from Nijeboer-Hage Technical Advisors, all of whom are located in the 
Netherlands. As a final step to enable the application of the systematic approach in higher 
education Dutch-language classes, the composed questionnaire was translated into Dutch 
with the help of a bilingual expert.  
 
3.1.2.2 Outcome of the process of developing a systematic approach  
In this sub-section, the results are presented, per category, of all the phases of 
development of the systematic approach according to the framework shown in Figure 3-1. 
First, the identified IEQ indicators are presented for determining the actual IEQ, followed 
by a description of the methods used to measure students’ perceptions of the IEQ, their 
internal responses, and their academic performance. Lastly, the fully composed 
systematic approach is presented. Appendix 6 presents an overview of all included 
empirical studies and those used for developing the approach. It also lists all of the 
indicators used to measure the IEQ and presents detailed information on methods for 
measuring students’ perceptions, responses, and academic performance. 
 
Indoor environment  
It is essential to measure specific IEQ parameters to determine the quality of the indoor 
environment. With reference to the available information in the selected publications, 55 
indicators were identified, which reflect the quality of the four indoor environmental 
parameters. Figure 3-3 presents these indicators, grouped by IEQ parameters.  
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Figure 3-3 Indoor environmental quality indicators grouped by category. 

Perceived indoor environmental quality 
Respondents in the reviewed studies responded to items for measuring the perceived 
quality of the indoor environment. Available information on measurement of the 
perceived IEQ presented in text and questionnaires included in the reviewed studies, were 
grouped to each specific IEQ parameter. Subsequently, 16 subcategories were identified 
for measuring the perceived IEQ according to the topics covered by the questionnaire 
developed for implementing the systematic approach. The questionnaire with these sub-
categories was then validated. Figure 3-4 presents the sub-categories and their relations 
to specific indoor environmental parameters. 

The response options applied in the identified studies were analyzed to develop 
standard response options for use in the systematic approach. The most frequently used 
scale was a five-point Likert scale, ranging from one (disagree) to five (agree) (Castilla et 
al., 2018b; Gentile et al., 2018; Mongkolsawat et al., 2014; Ramprasad & Subbaiyan, 2017; 
Witkowska & Gladyszewska-Fiedoruk, 2018). Therefore, this scale was adopted for the 
questionnaire. In some cases, however, items had to be reformulated so they could be 
answered with this scale. A senior lecturer and researcher of The Hague University of 
Applied Sciences assisted the authors in this critical process. For example, the topic of dry 
air was addressed by Yang, Becerik-Gerber and Mino (2013). In one study respondents 
were asked to assess the air humidity (Kuru & Calis, 2017), and in another study 
respondents described how they felt about the degree of humidity (Witkowska & 
Gladyszewska-Fiedoruk, 2018).  
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Note: LE = lighting environment; IAQ = indoor air quality; TE = thermal environment; AE = acoustic environment. 

Figure 3-4 Perceived indoor environmental quality categories and subcategories. 

Accordingly, in the questionnaire, the topic of air moisture is addressed with the 
following reformulated item “The air is dry in here”. The questionnaire was then assessed 
by the above-described experts for relevance and applicability in relation to higher 
education classrooms. This evaluation process led to the deletion of two items. The first 
item, “The illumination provided by artificial sources in the classroom compared to the 
shape of the classroom itself (geometry of the classroom) is inadequate” (Ricciardi & 
Buratti, 2018), was deleted because an expert on the topic indicated that this question 
was too difficult to understand. The second item, “The light seeping through windows 
appears to be inadequate” (Ricciardi & Buratti, 2018), was deleted because an expert on 
the topic indicated that this question is not valid because there is always a combination 
of daylight and artificial light in the classroom, so the amount of daylight cannot be 
assessed by the respondent.  

After data-collection, mean scores were calculated for each perceived IEQ scale 
for further analysis. The lowest average perception score, derived from individuals’ 
scores, was one (very poor); the maximum perception score is five (very good). When 



Chapter 3 

58 

assessing perceived thermal comfort, it is necessary to include thermal acclimation, 
defined as the adaptive changes that occur within individuals (IUPS Thermal Commission, 
2001), because it may influence the actual thermal sensation, especially within the first 
20 min after entering a classroom (Mishra et al., 2017). In addition, the amount of clothing 
expressed as an individual’s clothing insulation value, could influence their perceived 
thermal comfort. Therefore, this insulation value was included in the systematic approach 
and calculated from the garment selected by the individual, according to their thermal 
insulation value (NEN-EN-ISO 7730, 2005). The level of activity of an individual can also 
influence their perceived thermal comfort (Fanger, 1970). However, merely attending a 
lecture, which is a sedentary activity, would not result in a large differences in the 
metabolic rate among students, although there may be a difference between the 
metabolic rate of the students (sitting) and that of the lecturer (standing and/or sitting). 
The mean score for perceived thermal comfort was derived from the students’ thermal 
sensation and preference score. Following Schweiker et al. (2020), the three middle votes 
of the thermal sensation, slightly cool, neutral, and slightly warm, were selected to 
represent comfortable conditions1. Table 3-1 provides detailed information about how 
the perceived thermal comfort scale was computed. 

Table 3-1 Perceived thermal comfort scale.1 

Item Old 
value 

Original classification  New  
value 

Comfort classification 

PTCsens 1 
2 
3 
4 
5 
6 
7 

Cold 
Cool 
Slightly cool 
Neutral 
Slightly warm  
Warm 
Hot 

1 
2 
4 
4 
4 
2 
1 

Very uncomfortable 
Uncomfortable 
Comfortable 
Comfortable 
Comfortable 
Uncomfortable 
Very uncomfortable 

TCpref 1 
2 
3 
4 
5 
6 
7 

Much warmer 
Warmer 
A little warmer 
Neither warmer nor colder 
A little colder 
Colder 
Much colder 

1 
2 
3 
4 
3 
2 
1 

Very uncomfortable 
Uncomfortable 
Slightly uncomfortable 
Comfortable 
Slightly uncomfortable 
Uncomfortable 
Very uncomfortable 

Note: PTCsens = thermal sensation; PTCpref = thermal preference. 

Response moderators 
Different personal, cultural, climatical, social, and contextual factors can explain 
differences in individual reactions to the same IEQ (De Dear & Brager, 1998). Therefore, 
all response moderators were listed after reviewing all of the included studies. 
Accordingly, age and gender were included in the systematic approach as general 
response moderators (Gentile et al., 2018; Ahmed et al., 2017; Mishra et al., 2017). 
Furthermore, the classroom positions of students and lecturer, the number of students 
per classroom, and number of students in the classroom were identified as external-
related response moderators (Gentile et al., 2018; Madbouly et al., 2016).  

1 Individuals’ thermal comfort vote may differ from this classification (Schweiker et al., 2020). 
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Student responses 
In general, people respond physiologically, cognitively, and emotionally to their indoor 
environments (Bitner, 1992). To determine how these responses should be measured, all 
studied physiological, emotional, and cognitive responses were listed. To assess 
physiological responses to the indoor environment, all examined health symptoms and 
body-related issues were listed. A total of 23 health symptoms were identified. Heart rate, 
blood pressure, melatonin concentration, saliva cortisol concentration and thirst were 
identified as body-related issues. The identified health symptoms were divided into five 
health categories: (1) dermatological symptoms, (2) tympanic, ophthalmological, and 
vision-related symptoms, (3) upper respiratory symptoms, (4) neural behavioral 
symptoms, and (5) mucosal symptoms. Table 3-2 shows all IEQ related health symptoms, 
their corresponding ICD-10 health codes of the World Health Organization(WHO, 2019), 
and related IEQ parameters. These health symptoms were self-reported. 
 

Table 3-2 Self-reported health symptoms and their relation to the indoor environment 

Note: Cat. = category; D = dermatological symptoms; E = tympanic ophthalmological vision-related symptoms; R = 
respiratory tract (upper respiratory symptoms); C = central nervous system (neural behavioral symptoms); M = mucosal 
symptoms; IAQ = indoor air quality; TE = thermal environment; LE = lighting environment; AE = acoustic environment; 
○ = reported relation in study; ● = reported and confirmed relation based on study outcomes. 
 

To identify possible health symptoms, filter questions were added to the 
systematic approach for each health category and health issues were specified. To 
determine if a reported health symptom is building-related, a question was added to 
reveal if the reported symptom (or symptoms) disappeared after leaving the building. If 
this was the case, the reported health issue may be linked to the IEQ of the building. If 
not, the reported health issue was excluded from the analysis. In the systematic approach, 
the number of health issues is reported as perceived physiological health complaints. 

The most frequently studied emotional responses, which were also related to 
students’ mental health, were fatigue (Ahmed et al., 2017; Jonsdottir, 2006; Persinger et 
al., 1999), sleepiness (Choi et al., 2019; Mongkolsawat et al., 2014), and tiredness 
(Chowdhury et al., 2010; Norbäck et al., 2013). Four standardized methods for measuring 
emotional responses were identified from the literature. The first is the Positive And 
Negative Affect Scales, which focusses on individual resources, activities, and perceptions 
of the social environment (Watson et al., 1988). The second is the Basic Emotional Process 
Scale, which assesses the individual emotions in terms of activation, evaluation, 
orientation, and control (Kuller, 1991). The third is the Karolinska Sleepiness Scale, which 
measures perceived sleepiness affecting alertness (Åkerstedt & Gillberg, 1990). The 

Cat. Health symptoms (self-reported) ICD-10 code Relation 
IAQ TE LE AE 

D Itchy skin, skin irritation, skin rash, 
dermatological skin problems 

R21  ○   

E Itchy eyes, eye irritation, dry eyes, earache, 
deafness 

H57.8; H92.09; H91.90 ○   ● 

R Dry throat, throat irritation, nasal dryness, 
nose irritation, sinus congestion, coughing, 
sneezing, wheezing, respiratory distress 

J39 ○ ○  ● 

C Headaches, nausea, lethargy, dizziness G44; R11; R53; F44-45 ● ● ○ ● 
M Mucosal symptoms R68  ○   
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fourth is the Pittsburgh Sleep Quality Index, which measures the reported sleep quality 
for one month (Buysse et al., 1989). Appendix 7 presents the structure and items of these 
emotional response methods. 

The classification of the items for assessing students’ cognitive responses was 
complex. Studies have reported students’ learning performance while addressing 
students’ cognitive responses. In these cases (Sarbu & Pacurar, 2015; Siqueira et al., 2017; 
Xiong et al., 2018), the framework depicted in Figure 3-1 facilitated the classification of 
the identified methods. Following Xiong et al. (2018), four main categories were 
identified, i.e. attention and concentration, memory, perception, and problem-solving 
performance. The perceived cognitive response can be measured with items focusing on 
these four categories. The available information in the studies was used to formulate five 
items that cover these four categories. Objective cognitive responses can be measured 
with the use of psychometric tests of neurobehavioral functions. For measuring attention 
and concentration and memory, respectively, the Go-No Go task (Drewe, 1975) and the 
Corsi block test (Corsi, 1972) were selected. The Stroop test was used to measure 
students’ perception, whereas their ability to solve problems was assessed with the 
Wisconsin card sorting test (Ozonoff, 1995; Stroop, 1935). These tests were selected as 
they have been empirically validated and are practically feasible. Feasibility criteria 
included online availability of the test free of charge and no requirement of special 
equipment, the ability to perform the test using a mobile phone or laptop, and time-based 
efficiency for naturally occurring field experiments (5 min or less) (Murre, 2021).  

Academic performance 
Students’ academic performance is the last category which is affected by IEQ, as depicted 
in the framework shown in Figure 3-1. This performance can be divided into students’ 
long-term and short-term academic performances. Long-term performance relates to 
students’ academic performance during an academic semester. Regrettably, no methods 
were identified for measuring students’ long-term academic performance in the studies. 
However, we did identify two methods for measuring short-term performance, which 
relates to students’ academic performance during a lecture. The first was the use of 
questionnaires to measure the perceived quality of learning, including students’ academic 
performance. Following Lee et al. (2012), two items that address students’ ability to write 
(type) and read and an overall statement that addresses students’ productivity during the 
lecture were added to the systematic approach. 

The second method entailed administering a content-related test to measure 
students’ academic performance at the end of the lecture and thus assess knowledge 
transfer between lecturers and students during class. This test focused on logistical 
principles and practices covered during the lecture. Students’ ability to pay attention 
during the lecture may affect their ability to remember the content presented during the 
lecture (Cowan, 1998). Therefore, our systematic approach followed the procedure of 
Shelton (2009) and McDonald (2004). Students would first complete the questionnaire, 
which evaluated their perceived IEQ, internal responses, and quality of learning. They 
would subsequently take the academic performance test to measure their ability to 
recollect the information presented by the lecturer. The above order of implementation 
increased the time span between the lecture and the content-related test. Therefore, the 
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students were forced to focus their thoughts first on aspects other than those covered 
during the lecture. For the pilot study, the test was designed in collaboration with the 
concerned lecturers and consisted of 10 multiple-choice questions. The percentage of 
questions answered correctly reflected students’ short-term academic performance. 
 
3.1.2.3 Overview of the elements in the composed systematic approach 
The developed systematic approach, which measures the influence of all IEQ parameters 
on students, addresses four main categories: (1) indoor environment, (2) perceived indoor 
environment, (3) student responses, and (4) academic performance, as presented in 
Figure 3-1. Figure 3-5 shows how these categories and their mutual relations are covered 
in the systematic approach, which is based on the information that emerged from the 
systematic literature review. Because no methods measuring students’ long-term 
academic performance were identified, the systematic approach only enables assessing 
the influence of IEQ on students’ short-term academic performance. The Pittsburgh Sleep 
Quality Index was not included in the approach, because it covers long-term sleep quality 
and is, therefore, less applicable. Furthermore, measurements of body-related 
parameters, such as blood pressure or saliva cortisol concentration(Gentile et al., 2018; 
Siqueira et al., 2017), were not included, as their inclusion would have limited the 
applicability of the systematic approach. The approach is designed to be applicable in any 
higher education classroom setting, assuming a steady-state situation (~20 min 
acclimation) and lecturer-student interactions. There are no restrictions regarding the 
number and size of classrooms or the number of participants. In the next stage, the 
systematic approach was tested in practice. 
 

Figure 3-5 Categories covered in the systematic approach and their mutual relations. The 
figures in the parentheses indicate the number of items in the questionnaire that cover 

these categories. 
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3.2 Deployment of a systematic approach 
3.2.1 Method  
A pilot study was conducted to test the systematic approach in February 2020 during the 
same week in which the first confirmed case of COVID-19 was reported in the 
Netherlands. However, the classroom setting and students’ attendance were not affected 
by the pandemic at the time. This pilot study specifically aimed at assessing the 
applicability and validity of the perception categories relating to thermal comfort, indoor 
air quality, lighting comfort, acoustic comfort, and cognitive performance, as these 
categories were modified versions of those referred to in literature. Existing methods and 
items, namely emotional response methods and cognitive performance tests, were not 
tested in the pilot study as these methods were not modified during the development of 
the systematic approach and their applicability has been demonstrated (Choi et al., 2019; 
Gentile et al., 2018; Ahmed et al., 2017; Xiong et al., 2018). 

3.2.2 Design set-up 
In this study, first-year students of the Hanze UAS School of Business Management, which 
is in the northern part of the Netherlands, participated as part of their educational 
program. These students were selected because they were laypersons who were not 
versed in building physics. For the pilot study, two heated and naturally ventilated 
classrooms of the Hanze UAS were selected. These classrooms were equipped with a full 
air recirculation system to achieve a set air temperature. Outdoor air could enter the 
classrooms through grilles located above the double glazing. Both classrooms were fitted 
with nine ETAP U3352 light fittings. Figure 3-6 presents the floorplan of the classrooms, 
their orientation, the building facility components in the classroom, and its general visual 
appearance. 

Figure 3-6 Layout of the classrooms A and B along with four photographs of the A and B 
interiors (left to right respectively). 
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This pilot study was approved by the ethical committee of the Hanze UAS 
(approval no.2019.026). Prior to their participation, the students were provided with a 
general outline of this study and its objective, which was to assess the quality of the 
classroom. All students who participated in this study signed an informed consent form. 
As a reward for participation, each student received a voucher for a cup of coffee or tea. 
The students could end their participation in the study without any consequences at any 
time. However, none of the students requested to do so or to have their data removed. 

  
3.2.3 Procedure 
To determine the indoor air quality, carbon dioxide, particulate matter (PM10 and 
PM2.5), and volatile organic compounds was measured. To determine the thermal 
environmental quality, air temperature and relative humidity were measured. Because of 
the low thermal mass of the building in which the classrooms are located, the assumption 
was made that the globe, radiant, and wall temperatures did not differ beyond accuracy 
specification from the air temperature, which was confirmed in a follow-up study. The 
indicators for indoor air quality and thermal environmental quality were measured using 
an ATAL VLK-60 multi-sensor, which was placed in the middle of the classroom at a height 
of 1.1 m, see Figure 3-6 (EN ISO 7726, 1998). During the pilot study, this device sent all 
readings every five min to an online platform (www.onlinesensor.nl). These data were 
used to determine the test conditions. Before the experiment started, air temperature 
and carbon dioxide concentration were also measured at the front and in the back of the 
classroom with an ATAL ENV-MB350NV sensor to determine whether the thermal 
environmental and indoor air quality in the classroom itself varied. To determine the 
quality of the lighting environment, the horizontal illuminance level at the desktop of each 
desk was collected, with the use of a VOLTCRAFT MS-1300 illuminance measurement 
device, before the start of the lecture. The students were asked to note their position in 
the classroom (table number) when they filled in the online questionnaire. The horizontal 
illuminance level of the desk was linked to the table number. Furthermore, the table 
number was used to determine the row in which the student sat during the lecture. This 
row number was used for further analysis as an indicator of the physical distance between 
the student and the teacher. To determine the quality of the acoustic environment, the 
background noise and the average reverberation time, at frequencies ranging between 
250-2000Hz were measured. Because both classrooms were equipped with the same heat 
pump and the lecturers involved delivered the same number of lectures, the assumption 
was made that the ambient sound did not influence students’ perceived acoustic comfort. 
Appendix 8 presents the measured indicators and details on the accuracy of the 
measuring equipment. 

During the pilot study, 4 lecturers delivered in total 12 lectures, each lasting 
approximately two hours on every weekday apart from Monday. Each lecturer delivered 
the same number of lectures in classrooms A and B. All participants spent more than 20 
min in the classroom; therefore, the assumption was made that all individuals were 
acclimated to the indoor environment (Mishra et al., 2017). After each lecture, the 
students present were asked to participate in the pilot study. The degree of participation 
was high, with approximately 90 % of all students taking part in the study. There was a 
short 10-minute break, during which the students stayed in the room, before they filled 

http://www.onlinesensor.nl/
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in the questionnaires. To obtain their IEQ perceptions and responses and to assess their 
academic performance, all participants first completed the online questionnaire, which 
measured their perceived comfort, perceived physiological and cognitive responses, and 
perceived quality of learning. After completing this questionnaire, they took the academic 
performance test, which comprised ten questions on topics discussed during the lecture. 
There was no time limit for the students to complete the questionnaire and test. Those 
who took the academic performance test received an email the following week with their 
personal test scores.  

3.2.4 Analyses 
To determine the validity of the developed systematic approach, all collected data were 
statistically analyzed. To assess the internal validity of the questionnaire, which addressed 
the perceived IEQ, cognitive response, and quality of learning, first, the scores on all 
negative formulated items were reversed. Next, an analysis of Cronbach’s alpha (α) values 
was performed to assess the internal consistency of these scales. To determine the 
normal distribution of the data, Q-Q plots were computed and Shapiro-Wilk tests were 
performed. Next, the assumed associations (see Appendix 9) were tested with linear 
regressions. The assumed associations of the perceived physical health complaints were 
analyzed by performing a Poisson regression because this dependent variable consists of 
“count data”. 

The output of the regression analysis was only taken into consideration when it 
met the following assumptions. The first was the assumption of normality. To determine 
the normal distribution of the standardized residuals, a probability plot (P-P) plot was 
computed. When this plot of the residuals appeared to be approximately linear, the 
assumption of normal distribution was met. When the outcome appeared not to be linear, 
the distribution of the standardized residuals and unstandardized residuals was analyzed 
by performing the Shapiro-Wilk test. When the significance level of this test is >.05, the 
assumption for normality was met. When the regression model did not meet these 
assumptions, a one-tailed Spearman test was performed to test an association.  

All linear regression models were checked using Cook’s diagnostic measure. This 
value gives a measure of distance per respondent over which the maximum was 
evaluated. In case of a value that exceeded the cut-off value 4/n(Van der Meer et al., 
2010), the significance of the regression unstandardized coefficients were compared with 
those from robust regression models (Yohai et al., 1991). When this comparison resulted 
in a different conclusion with respect to the coefficient, it was reported. For multivariate 
associations the tolerance values should be .10 or higher to rule out multicollinearity 
(Cohen, Jacob et al., 2013). In the case of multicollinearity, the variable with the lowest 
bivariate standard correlation coefficient was excluded from the model. In the Poisson 
regression analysis, the moderation effect was determined by including all moderators 
separately in the regression model, as covariates or factors. The missing values in all of 
the linear regression models were excluded listwise. For all tests, the confidence interval 
(CI) was set at 95 %. The lm function (lme4) and the robust lmm function (robustlmm) in
R version 3.5.0 (R Foundation for Statistical Computing, 192 Vienna, Austria) and IBM SPSS 
Statistics Version 28.0.1.0 were used for statistical analyses.
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To determine the effect of response moderators, a logistic regression path analysis 
modelling tool was used (Hayes, 2017).  
 
3.2.5 Results 
3.2.5.1 Indoor environment 
The outdoor temperature varied between 3.2 and 8.1°C. The indoor air temperature was 
regulated using the installed heating system and varied slightly, remaining at 23°C. The 
mean air velocity was considered to be < 0.09 m/s because the windows in both 
classrooms were closed during the pilot study; therefore, the assumption was made that 
this indicator did not influence students’ perceived thermal comfort. The average 
differences in air temperature and carbon dioxide concentration registered in the center 
of the classroom, compared to those registered at the front and back of the classroom 
were marginal (+1 % and +3 % respectively), indicating that the textile air distribution hose 
of the heating system (see Figure 3-6) mixed the ambient air sufficiently. The average 
carbon dioxide concentration outside was approximately 422 ppm (Global Monitoring 
Laboratory, 2020). The amount of daylight in the classrooms was low, because of a 
window-to-floor area ratio of 3 % and the North to North-West orientation of the 
classrooms that prevented the entry of direct sunlight during the experiment. The 
measured level of horizontal illuminance of the participants’ desktops was 661 ± 162 lx. 
The major source of sound in the classroom, besides the installed heat pump, was the 
lecturer’s voice. The average reverberation time at frequencies between 250 and 2000 
Hz, in classroom A and B were 0.44 and 0.56 s, respectively, and the average background 
noise in both classrooms varied between 35 and 42 dB(A). Figure 3-7 shows the natural 
variations of the thermal environmental and indoor air quality conditions in classrooms A 
and B. 
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Note: RHi = indoor relative humidity; RHo = outdoor relative humidity; ta = air temperature; to = outdoor temperature;  
CO2 = carbon dioxide; PM10 = particles < 10 µm; PM2.5 = particles < 2.5 µm; TVOC = total volatile organic compounds. 

Figure 3-7 Observed indoor and outdoor thermal environmental conditions (in red color 
accents) and indoor air quality (in blue color accents) during the 12 observed lectures at 

the moment students filled in the questionnaire. The line graphs show the natural 
variations in the classrooms during the experiment; the boxplots show the conditions in 

classrooms A and B. 

3.2.5.2 Perceived indoor environmental quality, response moderators, student responses, 
and academic performance 
Data on the perceived indoor air quality, thermal sensation, thermal preference, acoustic 
comfort and lighting comfort were collected. To assess the internal validity, the α-values 
were calculated for the perception scales thermal, acoustic, and lighting comfort and 
indoor air quality. All items contributed to the internal validity of the scales, except for 
the statement addressing the perceived lighting comfort, namely “In the classroom, the 
light rarely flickers”, which was therefore excluded. The α-values for the perception scales 
ranged from .70 to .89, showing that these scales have considerable reliability (Tavakol & 
Dennick, 2011). Average perception scores for these sub-categories of perceived IEQ were 
used for further analyses. The average value for clothing insulation value was 0.5 ± 0.1. 
With the deletion of the one statement addressing the perceived lighting comfort, the 
systematic approach for examining the perceived IEQ was adjusted.  

Of the five identified response moderators, data of four response moderators 
were used. The position of the lecturer in the classrooms, as presented Figure 3-6, was 
the same during the pilot study and did not vary during the lectures or according to the 
classrooms used. Therefore, this variable was not analyzed during the pilot study. A total 



3 

 
Deployment of a systematic approach 

67 
 

of 163 students, with average age of 19.2 ± 1.6 years participated in the pilot study, of 
whom 64 were female students. The row average in which the students sat, which 
reflected the relative distance between the lecturer and the individual student, was row 
3 ± 1 and an average of 14 ± 3 students were present during the lectures.  

Of the students, 20 % reported one symptom, 9 % reported two symptoms, 1 % 
reported four symptoms, and 1 % reported five symptoms. In addition, students’ 
perceived cognitive response was collected. The α-value of the perceived cognitive 
response scale is .87, showing that this scale has considerable reliability (Tavakol & 
Dennick, 2011); therefore, the average perception score of this scale was used for further 
analyses.  

Academic performance was derived from students’ perceived quality of learning. 
The quality of learning items in the questionnaire contributed to the reliability of this 
perception scale except for the statement “I was very productive during the lecture”. This 
scale was omitted from further analysis because of the low α-value of .68. Furthermore, 
to measure students’ short-term academic performance, they completed a content-
related test at the end of each lecture. The percentage of questions correctly answered 
by the students were used for further analyses. Figure 3-8 presents a summary of the 
results of the pilot study, with boxplots of all perception and academic performance test 
scores. Table 3-3 presents the composition of perception scales, α-values of scales, and 
the α-value when an item was deleted. 
 

Note: APT = academic performance test score; PCR = perceived cognitive response; PIAQ = perceived indoor air quality;  
PLC = perceived lighting comfort; PTCpref = thermal preference; PTCsens = thermal sensation; PTC = perceived thermal 
comfort. 

 
Figure 3-8 Perceived indoor environmental quality, cognitive response, and quality of 

learning scores and academic performance test scores. 
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Table 3-3 Composition of all perception scales, including α values and related items per 
category and supporting references. 

Scale Cat. Item RS α Del1 
PTC 
(α = 0.70) 

Thermal sensation Please classify the indoor temperature at this moment: cold, 
cool, slightly cool, neutral, slightly warm, warm, hot 

a  - 

Thermal preference At this moment, would you prefer to feel much warmer, 
warmer, a little warmer, neither warmer nor colder neutral a 
little colder, colder, much colder 

a  - 

PIAQ 
(α = 0.82) 

Quality of air There is some stale air in here ✓ 0.76 
There is a lot of fresh air in here 0.80 

Ventilation The classroom is properly ventilated 0.79 
Odor character and 
intensity 

There is a bad smell in here ✓ 0.78 

Moisture The air is dry in here ✓ 0.80 
The air is dusty in here ✓ 0.80 

PLC 
(α = 0.77) 

Amount of (day)light The visual comfort in the classroom is very bad ✓ 0.73 
I can see well in this light 0.73 
The illumination provided by projectors appears to be 
inadequate 

✓ 0.70 

It is dark in the classroom ✓ 0.73 
Flickering In the classroom the light rarely flickers2 0.77 
Reflections and glare In the classroom, I frequently experience annoying reflections 

produced from the outside 
✓ 0.68 

Color sensation In the classroom, I frequently experience unpleasant color 
sensations 

✓ 0.71 

Contrast In the classroom, windows create dark areas ✓ 0.71 
PAC 
(α = 0.89) 

Noise from within the 
classroom 

Students moving and mingling in the classroom interfere with 
my ability to hear in the classroom 

✓ 0.88 

Noise from the instrumentation used in the classroom 
interfere with my ability to hear in the classroom 

✓ 0.89 

Noise from outside 
the classroom 

Students speaking outside the classroom interfere with my 
ability to hear in the classroom 

✓ 0.89 

Noise from people or instrumentation outside the classroom 
but inside the building interfere with my ability to hear in the 
classroom 

✓ 0.88 

Noise disturbance I experience prolonged noise disturbance ✓ 0.89 
I experience short noise disturbance ✓ 0.88 
Noises that occur only once interfere with my ability to hear 
in the classroom 

✓ 0.88 

Noises that occur occasionally interferes with my ability to 
hear in the classroom 

✓ 0.88 

The noises I hear in the classroom bother me ✓ 0.88 
The noise disturbs my concentration ✓ 0.88 

PCR 
(α = 0.87) 

Alertness I was very alert during the lecture 0.84 
Concentration I was able to concentrate well during the lecture 0.84 
Memory I can remember the content of the lecture well 0.83 
Perception I was able to understand the lecture well 0.84 
Problem solving I was able to solve complicated problems during lecture well 0.84 

PQL 
(α = 0.68) 

Productivity I was very productive during the lecture 0.79 
Reading I was able to read well during the lecture 0.42 
Typing I was able to type well during the lecture 0.47 

Note: APT = academic performance test score; PCR = perceived cognitive response; PIAQ = perceived indoor air quality;  
PLC = perceived lighting comfort; PTC = perceived thermal comfort. Cat. = perceived indoor environmental quality category; 
RS = reverse score was used to compute scale; α del. = α-value when item is deleted.  
a = see Table 3-1.
1 = α value after removing items from scale. 
2 = item was deleted before calculating mean score. 
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3.2.6 Data Analyses 
Multiple regression analyses were conducted to examine how well the independent 
variables (x) could predict the dependent variable (y). Firstly, the assumption that the IEQ 
influences the perceived IEQ was tested. The outdoor conditions reflected in the outdoor 
temperature and relative humidity were excluded from the data analyses because the 
students spent more than 20 min in the classroom before they evaluated the thermal 
environment. Consequently, it was presumed that this time would be sufficient for their 
bodies to acclimatize to these circumstances (Mishra et al., 2017). The multiple regression 
model of the indoor air quality and the perceived indoor air quality showed 
multicollinearity between PM10 and PM2.5. PM10 had the lowest bivariate standard 
correlation coefficient and was therefore excluded for further analyses. An analysis of the 
lighting environment revealed that only the horizontal illuminance varied during the pilot 
study. Therefore, this indicator was included in the analyses. Furthermore, the 
reverberation time was included in the analysis as an acoustic indicator, because the 
reverberation time of classroom A, compared to that of classroom B, was the only 
indicator that differed between the classrooms during the pilot study. A bivariate 
regression analysis of the assumed relation between students’ clothing insulation value, 
as the independent variable, and students’ perceived thermal comfort, as dependent 
variable, did not reveal a significant relation. Therefore, this relation was not further 
analyzed. Although the perceived IEQ scales did not pass the Shapiro-Wilk test, the Q-Q 
plots did not reveal large deviations from normality.  

Next, the assumption that the perceived IEQ influences students’ responses was 
tested. Although students’ self-reported physiological health complaints and their 
perceived cognitive performance did not pass the Shapiro-Wilk test, Q-Q plots did not 
reveal large deviations from normality. The Q-Q plot of the perceived physiological health 
complaints revealed a skewed distribution of data, indicating that this variable was not 
normally distributed. The robust models showed higher estimates of all variables except 
for the model for perceived cognitive performance. However, this estimate was not 
significant and therefore did not lead to a different conclusion regarding this coefficient. 
Table 3-4 presents the outcome of all linear regression analyses or Spearman’s rho, when 
the assumptions for regression were not met.  
  



Chapter 3 

70 

Table 3-4 Outcome of bivariate and multivariate linear regression analyses and 
Spearman rho coefficient for the data collected.  

X y A β R2adj F-value
Model 

sig. dfregr dfres SPcoef 
CO2 
PM2.5 
TVOC 

PIAQm Yes 
-.143 
-.202* 
-.178* 

.107 7.437 *** 3 158 

RHi 
Ta 

PTCsensm Yes .239 
.112 .042 4.571 * 2 160 

RHi 
Ta PTCprefm Yes 

.355*** 

.104 .104 10.389 *** 2 160 

Ehor PLCb No1 -.024 -.006 0.088 1 158 -.039 
RT PACb No1 -.023 -.006 0.084 1 159 -.002 
PIAQ 
PTC 
PLC 
PAC 

PPHCP Yes 

-.76622 
.0372 
-.0102 
-.3012 

0.465***3

1.0383 
0.9903 
0.740*3

n/a *** 4 155 

PIAQ 
PTC 
PLC 
PAC 

PCRm Yes 

.080 

.060 

.152 

.0454 
.033 2.369 * 4 155 

PCR 
APTm Yes 

.269*** 
.060 6.055 ** 2 155 

PPHC -.004 
Note: APT = academic performance test score; PCR = perceived cognitive response; PIAQ = perceived indoor air quality; 
PLC = perceived lighting comfort; PPHC = perceived physiological health complaints; PTCpref = thermal preference;  
PTCsens = thermal sensation; PTC = perceived thermal comfort. 
x = independent variable; y = dependent variable; A = assumptions met; β = standardized coefficient beta; R2adj = squared 

regression coefficient; dfreg = degrees of freedom of regression; dfres = degrees of freedom of residual; SPcoef = Spearman’s 
rho correlation coefficient; b = bivariate linear regression analyses; m = multivariate linear regression analyses; p = Poisson 
regression analyses. 
* = correlation is significant at the 0.05 level (1-tailed); ** = correlation is significant at the 0.01 level (1-tailed);
*** = correlation is significant at the 0.001 level (1-tailed). 
1 probability plot of standardized residuals and unstandardized residuals revealed a non-linear relationship and the
Shapiro-Wilk test revealed a significance level of p < 0.05. Therefore, the assumption for normality was not met.
2 coefficient estimate. 
3 exponentiated value of coefficient.
4 robust estimate value was lower. 

 Furthermore, the interactions were analyzed of the response moderators (w), 
namely age, gender, classroom position of students, and number of students present in 
the classroom during lecture, with the independent (x) and the dependent variables (y). 
The aim was to determine whether the effect of x on y was moderated by w; that is, 
whether the size or sign of the effect of x on y varied with w. However, no significant 
moderation effects were found. Figure 3-9 depicts significant multivariate linear 
regression R2 values between independent and dependent variables.  
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Note: APT = academic performance test score; PCR = perceived cognitive response; PIAQ = perceived indoor air quality; 
PLC = perceived lighting comfort; PPHC = perceived physiological health complaints; PTCpref = thermal preference; PTCsens = 
thermal sensation; PTC = perceived thermal comfort. 
1 = only exponentiated values of coefficient could be calculated, see Table 3-4. 
 

Figure 3-9 Significant multivariate linear regression R2 values between independent and 
dependent variables. See footnote to Figure 3-5 for explanation of symbols and shading. 

3.2.7 Discussion 
The main objective of this study was to develop and validate a systematic approach that 
would enable an assessment of the combined influence of IEQ parameters on students’ 
perceptions, responses, and academic performance. To develop this systematic approach, 
methods derived from 54 included publications were reviewed. This paragraph specifies 
those methods used to measure the influence of IEQ on students and their short-term 
academic performance. Possible adjustment behaviors in result to any discomfort 
experienced, such as opening windows or taking off or putting on clothes, were not 
included because the composed approach focuses on the consequences of experienced 
comfort or discomfort ceteris paribus, as induced by the IEQ. However, future studies that 
specifically focus on students’ comfort level should account for the possibilities the 
students have to adjust indoor environmental circumstances. How the IEQ affects 
students and their performance, in this case with reference to multi-sensory influences 
on human responses, was ascertained from previously published work (see Chapter 2; 
Mamulova et al., 2022). 

Although the identified publications did not always provide detailed information 
about the applied method, all methods could be linked to a category of the framework 
(see Figure 3-1), which demonstrates the practical applicability of this framework. The 
identified methods provide a rich and diverse perspective of how the influence of indoor 
environmental parameters on students’ perceptions, responses, and short-term academic 
performance can most effectively be measured. The designed systematic approach 
combines these methods, enabling researchers to study both the individual and the 
combined influence of all indoor environmental parameters on students. This holistic 
character of the systematic approach responds to the need to develop human response 
models to assess the influence of multiple environmental parameters on performance 
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(Torresin et al., 2018). Students’ emotional response and cognitive performance were not 
tested during the pilot study. The current systematic approach measures the immediate 
interaction and short-term academic performance of the students, and thus does not 
measure the long-term effects of the IEQ on students. However, application of this 
protocol over a longer period and inclusion of long-term academic performance 
measures, for example, students’ grades, may reveal long-term effects. Below, the 
development, the applicability, and the testing of the systematic approach, is discussed. 

3.2.7.1 Development of the systematic approach 
The developed systematic approach, which measures the combined influence of all IEQ 
parameters on students, addresses four main categories: (1) indoor environment, (2) 
perceived indoor environment, (3) student responses, and (4) academic performance. To 
determine the IEQ, 54 indicators were identified that provide detailed information about 
the actual IEQ. In future studies, relevant indicators should be selected from this list of 54 
indicators to measure the IEQ, depending on the aim and scope of the study. When 
studying the influence of the IEQ on students, inclusion of the Pittsburgh Sleep Quality 
Index and body-related parameters can be considered, depending on the study’s aim. 
Furthermore, body composition and sweat excretion can considered when assessing 
students’ thermal comfort, which may help to explain the variations in thermal comfort 
under similar conditions (Huiberts et al., 2017; Schweiker et al., 2018). 

A comprehensive questionnaire was developed by including the methods that 
address the perceived IEQ, cognitive responses, and quality of learning. The validity of this 
questionnaire was tested and confirmed in the pilot study. To cover the cognitive 
response categories, i.e. attention, perception, memory, and problem-solving, empirically 
validated and practically feasible tests were selected. However, the tests which were 
identified during the initial search, were not included in the pilot study, as they were 
already validated in earlier studies. The advantage of using these existing tests is that a 
comparison with the results of these earlier studies becomes possible (Ahmed et al., 2017; 
Sarbu & Pacurar, 2015; Shelton et al., 2009; Siqueira et al., 2017; Xiong et al., 2018). 
However, possible disadvantages are that not all tests can be easily applied in practical 
settings and that it sometimes takes more time to determine the students’ individual 
scores. The practical applicability of the selected test for the systematic approach will be 
tested in a follow-up study. 

3.2.7.2 Applicability of systematic approach 
The developed systematic approach was deployed in a real-life setting to assess the 
applicability and validity of new perception scales and to test academic performance, 
which could not be determined from the information available in the included studies. 
The internal consistency of the systematic approach measuring the perceived IEQ is 
acceptable for all scales (α > 0.70). However, this evaluation of the internal consistency 
led to the exclusion of one item, in the classroom, the light rarely flickers. The negative 
contribution of this item to the perceived lighting comfort scale can be explained by the 
fact that both classrooms were equipped with high-quality LED armatures. In another real-
life setting, with lower quality lighting fittings, assessment of this item may be necessary. 
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None of the identified studies assessed the general health of respondents. This 
topic, therefore, was not addressed in the pilot study. In general, a dysfunction, such as 
deafness, color blindness, or sickness, could influence individuals’ response to IEQ and 
their performance, and this should be considered when analyzing results. An additional 
question, which assesses this topic, could be added to the systematic approach to 
incorporate awareness of this fact. The moderation effect of the number of sleeping 
hours, sleep quality, and room temperature at home were not included in the original 
systematic approach. However, these variables may moderate students’ responses and 
academic performance and may be added to the systematic approach in future studies 
(Choi et al., 2019; Ahmed et al., 2017). Completing the developed questionnaire, covering 
the perceived IEQ, physiological and cognitive response, and the quality of learning takes 
approximately 10 min and requires the availability of a mobile phone, laptop or desktop 
computer.  
 
3.2.7.3 Testing systematic approach 
The pilot study aimed at assessing the applicability and the validity of the systematic 
approach for simultaneously assessing IEQ parameters in classrooms and focused 
specifically on those categories that were altered during the development of the 
approach. During this study, the indoor environment of two classrooms was not actively 
manipulated, resulting in similar conditions in both classrooms and limited natural 
variations. However, these natural variations confirmed, to some extent, the assumed 
associations, as presented by Bitner (1992). Here, significant associations or the absence 
of assumed associations are discussed. However, the pilot study was not intended to 
collect evidence about the influence of the IEQ on students. GPOWER was used to 
determine the statistical power of the collected data (Erdfelder et al., 1996). The achieved 
power (1- β) for a bivariate normal model (one-tailed) is sufficient (>0.80) to evaluate the 
assumed associations, given a relatively small expected effect of 0.20, an α of 0.05, and a 
sample size of 163.  
Of the indicators measured in the pilot study, the indicators for the indoor air quality and 
indoor humidity showed significant associations (p < 0.05) with their related perception, 
revealing the construct validity of these indicators. Furthermore, significant associations 
(p < 0.05) between the perceived IEQ scales and the perceived physiological health 
complaints as well as the perceived cognitive response were observed, confirming the 
construct validity of these variables. Finally, a significant association (p < 0.001) was 
observed between the perceived cognitive response and short-term academic 
performance. The students reported their perceived cognitive response before they 
started the academic performance test. However, the explained variance of this perceived 
cognitive performance on actual academic performance was limited.  

The limited variations of the actual IEQ may explain why the observed bivariate 
and multivariate standardized coefficients are relatively small. Furthermore, the 
multivariate linear regression model of the actual and perceived indoor air quality showed 
that indicators for particulate matter (PM10, PM2.5) caused multicollinearity; indicating 
that one indicator for determining the influence of particulate matter (PM2.5) may be 
sufficient. The observed indoor air temperature (23.0 ±0.4°C), as an indicator for the 
thermal environment, was not associated with the related perception scales for thermal 
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comfort, possibly because of limited temperature variations during the study. The 
insulation value of the clothing was not associated with the indicators for the thermal 
environment or with the thermal perception scales, thus confirming the findings of Mishra 
et al. (2017). However, it might be relevant to assess students’ ability to adjust their 
clothing when they experience thermal discomfort, and this item could be added to the 
systematic approach (Mishra et al., 2017). Furthermore, the assumption was made that 
the students were fully acclimatized at the time they evaluated their thermal sensation 
and preference (Mishra et al., 2017). Therefore, the effect of the outside conditions during 
the pilot study, representing winter conditions in the Netherlands, on students’ thermal 
comfort was not further analyzed. However, climatic and seasonal differences may affect 
students’ adaptive processes and therefore could be added to the protocol, when 
applicable (Schweiker et al., 2020).  

The horizontal illuminance was the only studied indicator for the lighting 
environment that varied during the pilot study. However, this indicator was not correlated 
with the related perception scale. The reason may be that the average horizontal 
illuminance was relatively high (between 514 and 715 lx), low levels of horizontal 
illuminance levels (< 300 lx) were not observed. There was a small difference between 
classrooms in terms of the reverberation time (0.12 s), which was the only indicator 
considered for the acoustic environment that varied during the pilot study. However, it 
did not influence students’ perceived acoustic comfort in the classrooms. 

The α-values were acceptable for all indoor environmental perception scales 
(Tavakol & Dennick, 2011). These perception scales were calculated from the students’ 
individual scores on at least five related statements, except for students’ perceived 
thermal comfort which was derived from students’ thermal sensation and preference 
scores. This assumed relation, see also Table 3-1, is only valid for an average of a large 
group, but does not hold necessarily for individual votes (Schweiker et al., 2020). The 
questionnaire covering the scale for perceived lighting comfort only addresses general 
visual aspects in the classroom. Desk-level lighting conditions were not addressed. These 
issues could explain the absence of an association between the horizontal illuminance and 
the related perception scale. Therefore, items that address the perceived task lighting 
conditions may improve the content validity in the systematic approach. Furthermore, 
items on perceived acoustic comfort only addressed the perceived noise from within and 
outside the classroom along with noise disturbance. The ability to hear the lecturer’s 
voice, which entails speech intelligibility and is influenced by the reverberation time in a 
classroom, was not addressed. Items that address speech intelligibility may also improve 
the content validity of the systematic approach. 

3.2.8 Conclusions 
The developed systematic approach allows researchers to examine the combined 
influence of multiple environmental parameters on students’ perceptions, responses, and 
short-term academic performance. As a result, this approach contributes to the need to 
develop human response models, which enable the influence of multiple environmental 
parameters on performance to be assessed and which account for the differences 
between individuals and their responses to the actual and perceived IEQ. 
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In a pilot study, associations were observed between the actual IEQ indicators, perceived 
IEQ, students’ responses, and students’ short-term academic performance, confirming 
the ecological validity of this approach. Significant associations (p < .05) between IEQ 
indicators, students’ perceptions of the indoor environment and their reported 
physiological and cognitive responses were derived. Finally, students’ short-term 
academic performance was found to be significantly associated with their perceived 
cognitive performance (p < .01). These observed associations confirm the construct 
validity of the systematic approach for these categories. However, not all assumed 
associations were confirmed in the pilot study. The validity of the systematic approach to 
investigate the influence of lighting and the acoustic environment has yet to be 
determined.  

Application of the composed systematic approach facilitates future 
measurements of the influence of individual or combined IEQ parameters on students’ 
short-term academic performance. Moreover, future studies could also examine the 
influence of long-term exposure to certain IEQ conditions and their impact on students’ 
long-term academic performance. To make this type of research possible, the current 
systematic approach should be supplemented with an approach to measure long-term 
exposure and its influence on students’ long-term academic performance. A potential 
option could be to look at students’ grades, for example, before and after a renovation 
that has improved the IEQ. 
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This subchapter is based on:  
Brink, H.W., Krijnen, W.P., Loomans, M.G.L.C., Mobach, M.P., Kort, H.S.M. (2023). Positive 
effects of indoor environmental conditions on students and their performance in higher 
education classrooms: A between-groups experiment. Science of The Total Environment, 
869, 161813.
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4.1 Introduction 
This study explores the effect of the physical environment on students and their academic 
performance in higher education, either college or university (Wæraas & Solbakk, 2009). 
The physical environment of classrooms consists of a variety of aspects, such as the quality 
of the school building, the volume of the classroom, the cleanliness of the classroom, and 
the indoor environment (Wang & Degol, 2016). This study focuses on the indoor 
environmental quality (IEQ), which is defined as a system of four parameters: (1) indoor 
air quality, (2) thermal conditions, (3) acoustic conditions, and (4) lighting conditions 
(Frontczak & Wargocki, 2011), and by doing so, covers stimuli that can be perceived by 
human senses, i.e., vision, hearing, smell, and thermal sensation.  

From a cognitive load theory perspective, the indoor environment of classrooms 
is typically treated as a control variable that is best kept constant (Choi, Van Merriënboer, 
& Paas, 2014). However, there is increasing support to treat this environment as an 
independent variable capable of directly influencing cognitive performance of humans 
(Choi et al., 2014). Furthermore, the indoor environment interacts with both learner 
characteristics and learning-task characteristics (Choi et al., 2014), indicating that optimal 
environmental conditions in classrooms are task-dependent (see Chapter 2). The 
acceptance of the indoor environment as being an independent variable that can 
positively influence learner experiences leads to the assumption that this environment 
can be designed in such a way that it may improve the quality of in-class activities and 
student learning, which in turn may have a positive effect on students’ academic 
performance (Choi et al., 2014). An optimal indoor environment contributes to a better 
school climate (Wang & Degol, 2016) which in return fosters students’ development and 
learning (Cohen et al., 2009).  

To a certain extent, earlier research revealed the effect of single IEQ parameters 
on students’ academic performance (Afren et al., 2017; Castro-Martínez et al., 2016; Chin 
& Saju, 2017; Hoque & Weil, 2016; Rouag-Saffidine & Benharkat, 2006). Furthermore, in 
the last decade the combined influence of IEQ parameters on students has been studied 
more often. However, studies that examine the influence of three or more IEQ parameters 
on students are rare (see Chapter 2). One of the reasons why it is important to assess 
multiple indoor environmental conditions simultaneously is that IEQ parameters interact 
with each other, as observed by Kim and De Dear (2012). For example, an empirical study 
by Ahmed et al.(2017) addressing neurobehavioral tasks revealed that decreasing 
temperature from 25°C and 23°C to 20°C, whille decreasing carbon dioxide (CO2) levels 
from 1800 ppm and/or 1000 ppm to 600 ppm, significantly improved female students’ 
performance in an attention task. Xiong et al. (2018) performed an experiment and found 
that students’ highest efficiency in a perception-oriented task came in thermoneutral 
(22°C), relatively quiet (background noise 50 dB(A)), and bright conditions (horizontal 
illuminance 2200 lx); and students’ ability to solve problems was the highest in a 
thermoneutral (22°C), fairly quiet (background noise 40 dB(A)), and moderately light 
environment (horizontal illuminance 300 lx). These results lead us to expect that the effect 
of multiple improved IEQ parameters on students’ cognitive performance may differ from 
the combined contribution of single improved IEQ parameters. Furthermore, a certain 
hierarchy between IEQ parameters, as observed by Kim and De Dear (2012) in an office 
environment, has not been identified in an academic context yet.  
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To gain more knowledge about the effect of simultaneously improving multiple 
IEQ parameters on students and their academic performance in higher education, this 
study specifically focuses on the effect of three factors: acoustics, lighting, and indoor air 
quality. Dutch guidelines list three quality classes (A, B and C) addressing the four major 
IEQ parameters (RVO, 2015). When building or renovating schools, school management 
must choose between quality class A or B. Quality class A is labelled as “excellent” and 
quality class B is labelled as “good”. These guidelines have been formulated on the basis 
of consensus between the parties concerned.  

To support this decision-making process, this study compares quality class A and 
B requirements for reverberation time (0.4 vs 0.6 s), horizontal illuminance level at the 
lecturer’s desk (750 vs 500 lx), and indoor air quality (CO2 <800 vs >800 and <950 ppm) to 
determine the benefits for students in higher education when quality class A or B 
requirements are adopted (RVO, 2015). Reducing the reverberation time, as a control 
measure to improve classroom acoustics and as a consequence of adopting quality class 
A instead of B, can improve the speech intelligibility in these spaces (Castro-Martínez et 
al., 2016). Furthermore, adopting quality class A instead of B for the horizontal illuminance 
level, may improve students’ perceptions of general lighting comfort and specifically the 
clarity of classrooms (Durak et al., 2007). Bright conditions can also positively influence 
students’ perceived comfort, emotion, and cognitive performance; however, differences 
among humans must be taken into account (Maierova et al., 2016). And finally, it is likely 
that better indoor air quality, as prescribed in quality class A compared to B, may, improve 
students’ perceived indoor air quality, reduce perceived physical health complaints, and 
improve perceived tiredness (Norbäck et al., 2013).  

This study examined the following proposition: indoor environmental conditions, 
meeting quality class A of the Dutch guidelines as compared to class B, have a positive 
effect on students’ perceptions, responses, and performance. To reveal the benefits of 
quality class A (experimental condition), compared to class B (control condition), this 
study was conducted in a naturally occurring setting of actual lectures during a regular 
academic course in a controlled thermal environment. Although the simultaneous testing 
of improved IEQ conditions does not imply any particular order in which IEQ parameters 
should be improved first or last; this study, first, examined the effect of acoustic 
conditions. Next, the simultaneous effect of acoustic and lighting conditions was 
examined. Finally, this study examined the effect of acoustic and lighting conditions at 
high indoor air quality conditions.  
 
4.2 Method 
4.2.1 Practical setting 
The experiment was performed from September 2020 till January 2021. In this study, 201 
first-year students of the Hanze University of Applied Sciences (UAS) School of Future 
Environments, participated in seven campaigns, while following their regular academic 
classes during two consecutive academic periods of seven weeks. These first-year 
students were selected for the study, because they were lay persons and not yet versed 
in building physics. Due to COVID-19 restrictions, students had to maintain a 1.5-meter 
distance in the classroom but were not mandated to wear face masks in the classroom.  
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The study was performed in two identical classrooms of Hanze UAS, the 
Netherlands during two academic courses of seven weeks. The classrooms were identical 
in size, height, orientation, and daylight entry (window north-north-west). Figure 4-1 
shows two pictures of the interior of classroom A, hereafter referred to as the 
intervention condition and classroom B, hereafter referred to as the control condition.  

Figure 4-1 Visual appearance of the intervention and control condition classrooms 
interior. The top photos show the classrooms from the lecturer's perspective, the bottom 

photos show the students' perspective. 

During the first academic period, the classrooms were equipped with a full 
recirculation system to maintain a set air temperature of 21°C. Outdoor air could enter 
the classrooms though vents, which were located above the double glazing. At the start 
of the experiment, the reverberation time was adjusted in the classrooms, with the use 
of Ecophon Master sealing and wall panels to meet quality class A or B specifications (RVO, 
2015). Table 4-1 presents the reverberation time of both conditions at different 
frequencies. 

Table 4-1 Reverberation times at different frequencies in the intervention and control 
conditions. 

Condition Quality 
class 

Reverberation time 
(sec) 

250 Hz 500 Hz 1000 Hz 2000 Hz 250-2k Hz 
Intervention condition A 0.35 0.53 0.38 0.39 0.4 
Control condition B 0.59 0.6 0.54 0.61 0.6 

The intervention condition was fitted with twelve and the control condition with six ETAP 
U3352 lighting armatures with a color temperature of 3000K and a color rendering index 
of 80. Both lighting systems were equipped with a dimmer and the illuminance was 
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adjusted to meet the specified value before the start of every lecture. Lecturers were 
instructed not to adjust the illuminance level during the lecture. Before the start of the 
second academic period, the two classrooms were equipped with a heating, ventilation, 
and air conditioning (HVAC) system. This system consisted of a combined air handling unit, 
including fixed plate heat exchangers and F7 filters, with a capacity of 3500 m3/h for both 
classrooms, which results in a maximum ventilation rate of 14.5 air changes per hour and, 
at a maximum capacity of 30 persons per classroom, in a ventilation rate of 16 l/s per 
person. Outside the classrooms, an air-cooled heat pump of 15 kW (for the control 
condition) and an air-cooled heat pump of 25 kW (for the intervention condition) were 
installed. The classrooms were equipped with a VLK-60 multi-sensor, which was placed in 
the middle of both classrooms at a height of 1.1 m to measure air temperature, CO2 
concentration, relative humidity, particle matter (PM) 2.5, and total volatile organic 
compounds (TVOC). Figure 4-2 shows the classrooms’ layout, including the location and 
technical details of the HVAC system and the position of the multi-sensor. 

4.2.2 Data collection of the actual indoor environmental quality 
Before the start of the experiment, the readings of air temperature (ta), carbon dioxide 
(CO2), and indoor relative humidity (RHi) were compared with the reading of an ATAL ATU-
CT sensor, which was calibrated by the manufacturer (calibration nr. 2020273092 006). 
Based on these readings, the readings of the multi-sensor were adjusted. In addition, 
readings with ATAL ATU-CT sensors were collected at different places, i.e., at the back and 
at the front of both classrooms. These readings were also compared with the readings of 
the VLK-60 multi- sensor. To determine if measured ta differed from the mean radiant 
temperature (tr) and the black globe temperature (tg), the tr and the tg were measured 
with a Delta Ohm HD32.3TCA Thermal Microclimate sensor. During the experimental 
period, the VLK-60 sent all readings to an online platform (www.onlinesensor.nl) every 5 
min. Next, this data was exported to EXCEL to determine IEQ conditions which represent 
the observed value at the time when students answered the questionnaire and performed 
the tests. Furthermore, the horizontal illuminance level of each student desk was 
collected with the use of a VOLTCRAFT MS-1300 illuminance measurement device before 
the start of each lecture. Next, the students had to fill in their desk number when 
completing the online questionnaire and various tests. The measured horizontal 
illuminance level on the table was linked to the table number of the student. The desk 
number was used to determine the row in which the student sat during the lecture. This 
row number was used for further analysis. Appendix 8 presents details about the used 
measuring equipment.  

http://www.onlinesensor.nl/
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Figure 4-2 Layout of the intervention and control conditions, including the orientation 
and technical details of the HVAC system and (B) cross-section of the intervention 

condition. 
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4.2.3 Data collection of students’ perceptions, responses, and short-term academic 
performance  
A previously developed method was used to examine students’ perceptions, responses, 
and short-term academic performance (see Chapter 3). To determine the effect of 
reverberation time on students’ perceived acoustic comfort, the related item score to the 
speech intelligibility was used (Castro-Martínez et al., 2016). Furthermore, to determine 
the perception of the horizontal illuminance level, the combined scores of five statements 
covering the topics amount of light, reflections, and glare were used (Castilla et al., 2017; 
Castilla et al., 2018; Gentile et al., 2018; Yang et al., 2013). To determine the effect of the 
actual indoor air quality conditions on students’ perception, the combined scores on eight 
items which covered the topics air quality, ventilation, odor intensity and character, and 
moisture were used (Castilla et al., 2017; Corgnati et al., 2007; Mongkolsawat et al., 2014; 
Ramprasad & Subbaiyan, 2017; Valavanidis & Vatista, 2006; Yang et al., 2013). Students 
thermal comfort, as a control variable, was measured with the use of three questions 
which addressed their thermal acceptance, sensation and preference (Almeida et al., 
2016; Corgnati et al., 2007; de Abreu-Harbich et al., 2018; Mishra et al., 2017; 
Mongkolsawat et al., 2014; Ramprasad & Subbaiyan, 2017). Students’ perceived health 
and self-reported physical health complaints were collected with an answering schedule 
(Ashrafi & Naeini, 2016; Bidassey-Manilal et al., 2016; Chowdhury et al., 2010; Jaakkola, 
2006; Norbäck et al., 2013). To determine if a reported health symptom is building-
related, a question was added to reveal if the reported symptom (or symptoms) 
disappeared after leaving the building. Reported symptoms which disappeared after 
leaving the building were considered an indicator for perceived physical health 
complaints. Appendix 10 presents more details about the questions, statements, and 
composed scales.  

Students’ objective cognitive responses were measured with the use of cognitive 
performance tests. To measure the four main cognitive response categories: attention 
and concentration, memory, perception, and problem solving (Xiong et al., 2018), four 
different tests were included. These tests are: (1) the Go-No Go task (Drewe, 1975), the 
Corsi block task (Corsi, 1972), (3) the Stroop color-word task (Stroop, 1935), and (4) the 
Wisconsin Card Sorting test (Ozonoff, 1995) respectively (see Table 4-2). Appendix 11 
presents more details about these tests and the calculation of the test scores.  
 

Table 4-2 Applied cognitive performance tests, the original reference of test, and 
performance indicators. 

Category Test Performance indicator Link to test 
Attention and 
concentration 

Go-No Go task D-prime score, from -1 (very low) to +6 (very high) [link] 

Memory Corsi block task Score, score from 0 (very low) to 9 (very high) [link] 
Perception Stroop color-word 

task 
Average score from 0 (very low) to 135 (very high) [link] 

[link] 
Problem-solving Wisconsin Card 

Sorting test 
Correct responses (C) score from 0 (very low) to 64 
(very high) 
Attempts (A), score 0 (very low) to 64 (very high) 
Matching rules (R), score 0 (very low) to 6 (very high) 

[link] 

 

https://scripting.neurotask.com/exp/zbSFYcB6CV
https://scripting.neurotask.com/exp/rWyzvNSkvS
https://scripting.neurotask.com/exp/Dn4b747cWS
https://scripting.neurotask.com/exp/h35TxCFF7f
https://scripting.neurotask.com/exp/43WLYsgvrz
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Students’ perceived cognitive performance was measured with questions addressing the 
four cognitive response categories (Jonsdottir, 2006; Mongkolsawat et al., 2014; Xiong et 
al., 2018). Students’ emotional responses were measured by the use of the positive and 
negative affect scales (Gentile et al., 2018; Watson et al., 1988), the basic emotional 
process scale (Gentile et al., 2018; Kuller, 1991) and the Karolinska Sleepiness Scale 
(Åkerstedt & Gillberg, 1990; Choi et al., 2019). Appendix 7 provides detailed information 
about these applied methods.  

The following moderators were identified and accounted for: age, gender, the 
distance of students to the lecturer expressed in row number, the number of students 
present in the classroom, the estimated number of hours of sleep before participation, 
and room temperature at home (Corgnati et al., 2007; Ahmed, 2017; Gentile et al., 2018; 
Madbouly et al., 2016).  

To measure the perceived quality of learning, students had to respond to three 
statements which address students’ perceived productivity and ability to read and write 
(Lee et al., 2012). To measure students’ short-term academic performance, a content-
related test was composed in collaboration with the involved lecturers (McDonald et al., 
2004; Shelton et al., 2009). Before making the content-related test, students had to fill in 
the questionnaire which evaluated their perceptions regarding the IEQ, internal 
responses, and quality of learning. By using this order, the time span between the lecture 
and the content-related test was increased and the students were forced to focus their 
thoughts on other aspects than those covered during the lecture (McDonald et al., 2004). 
The content-related test consisted of eight to ten multiple-choice questions relating to 
the topics covered during the lecture of that week. Each week new topics were discussed 
and tested, no topics from previous weeks were evaluated. Therefore, the assumption 
was made that the learning outcomes of each lecture were not affected by the learning 
outcomes from previous lectures. The academic performance test score equals the 
percentage of questions answered correctly, and reflects students’ short-term academic 
performance. 

The identified statements from the literature that were used to measure 
students’ perceptions and internal responses, consisted of both positively and negatively 
formulated statements. Following Salazar (2015), the negatively formulated statements 
were reformulated into their positive counterparts, because a combination of positively 
and negatively formulated items can seriously affect the internal consistency of the 
perception scales. For all statements, a seven-point Likert scale, from one (strongly 
disagree) to seven (strongly agree) was applied. Consequently, the mean perception 
scores should be interpreted as from 1-very poor to 7-very good. An exception is the mean 
perceived thermal comfort score: this score should be interpreted as from 1-very 
uncomfortable to 4-comfortable (see Appendix 10 for information about composition of 
this scale). Furthermore, the mean score on students’ perceived health should be 
interpreted as from 1-very bad to 5-very good. 

As a final step to enable the application of the questionnaire and tests, all 
questions and statements were translated into Dutch by the authors. These questions and 
statements were then translated back into English by a professional translator. This 
translation was compared to the original English approach, differences were discussed 
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with the translator and, if necessary, the Dutch translation of the question or statement 
was adjusted.  
 
4.2.4 Data collection procedure  
The final study design was approved by the Hanze UAS’ Ethical Committee (No. 2019.026). 
Prior to their participation, the students were provided with a general outline of the study 
and its objective, which was to assess the quality of the classroom. All students who 
participated in this study signed an informed consent form. The students could end their 
participation in the study without any consequences and at any time. However, none of 
the students made a request to do so or to have their data removed. During the two 
academic courses, the lectures were the same and equally distributed among involved 
lecturers and between the intervention and control condition. The type of lecture was a 
tutorial, in which the lecturer gave a presentation about basic management principles. 
Students did not carry out assignments nor did they participate in group discussions. 
Intervention and control conditions were measured in similar time frames; the difference 
between the starting time of the lectures in both conditions was not more than one h per 
lecturer. For example, an involved lecturer gave a lecture on Wednesday from 8:30 a.m. 
till 9:30 a.m. in the intervention condition. Immediately following this first lecture, the 
same lecturer gave a lecture in the control condition from 9:30 a.m. to 10:30 a.m. The 
lecturers were instructed to give the same lecture in both conditions and were not 
informed which classroom was the control condition.  

Before the experiment, students were randomly assigned to one of two groups, 
initially with 15 students each, following the academic course in the experimental or 
control condition. Students were not allowed to join a lecture in another classroom than 
pre-assigned. All lectures were given from Tuesday till Friday and always on the same day 
and time for each group. All participants spent >20 min in the classroom; therefore, the 
assumption was made that all individuals were fully acclimatized to the thermal 
environment (Mishra et al., 2017). After the lecture, the lecturer left the classroom and 
the researcher entered asking the students to participate in the pilot study. The degree of 
participation was high, reaching approximately 91 % of all students present. After each 
lecture, a short 5-minute break, were students remained in the classroom, was reserved 
before the questionnaires were filled in. Within a week, students who took the in-class 
academic performance test received an e-mail to inform them about their personal score 
on this test.  
 
4.2.5 Data and statistical analysis 
In the first academic period, students, first had to get familiar with the questionnaires and 
the cognitive performance tests. After three weeks, all students had filled in at least one 
questionnaire and completed all cognitive performance tests. Therefore, from week four 
onwards, the collected data were used for further analysis. Due to practical reasons, only 
the data collected during weeks 12 till 14 of the second academic period was used for 
further analysis. In total, seven campaigns were conducted during the two academic 
periods. The data, collected in week 4-7 and week 12-14, were checked for errors. 
Furthermore, Cronbach’s alpha values of all composed perception scales were calculated, 
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and the scales were acceptable if the values were >0.70 (Tavakol & Dennick, 2011). Next, 
the following three research questions were analyzed: 
1. Do students in a high-quality classroom, with a reverberation time of 0.4 s, a

horizontal illuminance level of 500 lx, a moderate indoor air quality with a carbon
dioxide concentration of ~1100 ppm, and an air temperature of 21°C score higher on
perceived speech intelligibility, physical, emotional, and cognitive responses, and
short-term academic performance when compared to students in a low-quality
classroom (Model 1: RT 0.4-0.6 s, Ehor 500 lx, CO2 ~1100 ppm, ta 21°C)?

2. Do students in a high-quality classroom, with a reverberation time of 0.4 s, a
horizontal illuminance level of 750 lx, a moderate indoor air quality with a carbon
dioxide concentration of ~1100 ppm, and an air temperature of 21°C score higher on
perceived speech intelligibility and perceived lighting comfort, physical, emotional,
and cognitive responses, and short-term academic performance when compared to
students in a low-quality classroom (Model 2: RT 0.4-0.6 s, Ehor 750-500 lx, CO2 ~1100
ppm, ta 21°C)?

3. Do students in a high-quality classroom, with a reverberation time of 0.4 s, a
horizontal illuminance level of 750 lx, a high indoor air quality with a maximum carbon
dioxide concentration of 800 ppm, and an air temperature of 21°C score higher on
perceived speech intelligibility and perceived lighting comfort, physical, emotional
and cognitive responses, and short term academic performance when compared to
students in a low-quality classroom with high indoor air quality (Model 3: RT 0.4-0.6
s, Ehor 750-500 lx, CO2 <800 ppm, ta 21°C)?

Figure 4-3 shows an overview of all examined direct and indirect associations and 
moderation effects, which were derived from a previously performed literature review 
(see Chapter 2). Furthermore, this figure shows all studied categories and variables 
related to students’ perceptions, physical, emotional, and cognitive responses, and short-
term academic performance. 
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Note: CCT = correlated color temperature; CO2 = carbon dioxide; CRI = color rendering index Ehor = horizontal illuminance; 
LAeq = A-weighted background noise or ambient noise; PM2.5 = particles < 2.5 µm; RHi = indoor relative humidity; RHo = 
outdoor relative humidity; RT = reverberation time; ta = air temperature; tg = globe temperature; to = outdoor 
temperature; tr = radiant temperature; TVOC = total volatile organic compounds. 
 

Figure 4-3 Overview of studied categories and variables, including the examined direct 
and indirect associations and moderation effects (see Chapter 3). 

4.2.6 Data and statical analysis 
To analyze the assumed associations, first, mean scale values were calculated. Next, 
mixed-effects linear models (LMMs) were computed to explore the assumed direct and 
indirect associations and moderation effects. These models include the main effects of 
IEQ conditions in the intervention condition, compared to those in the control condition. 
Multiple LMMs were conducted to test the students’ perceptions, their internal 
responses, and their academic performance under varying conditions of the factors 
reverberation time, horizontal illuminance level, and ventilation rate. Student responses 
were statistically corrected for the moderators age, gender, the distance of students to 
the lecturer, the estimated number of hours of sleep before participation, and room 
temperature at home. In addition, the LMMs were controlled for individual student level 
by random intercept. The models were computed with a general unstructured covariance 
matrix dealing with the repeated measurements in the design. The main effects were 
considered statistically significant at a p-value <0.05. 

The classroom in which the student attended the lecture (the control or 
intervention condition) was considered as the independent variable in all LMMs that 
analyzed direct associations, see Figure 4-3. Significant indirect effects were only reported 
when this effect was triggered by a significant direct association. Those LLMs which 
revealed significant effects were checked by Cook’s diagnostic measure. The latter gives 
a distance measure per respondent over which the maximum was evaluated. In case of 
values larger than the cut-off value 4/n (Van der Meer et al., 2010), the significance of the 
LMM parameters’ estimates were compared with those from robust LMM (Yohai et al., 
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1991). When these robust analyses led to a different conclusion regarding the estimate 
coefficient (β) beyond the first decimal, this is reported. 

The LMM function in the linear mixed effects models package (lme4) in R version 
3.5.0 (R Foundation for Statistical Computing, 192 Vienna, Austria) and IBM SPSS Statistics 
Version 28.0.0.0 (190) were used for statistical analyses. In line with the research 
questions, Figure 4-4 shows a schematic overview to summarize the IEQ interventions and 
in which academic weeks the campaigns were conducted.  

Figure 4-4 Overview of interventions during the experiment, including the intended 
indoor environmental quality in the intervention and control conditions, the campaigns 
numbers, and of the data of which campaigns were used to answer the three research 

questions (RQ). See footnote to Figure 4-3 for explanation of shading. 

4.3 Results 
In this paragraph, first, the number of students which participated during the campaigns 
and the average scores of all moderators are presented. Next, the observed actual IEQ 
conditions in the intervention and control conditions are presented, which specifically 
address the effect of the interventions. Finally, the observed direct and indirect 
associations and moderation effects of the three interventions on students are presented, 
derived from LMMs.  

4.3.1 Participation and moderators 
Table 4-3 presents an overview of the number of students which participated during all 
campaigns and all moderators. The experiment was performed from September 2020 till 
January 2021. Travel and lecturing restrictions, due to the outbreak of the coronavirus in 
the Netherlands may have affected student attendance (Government of the Netherlands, 
2020b), especially during the last three campaigns, although the Hanze UAS gave 
permission to continue the experiment (Government of the Netherlands, 2020a). It was 
not mandatory, due to government regulations, to wear a mask inside the class room. As 
a result, all participating students did not wear a mask. During all campaigns, students had 
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to keep a distance of at least 1.5 m from each other within the classrooms. The self-
reported evaluations of students’ emotions, see Appendix 12, gave no reason to assume 
that during the experiment emotions differed greatly for both students in the control and 
in the experimental groups. Therefore, these results do not provide any indication that 
the ongoing pandemic, although in general it may have caused mental stress among the 
students who participated in the experiment influenced the results as presented.  
 

Table 4-3 Overview student participation and moderators. 

Week 
 
 

Period  
2020-2021 
 

CP 
 
  

CO 
 
  

n 
 
  

♀ 
(% ) 
 

Age 
 
  

Row 
 
  

AT 
 
  

 
DO 
 (%) 

ta set 
at 
home 
(◦C)  

Estimated 
amount of 
hours sleep  

4 29-9/30-9 11 I 51 68 20 ± 2 3 ± 1 10 ± 4 67 20 ± 1 7 ± 1 
  

 
C 63 61 19 ± 2 3 ± 1 13 ± 3 87 20 ± 1 7 ± 1 

5 6-10/7-10 21 I 40 55 19 ± 2 4 ± 1 9 ± 3 60 20 ± 1 7 ± 2 
 
 

 
 

C 38 68 19 ± 2 4 ± 1 11 ± 2 73 20 ± 1 7 ± 1 

6 20-10/22-10 31 I 64 63 19 ± 2 3 ± 1 13 ± 2 87 20 ± 1 8 ± 1 
  

 
C 62 63 19 ± 2 4 ± 1 11 ± 2 73 20 ± 1 7 ± 1 

7 27-10/29-10 41 I 47 56 19 ± 2 4 ± 1 9 ± 1 60 20 ± 1 8 ± 1 
  

 
C 48 60 19 ± 2 4 ± 1 10 ± 3 67 20 ± 1 8 ± 1 

12 15-12/16-12 52 I 14 57 20 ± 2 4 ± 1 2 ± 2 133 21 ± 1 7 ± 2 
  

 
C 15 53 19 ± 2 3 ± 1 2 ± 2 133 20 ± 1 7 ± 2 

13 5-1/8-1 62 I 15 60 19 ± 3 3 ± 1 10 ± 0 67 20 ± 1 7 ± 1 
  

 
C 30 63 19 ± 2 4 ± 1 6 ± 1 40 20 ± 1 6 ± 2 

14 12-1/15-1 72 I 16 63 19 ± 2 4 ± 1 7 ± 2 47 20 ± 1 7 ± 2 
  

 
C 24 71 19 ± 2 4 ± 0 5 ± 2 33 20 ± 1 6 ± 1 

Note: AT = attendance per lecture; DO = desk occupancy; CO = condition; CP = campaign; n = number of participants; ta = 
air temperature.  
1 = during partial lockdown to bring down COVID-19 infections in the Netherlands. 
2 = during full lockdown to bring down COVID-19 infections in the Netherlands. 
3 = first week in which the Netherlands were in full lockdown. 

 
4.3.2 Actual indoor environmental quality 
With reference to Table 4-1, the difference between the reverberation time of the 
intervention and the control conditions was -0.2 s (0.4-0.6 s). As intended, the horizontal 
illuminance level at the lecturer’s desk was manually manipulated during campaigns 1-2 
to ~500 lx. As a result, no significant difference in the horizontal illuminance level at the 
students’ desks was observed during these campaigns. From campaign 3 onwards, the 
horizontal illuminance level at the lecturer’s desk was raised in the intervention condition 
to ~750 lx, and as a result, the mean horizontal illuminance level at the students’ desks 
was on average 192 lx higher in the intervention condition, compared to those of the 
control condition. Bear in mind that besides the artificial lighting also daylight entered the 
classrooms through the windows. However, the classrooms’ orientation prevented direct 
sunlight entry. The average cloud coverage during the campaigns (in octants) was 7.5, 7.5, 
and 7.2 (9 = sky invisible) and the global radiation (hourly division) was 51.0, 37.3 and 20.4 
J/cm2 for campaigns 1-2, 3-4, and 5-7, respectively (The Royal Netherlands Meteorological 
Institute, 2022). Figure 4-5 shows the average horizontal illuminance levels at lecturer’s 
and students’ desks and how the light was distributed in the classroom during the 
campaigns. 
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Figure 4-5 Measured average horizontal illuminance level in the classrooms during all 
campaigns, measured average horizontal illuminance level at lecturer’s desk, the row 

and desk numbers of students’ desks, and the location of the lighting armatures, 
smartboard, and whiteboard. 

The air temperature setpoint was 21.0 °C during all campaigns. The globe (= -
0.2°C) and radiant temperatures (= -0.3 °C) did not differ beyond accuracy specification 
from the air temperature at 21.4 °C, presumably due to the low thermal mass of the 
building in which the classrooms are located. After the new HVAC system was installed, 
the CO2 concentration was reduced with ~490 ppm CO2. The concentration TVOC and 
PM2.5 was also lower during the last three campaigns. However, during the fifth 
campaign the PM2.5 concentration was higher than during the sixth and seventh 
campaigns, due to a higher PM2.5 concentration in the outdoor air (National Institute for 
Public Health and the Environment, 2022). Table 4-4 shows all obtained measurements of 
the indoor air quality and thermal conditions in the intervention and control conditions 
during the seven campaigns of the experiment. 
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Table 4-4 Average observations and standard deviations of outside and inside relative 
humidity and air temperature, carbon dioxide concentration, particles <2.5 µm and total 

volatile organic compounds of the intervention and control conditions during the 
experiment. 

CP CO RHo RHi to ta CO2 PM2.5 TVOC 
  (%) (%) (◦C) (◦C) (ppm) (µg/m³) (mg/m³) 
11 CC 90 ± 11 59 ± 2 15.2 ± 2.5 20.9 ± 1.4 1239 ± 128 3.8 ± 2.9 0.5 ± 0.7 
 IC 86 ± 11 52 ± 1 16.0 ± 2.1 20.8 ± 1.1 994 ± 208 3.7 ± 2.8 0.2 ± 0.1 
21 CC 86 ± 7 57 ± 1 13.5 ± 1.3 19.2 ± 1.3 938 ± 316 1.8 ± 0.4 0.4 ± 0.3 
 IC 82 ± 7 50 ± 1 13.8 ± 1.0 20.2 ± 1.1 959 ± 323 1.7 ± 0.4 0.3 ± 0.2 
31 CC 80 ± 8 52 ± 2 14.0 ± 2.2 21.9 ± 0.5 1140 ± 125 3.4 ± 1.5 1.4 ± 1.0 
 IC 79 ± 7 44 ± 2 14.0 ± 2.4 22.6 ± 0.6 1022 ± 179 3.5 ± 1.8 0.6 ± 0.3 
41 CC 78 ± 4 47 ± 2 11.2 ± 0.9 21.8 ± 0.5 1062 ± 172 3.5 ± 3.3 1.3 ± 1.2 
 IC 80 ± 5 41 ± 1 10.8 ± 0.8 22.3 ± 0.4 986 ± 164 1.9 ± 0.3 1.2 ± 1.0 
52 CC 96 ± 1 41 ± 1 8.0 ± 0.8 21.5 ± 0.3 571 ± 43 3.1 ± 1.0 0.0 ± 0.0 
 IC 96 ± 1 36 ± 1 8.0 ± 0.8 21.5 ± 0.1 649 ± 49 3.2 ± 1.2 0.0 ± 0.0 
62 CC 91 ± 6 34 ± 1 2.6 ± 0.3 21.2 ± 0.3 630 ± 91 0.9 ± 0.2 0.0 ± 0.0 
 IC 93 ± 6 28 ± 2 1.8 ± 1.1 21.5 ± 0.3 757 ± 160 0.8 ± 0.1 0.0 ± 0.0 
72 CC 83 ± 6 35 ± 2 4.7 ± 1.1 21.2 ± 0.4 654 ± 48 0.9 ± 0.1 0.0 ± 0.1 
 IC 77 ± 7 27 ± 2 4.7 ± 2.3 21.7 ± 0.4 632 ± 66 1.1 ± 0.3 0.0 ± 0.0 

Note: CC = control condition; CO = condition; CO2 = carbon dioxide; CP = campaign number; IC = intervention condition; 
PM2.5 = particles < 2.5 µm; RHi = indoor relative humidity; RHo = outdoor relative humidity; ta = air temperature; to = 
outdoor temperature; TVOC = total volatile organic compounds. 
1 = full recirculation system was operational; 2 = heating, ventilation, and air conditioning (HVAC) system was operational.  
 

4.3.3 Students perceptions, internal responses, and academic performance  
Regarding Table 4-4, the air temperature setpoint was not adjusted during all campaigns. 
Although small differences in air temperature and indoor humidity were observed 
between the intervention and control condition, LMMs revealed no statistically significant 
difference in students’ perceived thermal comfort between the intervention and control 
condition and between campaigns three and four (before the instalment of the new HVAC 
system) and campaigns five, six and seven (when the new HVAC system was operational). 
However, students’ perceived indoor air quality (α-value of this scale is 0.92) was 
expected to improve during campaigns five, six and seven, compared to those of 
campaigns three and four. This effect was expected in both the control and the 
intervention condition, as a result of an improved ventilation rate. LMMs revealed that 
students’ perceived indoor air quality average score was in fact significantly higher during 
the last three campaigns (p = 0.020; β = 0.33). Unexpectedly, during the fifth campaign, a 
difference was observed in the mean score of perceived indoor air quality between the 
intervention and control conditions, which may have influenced other students’ 
perceptions. This has been taken into account when the results of this campaign were 
interpreted. Appendix 12 presents all scores of students’ perceptions of the indoor 
environment, their internal responses, and their academic performance in the control and 
intervention conditions during all seven campaigns.  
 
4.3.4 Analysis of direct, indirect, and moderation effects  
With regard to all research questions, average scores for related items and scales were 
computed. Next, LMMs were computed to analyze all direct and indirect associations and 
moderation effects of campaign one and two (model 1), campaign three and four (model 
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2), and campaign five, six, and seven (model 3), as shown in Figure 4-4. In the LMMs, 
perception values were used to determine speech intelligibility, mean lighting comfort, 
mean cognitive performance, and quality of learning. Cook’s distance of the LMMs 
exceeded the cut-off value in all significant LMMs. However, the robust LMMs which were 
subsequently calculated showed estimates which did not differ beyond the first decimal, 
except the estimates of one LMM. The robust values of this LMM are also reported.  

Model 1 Delta reverberation time (-0.2 s) at low horizontal illuminance conditions (500 lx) 
and low indoor air quality (~1100 ppm CO2) 
With regard to the first research question, whether a reduced reverberation time had a 
positive effect on students’ perceived IEQ, responses and academic performance, LMMs 
were computed with all related items and scales of the first two campaigns. The difference 
in reverberation time between the intervention and control conditions did not lead to a 
significant difference in students’ ability to hear the lecturer’s voice and students’ short-
term academic performance. However, the difference in reverberation time did lead to a 
higher score on students’ perceived cognitive performance (α scale 0.88; β = 0.34; t(157) 
= -2.05; p = 0.042). There was a gender effect: male students on average scored higher 
on their perceived cognitive performance than female students (β = 0.38; t(115) = -2.40; 
p = 0.018). Also, an indirect association was observed between students’ perceived 
cognitive performance and perceived quality of learning (β = 0.62; t(144) = 10.70; p = 
0.000). 

Model 2 Delta reverberation time (-0.2 s) and delta horizontal illuminance level (+250 lx) 
at low indoor air quality (~1100 ppm CO2) 
With regard to the second research question, whether a reduced reverberation time and 
enhanced horizontal illuminance level had a positive effect on students’ perceived IEQ, 
responses, and academic performance, LMMs were computed with all related items and 
scales of the third and fourth campaigns. The influence of reduced reverberation time and 
enhanced horizontal illuminance level led to a significant improvement of the perceived 
lighting conditions (β = 0.37; t(143) = -2.78; p = 0.006). Furthermore, the perceived 
lighting comfort was negatively influenced when the number of students present was 
higher (β = -0.06; t(129) = -2.81, p = 0.006).  

The influence of reduced reverberation time and enhanced horizontal illuminance 
level led to an unexpected decline in the intervention condition on the Wisconsin Card 
Sorting test, a cognitive performance test to measure students’ ability to solve problems 
on the indicator correct responses (β = -2.10; t(127) = 2.04; p = 0.043), although the robust 
LMM showed a lower estimate (β = -0.59; t(138) = -1.35). This score was also associated 
with the row the student sat during the lecture (β = 0.68; t(165) = 2.20; p = 0.029). The 
direct association between the improved acoustic and lighting conditions and students’ 
perceived lighting comfort initiated multiple indirect associations between this perceived 
comfort and students’ responses. When the perceived lighting comfort increased, this 
improved students’ perceived physical health (β = 0.17; t(202) = 2.96; p = 0.003). A 
significant effect of gender was observed: female students rated their health on average 
lower (β = -0.23; t(123) = -2.34; p = 0.003). Students’ perceived cognitive performance 
was positively influenced when the perceived lighting comfort increased (β = 0.39; t(203) 
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=3.98; p = 0.000). Students’ ability to hear the lecturers’ voice was not significantly 
associated anymore with students’ perceived cognitive performance (β = 0.04; t(197) = 
0.45; p = 0.65). An improvement in perceived lighting comfort positively influenced the 
performance indicator matching rules of the Wisconsin Card Sorting test (β = 0.23; t(187) 
= 2.30; p = 0.022). Furthermore, an improvement in perceived lighting comfort positively 
influenced multiple emotional responses. Students’ basic emotional status score was 
positively influenced (β = 0.10; t(194) = 3.04; p = 0.003). A significant association was 
observed between students’ basic emotional status and students’ number of hours sleep, 
the amount of sleep the night before the students participated in the research project. 
The observed effect indicates that when students had slept longer, their basic emotional 
status increased (β = 0.04; t(196) = 2.01; p = 0.046). Students’ emotional positive affect 
scale score was positively influenced by an improved perceived lighting comfort (β = 1.47; 
t(210) = 2.33; p = 0.021). Students’ perceived level of sleepiness was positively influenced 
by an improved perceived lighting comfort (β = -0.41, t(185) = 2.56; p = 0.011).  

Students’ perceived quality of learning score was also positively influenced by the 
perceived lighting comfort (β = 0.18; t(159) = 3.20; p = 0.002) and by the perceived 
cognitive performance (β = 0.60; t(185) = 11.42; p = 0.007). Also, the perceived quality of 
learning score is positively influenced by students’ ability to hear the lecturer’s voice (β = 
0.12; t(141) = 2.72; p = 0.007). However, no difference was observed between the 
intervention and control conditions in the ability to hear the lecturers’ voice and students' 
short-term academic performance.  
 
Model 3 Delta reverberation time (-0.2 s) and horizontal illuminance level (+250 lx) at high 
indoor air quality (<800 ppm CO2) 
With regard to the third research question, whether under improved indoor air quality 
conditions, compared to those in the third and fourth campaigns, a reduced reverberation 
time and enhanced horizontal illuminance level had a positive effect on students’ 
perceived IEQ responses and academic performance, LMMs were computed with all 
related items and scales of the fifth, sixth, and seventh campaigns. LMMs did not reveal 
any significant differences in students’ perceptions, responses, or short-term academic 
performance.  
 
4.3.5 Visualization of direct and indirect associations and moderation effects 
Figure 4-6 shows all direct and indirect observed associations of model 1 and model 2, 
including all estimated fixed effect sizes and levels of significance. To improve the 
readability of these models, a variable is present with its original shading, when a direct 
or an indirect association was observed. The shading of the variable was removed when 
no association was observed.  
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Note: * = correlation is significant at the 0.05 level; ** = correlation is significant at the 0.01 level; *** = correlation is significant 
at the 0.001 level. 
Ehor = horizontal illuminance; RT = reverberation time; Wisconsin Card sorting test A score = attempts score;  
Wisconsin Card Sorting test C score = correct responses score; Wisconsin Card Sorting test R score = matching rules score  
1 = estimate of robust LMM was lower. 

 
Figure 4-6 Estimate values of significant associations between the improvement of 
indoor environmental parameters and students’ perceptions, responses, short-term 
academic performance, and moderators. See Figure 4-3 for explanation of shading. 

4.4 Discussion 
The main objective of this study was to analyze the effect of multiple IEQ parameters on 
students’ academic performance in higher education. The following proposition was 
examined: indoor environmental conditions meeting quality class A of the Dutch 
guidelines, have a positive effect on students' perceptions, responses, and performance. 
To analyze the effect of these improved conditions, a between-groups experimental 
design was performed where students were randomly assigned to either the control or 
the intervention group. This group was then taught in either the intervention condition, 
with improved IEQ conditions, or the control condition, with standard IEQ conditions. 
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Lecturers taught in both conditions consecutively on the same day. In this paragraph, the 
results related to three research questions, see paragraph 4.2.5, are discussed.  
 
4.4.1 Effect of reduced reverberation time 
First, the research question that addressed the effect of an improved reverberation time 
(-0.2 s) at low lighting environmental and moderate indoor air quality conditions on 
students’ perceived acoustic comfort, internal responses, and short-term academic 
performance will be discussed. Except for the reverberation time, the acoustic conditions 
in the intervention and control conditions were similar, indicating that the perceived 
speech intelligibility of the lecturer is particularly influenced by the difference in 
reverberation time (Madbouly et al., 2016). The relatively small improvement of the 
reverberation time of -0.2 s, as prescribed by Dutch guidelines (RVO, 2015), did not lead 
to a significant difference in students’ perceived ability to hear the lecturer’s voice nor did 
it influence students’ actual cognitive performance test scores. The absence of this effect 
was also observed by Braat-Eggen et al. (2019). However, at the same time the improved 
reverberation time positively influenced students’ perceived cognitive performance and 
a higher perceived cognitive performance positively influenced students’ perceived 
quality of learning. This positive effect of reverberation time on students’ cognitive and 
short-term academic performances was also reported by Castro-Martínez et al. (2016), 
although they examined classrooms with higher reverberation times, i.e., 1.2 versus 2.0 
s.  

As observed, lowering the reverberation time, from 0.6 to 0.4 s, did not lead to a 
significant difference in students’ perceived ability to hear the lecturer’s voice. Comparing 
this result with Kim and De Dear (2012) IEQ classification, it seems apparent that the 
reverberation time can be classified as a basic factor. Kim and De Dear (2012) describe 
basic factors as “minimum requirements”. Basic factors do not necessarily enhance 
overall satisfaction, but they can cause dissatisfaction when they are not fulfilled. In our 
experiment, students did not notice the reduction of reverberation time and in the control 
condition students did not underperform on cognitive performance and short-term 
academic performance, indicating that base line conditions at a reverberation time of 0.6 
s were met in the control condition. Furthermore, although previous work revealed a 
relation between students’ perceived cognitive performance and content-related test 
scores (see Chapter 3), the presented results in paragraph 4.3 do not confirm this relation. 
 
4.4.2 Effect of reduced reverberation time and enhanced horizontal illuminance level at 
moderate indoor air quality 
Second, the research question that addressed the effect of an improved reverberation 
time (-0.2 s) and an improvement of the lighting environment (horizontal illuminance level 
at lecturer’s desk +~250 lx) at moderate indoor air quality conditions (~1100 ppm CO2) on 
students’ perceived acoustic and lighting comfort, internal responses, and short-term 
academic performance will be discussed. The improved lighting environment, defined as 
quality class A (RVO, 2015), positively influenced students’ perceptions of it. Regarding 
cognitive performance test scores, a small direct negative effect of the higher horizontal 
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illuminance level in the intervention condition was observed with regard to students’ 
ability to solve problems, measured with the Wisconsin Card Sorting test (Ozonoff, 1995).  

Our findings confirm those of Xiong et al. (2018). In that study, students also 
scored lower on a problem-solving task under a high illuminance level, compared with 
their score under a low illuminance level at similar conditions of indoor air temperature 
(22°C) and background noise (40 dB(A)). In the study of Xiong et al. (2018), a full factorial 
experiment was analyzed on multiple cognitive responses of students, i.e., perception, 
memory, problem-solving, and attention. However, the number of subjects was 10 in a 
within groups experiment and instead of being exposed to 500 and 750 lx, subjects were 
exposed to 300 and 2200 lx, which imposed a much larger effect (Xiong et al., 2018). 
However, the direction of the observed effect is similar in these different but related 
experiments, strongly suggesting that higher illuminance levels do not improve students’ 
problem-solving ability.  

A higher perceived lighting comfort, at a horizontal illuminance level of 750 lx, 
directly influenced students’ emotional process scale positively. This positive effect on 
students’ emotions in combination with no observed effect on cognitive performance was 
also observed by Tanabe & Nishihara (2004). They evaluated students’ level of fatigue 
when they had to perform several cognitive performance tests at low and high 
illuminance conditions. Although the students did not perform significantly better under 
800 lx, compared to those at 3 lx, students self-reported level of fatigue was significantly 
lower when tasks were performed under 800 lx. In the current study, improved lighting 
conditions also decreased students’ self-reported level of sleepiness, measured with the 
Karolinska Sleepiness Scale (Shahid et al., 2011), in favor of the level of alertness. This 
positive effect on sleepiness was also reported by Duijnhoven et al. (2018) in an office 
environment. Furthermore, the perceived lighting conditions were positively, though 
indirectly, associated with students’ ability to solve problems, perceived cognitive 
performance, and quality of learning; however, students’ ability to hear the lecturer’s 
voice was not significantly associated with these perceptions anymore. 

The presented results in paragraph 3.4.2 confirm Kim and De Dear’s (2012) 
classification of visual comfort as a proportional factor. These researchers describe 
proportional factors as factors that have a predominantly linear relationship with overall 
satisfaction (Kim & de Dear, 2012). The observed effects during the third and fourth 
campaigns, point in the same direction. When students’ perceived lighting comfort 
increased, so did their perceived internal responses and perceived quality of learning. 
However, it should be noted that raising horizontal illuminance levels can also negatively 
influence humans’ perceived visual comfort. For example, applying the regression 
equation of Cao et al. (2012) revealed that human’ satisfaction with the luminous 
environment declines when illuminance levels exceed ~1100 lx. Furthermore, the work of 
Xiong et al. (2018) showed that there is no ‘one-size fits all’ illuminance level for students 
in higher education. Students perform at their best in different lighting conditions, 
depending on the type of task they have to perform. Furthermore, although students 
report a higher level of lighting comfort, and this improved comfort also positively 
influenced perceived internal responses and quality of learning, again no main effect of a 
reduced reverberation time and raised horizontal illuminance level on students’ short-
term academic performance was observed.  
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4.4.3 Effect of reduced reverberation time and enhanced horizontal illuminance level at 
high indoor air quality 
Third, the research question on the effect of an improved reverberation time (-0.2 s) and 
an improvement of the lighting environment (horizontal illuminance level at lecturer’s 
desk +~250 lx) at high indoor air quality conditions (<800 ppm CO2) on students’ perceived 
acoustic and lighting comfort, internal responses, and short-term academic performance 
will be discussed. Due to an improved ventilation rate, the CO2 concentration (~610 vs 
~1100 ppm) and the perceived indoor air quality improved in the intervention and control 
conditions. However, in this case no significant differences in students’ perceived speech 
intelligibility and perceived lighting comfort were observed between both conditions. 
Consequently, these findings suggest that the benefits of improved indoor air quality 
conditions may outweigh the benefits of improved acoustic and lighting conditions. 
However, in this study, students’ participation, and consequently classroom occupancy, 
was lower during the last three campaigns, compared to the first four campaigns, see 
Table 4-3. 

To the best of our knowledge, no evidence is available that examined a 
combination of acoustic, lighting, and IAQ conditions on students in higher education (see 
Chapter 2). Furthermore, Torresin et al. (2018) performed a systematic literature study to 
examine interaction effects of IEQ parameters. These researchers also did not find any 
studies dealing with the effects of IAQ and lighting conditions. Although is it well 
documented that poor IAQ affect students’ cognitive performance, studies that examine 
IAQ conditions with CO2 concentrations between 600 and 1100 ppm do not provide 
unequivocal evidence (Du et al., 2020). Therefore, combinations of reduced reverberation 
times, horizontal illuminance levels, and ventilation rates are worthwhile to examine 
further, for example, by using a full-factor design. However, applying complete 
experimental designs may affect the feasibility of examining these effects in “real life” 
settings. 
 
4.5 Strengths and limitations 
This study focused on how improved IEQ conditions simultaneously influenced students’ 
perceptions, responses, and short-term academic performance. Studying multiple factors 
simultaneously has a higher ecological validity than studying only one factor, as in daily 
facility management practices in higher education many parameters change frequently 
and simultaneously when (re)designing classrooms.  

The experimental design of this study focused on specific differences in outcomes 
between students in experimental and control conditions when attending lectures on the 
same day, in a similar time frame, and given by the same lecturer. Due to the 
incompleteness of the experimental design, no interaction effects could be examined. 
However, the observed effects of reduced reverberation time and raised illuminance 
level, in the order as investigated, were found to be significant in contributing to improved 
comfort and perceived performance.  

Student responses were statistically corrected for age, gender, the distance of 
students to the lecturer (expressed in row number), the number of students present in 
the classroom, the self-perceived number of hours of sleep before participation, and room 
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temperature at home. In addition, the LMMs controlled for the individual student level 
by random intercept. Therefore, the presented evidence is highly suggestive for the 
validity of the observed effects. 

Due to low student attendance and participation during the last three campaigns 
compared to the first four campaigns of this study, most likely caused by COVID-19 
restrictions during this period (Government of the Netherlands, 2020a), no conclusions 
should be drawn based on the results of these last three campaigns.  

In this study, a relatively young population was examined, with an average age of 
19 ± 2 years. A different population, for example, older students, may yield different 
results. Another point is that the academic context was a tutorial. Different academic 
contexts, such as a workshop or a seminar, may show different results. Furthermore, the 
effect size of horizontal illuminance level cannot be determined individually, because only 
the simultaneous effect of improved acoustic and lighting conditions was examined. 

4.6 Conclusion 
Studies which examine the simultaneous effect of improved indoor environmental factors 
are rare. To some extent, this study revealed the influence of improved acoustic, lighting, 
and indoor air quality conditions on classroom occupants. Our results suggest that 
adoption of Dutch IEQ guidelines for school buildings for reverberation time (0.4 s vs 0.6 
s) positively influences students’ perceived cognitive performance, which in return
positively influences students’ perceived quality of learning. Moreover, the raised
horizontal illuminance at the lecturer’s desk (750 lx vs 500 lx) contributed positively to
students’ perceived lighting comfort, which in return positively influenced students’
perceived health, cognitive performance, emotional status, and quality of learning.
However, this experimental condition of reduced reverberation time and raised
horizontal illuminance level negatively influenced students’ ability to solve problems.
Furthermore, the experimental condition did not influence other cognitive performance
and the content-related test scores. In none of the intervention studies was the short-
term academic performance affected. Therefore, adapting quality class A conditions for
reverberation time and horizontal illuminance improved students’ perceptions, but it did
not influence their cognitive and short-term academic performance. In this study, self-
reported comfort and cognitive performance was proven not to be a valid predictor for
students’ actual ability to solve problems, as a function of cognitive performance.
Furthermore, no valid significance was observed for the effects of improved air quality
because of low student occupancy rates in classrooms (COVID 19 restrictions) which
unintendedly may have influenced students’ perceptions and performance.
Notwithstanding these limited occupancy rates, our findings do suggest the relevance of
further research into the effects of two or more indoor environmental factors, with higher 
occupancy rates and other study designs, such as a full factorial experiment. The applied
measurement procedure showed to be a useful approach to support studies on the topic.
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This subchapter is based on:  

Brink, H.W., Lechner, S.C.M., Loomans, M.G.L.C., Mobach, M.P., Kort, H.S.M. 
Understanding how indoor environmental classroom conditions influence academic 
performance in higher education: A qualitative case study. Under review
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5.1 Introduction 
Classrooms’ physical environment plays a significant role in facilitating educational 
processes (Wang and Degol, 2016). The quality of this environment affects teaching 
effectiveness and instructional practices (Dawson and Parker, 1998), which in turn affects 
students’ short-term academic performance (see Chapter 2). Research on how the 
physical environment might impact teaching and learning is still relatively new (Granito 
and Santana, 2016), and until recently, the role that the physical environment plays in 
students’ learning performance has largely been ignored in cognitive load research (Choi 
et al., 2014). However, there is increasing support to treat the physical environment as an 
independent variable with the capacity to directly influence educational processes (Choi 
et al., 2014).  

The term physical environment refers to the physical characteristics of learning 
materials or tools, the physical presence of other people, and the physical attributes of 
the built environment, for example, volume, density, arrangement, and condition (Wang 
and Degol, 2016; Choi et al., 2014). This study focuses on the indoor environment, as part 
of the physical environment, which is a system of indoor air quality (IAQ) and thermal, 
acoustic, and lighting conditions (Frontczak and Wargocki, 2011). This environment, as 
observed by human sensors and the way the information of these sensors is processed by 
the central nervous system and the brain, determines how students and teachers 
experience the actual indoor environmental conditions (Hall, 1966). 

In the Netherlands, currently more than a quarter of all school buildings for 
primary and secondary education do not provide acceptable IAQ conditions (Ruimte-OK, 
2021) which may, for example, affect lecturers’ and students’ comfort, health, and 
performance (Brink et al., 2021). Furthermore, research indicates that optimal indoor 
environmental quality (IEQ) conditions may depend on how students respond to the IEQ 
and which task they have to perform (Choi et al., 2014; Ahmed et al., 2017, Xiong et al., 
2018). However, no single condition has been identified which facilitates all types of 
cognitive tasks optimally. Furthermore, a recently published literature review did not 
reveal outcomes reflecting the influence of all IEQ parameters on the quality of teaching 
(see Chapter 2). In addition, this review identified only one study which examined the 
influence of the IEQ on students’ in-class activities (Lee et al., 2012). Therefore, this study 
aimed to gain more knowledge about how IEQ conditions in classrooms influence short-
term academic performance, i.e. the quality of teaching and learning. 

A previously developed framework is used to identify relationships between 
perceived IEQ conditions on one hand and internal responses and short-term academic 
performance on the other (see Chapter 3). The IEQ-related aspects identified in that 
framework were used to explore and study in-depth how and why lecturers and students 
respond to different IEQ conditions and how these conditions may influence in-class 
activities, i.e. teaching and learning, as an indicator for short-term academic performance. 

5.2 Purpose 
Previous studies report on single-factor or, in some cases, multiple-factor IEQ effects on 
health, emotional status, or cognitive performance (see Chapter 2). Little is known about 
how both lecturers and students experience single as well as multi-IEQ factors in 
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classrooms during regular academic courses and how these factors influence their 
teaching and learning activities; all of which is studied here. Moreover, this study also 
aims to gain insight into possible actions taken by lecturers and students to maintain or 
create acceptable IEQ conditions in classrooms. Because of the more exploratory nature 
of the topic, a qualitative research approach was applied and aimed to collect 
respondents’ experiences instead of quantifiable measures. Both lecturers’ and students’ 
experiences were captured because there might be different attitudes toward a 
classroom’s IEQ (Granito and Santana, 2016). The results of this study thus reflect the 
‘end-user’ perspective of the IEQ in classrooms for higher education. 
 
5.3 Methods 
5.3.1 Design and setting 
A qualitative research approach was applied in the context of discovery. This approach 
enables a deep, thorough, and profound understanding of the matter at hand. Central are 
the perceptions of lecturers and students and how they respond to actual conditions in 
classrooms. These classrooms are spread over differently aged buildings, ranging from 
roughly 1-30 years and are located on the Groningen campus for higher education in 
Northern Netherlands. All classrooms are suitable to give tutorials with a capacity of 
approximately 30 students and differ in size, height, and orientation. Furthermore, the 
classrooms are always equipped with an individual desk and chair for each lecturer and 
student, a large presentation monitor, and occasionally with a whiteboard. The 
classrooms are lit with fluorescent ceiling pendants or LED fixtures and daylight can enter 
the classrooms, directly through windows or indirectly through adjoining atriums, which 
function as a conduit between separate teaching blocks. In the classrooms there is a 
possibility to open windows; except for classrooms adjacent to an atrium. All classrooms 
are heated, with the use of radiators, floor heating, or with a heating, ventilation, and air-
conditioning (HVAC) system. The classrooms are naturally ventilated, where outdoor air 
can enter the classroom through grilles located above the double glazing, and/or 
mechanically ventilated with the use of a HVAC system. Figure 5-1 shows six 
representative classrooms, which were discussed together in all sessions with the 
lecturers and students.  
 

Figure 5-1 Photos of six classrooms. The top photos show the classrooms from a 
student’s perspective, and the bottom photos show a lecturer’s perspective. 
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5.3.2 Selection of lecturers and students 
The lecturers who were invited to participate in this study were randomly selected out of 
a list of 42 lecturers, who taught in one of the classrooms described above for at least one 
year. After the selected lecturers were invited to participate in this study, one of the 
lecturers was unavailable. Subsequently, another lecturer was randomly selected and 
invited to participate. Finally, after all selected lecturers confirmed their participation, 
they received an email in which they were informed about the purpose of the study and 
that only their experiences with regular classrooms and not their experiences with open 
spaces or bullpen rooms would be discussed. In total, 11 lecturers of the Hanze University 
of Applied Sciences (UAS) were interviewed. 

Students were invited to participate in this study in several ways. An 
announcement was published on the website in which students were invited to 
participate. At a seminar, first-year students were asked to list their names if they wanted 
to participate and both authors and lecturers asked students if they wanted to participate 
during class. All voluntary self-enrolled students for the study participated in one FG. In 
total, 24 Hanze UAS students participated in three FG discussions. The three FGs 
consisting of seven to ten students were composed based on the availability of the 
students and an even distribution of the number of students over the FGs. Similar sample 
sizes for interviews were applied by Van Someren et al. (2018) and for FGs by Granito and 
Santana (2016).  

At the start of each FG, the students were instructed to share only their 
experiences with regular classrooms at the Campus Groningen and not their experiences 
with open spaces or bullpen rooms. The sample size of lecturers and FGs was assumed to 
be sufficiently large to collect a rich description of detailed information about each 
individual’s experiences and views. The sample size is determined by the concept of 
interview saturation, which means the point at which no new themes or insights are 
emerging from the data. The within-case sampling is nested, theoretically driven, and 
iterative, therefore, during data collection, the degree of data saturation was 
continuously assessed (Miles & Huberman, 1994) and established afterwards. 

All lecturers and students signed an informed consent form, agreeing that they 
had no objection to audio and video recordings of the interview or discussion. They were 
asked to list their name, gender, and age. Lecturers reported how long they teach at 
Campus Groningen; Participating students reported in which year of what study they were 
enrolled. All collected data of the lecturers and students were anonymized before data 
analyses. The final study design was approved by the Ethical Committee of the Hanze UAS 
(No.2019.026A). 

5.3.3 Data collection 
Interviews were held using Microsoft Teams, each with a duration of approximately one 
hour, in February and March 2022. One of the authors moderated the interview with a 
guide; another author attended the interview and asked additional questions if deemed 
necessary. Figure 5-2 presents the discussed categories, sub-categories, the related 
aspects, and their mutual relations which originate from a previous study (see Chapter 3). 
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Note: 1 = direct relation between perceived IEQ and internal responses; 2 = direct relation between perceived IEQ and 
academic performance; 3 = indirect relation between internal responses and academic performance. 

Figure 5-2 Indoor environmental quality, internal responses, and academic performance 
sub-categories, related aspects, and their mutual relations (arrows 1,2 and 3) which 

were analyzed (see Chapter 3). 

First, lecturers were shown a presentation containing slides with the following questions, 
which remained visible to the lecturers during the interview: 
1. In general, how do you experience the [sub-category] of classrooms?
2. When applicable, what would you change regarding the [sub-category] in the

classrooms?
3. Which other aspects [list of related aspects] do you want to discuss?
The moderator asked the lecturer to answer these questions. All interviews were
conducted in January and February 2022 and were video recorded on Microsoft Teams.
The audio of these recordings was ripped for automatic transcription. The FG discussions
took place at the campus in March 2022. Roles during FGs were the same as in the
interview with the lecturers. After welcoming and gratitude, the moderator shared the
research goal with the students, clarified the roles of the moderator and researcher, and
asked for permission to record the meeting. The minutes were presented on a digital
noticeboard during the discussion so students could read, reflect, and respond to these
outcomes. When necessary, the minutes were altered during the discussion. The sub-
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categories (see Figure 5-2) were listed on the digital noticeboard to ensure that these sub-
categories were covered during the discussions. The students were asked to share their 
opinions and experiences related to the IEQ. The moderator then asked the students how 
their experiences influenced their internal responses and academic performance. If 
shortcomings were mentioned, the moderator asked the students how these could be 
resolved in general. The moderator took on a less directive and dominant role during the 
discussion, mainly by using open-ended questions.  

The presentation was only used to provide a common base line for all participants 
and to familiarize them with the topic. The moderator did not actively ask the lecturer or 
student to respond to a specific aspect, even when this aspect was not addressed during 
the interview or FG discussion. This less directive role of the moderator allowed 
participants to respond without setting too strict boundaries or providing too obvious 
clues for potential aspects (Krueger and Casey, 2000). 

5.3.4 Data analysis 
Audiotapes of the interviews were first automatically transcribed verbatim in Dutch with 
Amberscript (www.amberscript.com). Next, these transcriptions were grammar and 
spelling checked by one of the authors. All interview transcripts were inductively coded 
using directed content analysis and the interviews were coded in a random order (Hsieh 
and Shannon, 2005). Two authors coded the transcripts of the interviews by hand. The 
minutes of the FGs, reflecting the shared experiences, shortcomings, and practical 
solutions were coded by hand in the same way. After each interview and FG, the text was 
coded. The authors discussed the coding labels until consensus was reached.  
All transcripts and minutes were then imported into the software package ATLAS.ti, 
version 22.1.3.0, and all codes were entered. Next, the codes were related to an IEQ 
aspect and both authors categorized independently all codes to the predefined aspects 
and related sub-categories (see Figure 5-2). Process to categorize coding labels was 
replicated from transcript coding and FG minutes.  

Furthermore, the researchers evaluated all quotations in the documents as: “no 
effect (no relation)”, “negative effect (relationship)”, and “positive effect (relationship)”. 
When the lecturer or student described a specific IEQ condition, the quotation was 
labelled as a perceived “good” or “poor” condition. When the lecturer or student 
mentioned a preference for a particular IEQ condition or when a best practice was 
described, the quotation was labelled as a “solution”. Only one unique relation between 
a code, relating an IEQ aspect with an internal response or academic performance aspect 
was included per interview or FG. For example, during the interview when a lecturer 
mentioned a classroom as being too hot resulting in tiredness more than once within the 
same context, this relation was coded only once. This approach allowed calculating how 
often a relationship between these variables was mentioned per interview or FG.  

Figure 5-2 shows the analyzed sub-categories, related aspects, and their mutual 
relations derived from a previously reported framework that guided the data-analysis (see 
Chapter 3). Both direct and indirect relations (see Figure 5-2) between sub-categories 
were analyzed. To visualize the identified relations and patterns, Sankey diagrams were 
composed (Sankey, 1898). These diagrams show the quantity sizes that are related to the 
total identified relations, as mentioned by lecturers and students. The quantity scale uses 
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the width of an arrow and is proportional, for example, twice the number of relations is 
represented by an arrow that is twice as wide (Schmidt, 2008). Next, two authors 
independently studied the quotations and patterns related to an internal response or 
academic performance, which then were discussed and summarized (Miles and 
Huberman, 1994). Exemplifying quotations for a pattern or relation were selected, 
translated by all authors, and reported. The data analyses of interviews and FGs aimed to 
answer the following research questions: 
1. How does the IEQ influence lecturers’ and students’ perceived physiological,

emotional, and cognitive responses and the quality of teaching and learning
during lectures;

2. What are the lecturers’ and students’ preferences regarding the IEQ conditions in
classrooms?

The next section presents the findings. Identified patterns or conditions are summarized 
and the number of reported patterns or conditions is listed. However, given the 
qualitative nature of this study, this number should not be interpreted as a certain level 
of importance or representation of the pattern or condition. Furthermore, the next 
section presents quotes from lecturers or students that were exemplary. 

5.4 Findings 
This section presents the findings of both lecturers and students, summarized for each 
research question. Sample properties of Hanze UAS Groningen lecturers included gender 
(5 female; 6 male), age (M = 51 ± 7.3 year), full-time equivalent (FTE) (M = 0.78 ± 0.22), 
and tenure period (M = 13 ± 10 year). Sample properties of students consisted of gender 
(12 female; 12 male), age (M = 24.3 ± 5.1 years), and average study year (M = 3.0 ± 1.5). 
Of 24 students, five followed a part-time academic program, the other students followed 
a full-time academic program.  

During the interviews and FGs, comfortable and uncomfortable conditions were 
extensively discussed. Of all 43 aspects related to the IEQ, internal responses, and 
academic performance sub-categories, 41 were identified during the interviews with 
lecturers. After the 10th lecturer interview these 41 aspects were covered. From a 
student’s perspective, 35 aspects were discussed and 31 of these aspects were covered 
after the second FG. Table 5-1 presents all sub-categories and aspects, including the 
number of quotations related to these aspects per interview or FG in chronological order, 
as presented in code co-occurrence tables exported from ATLAS.ti. 
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Table 5-1 Overview of all aspects, related to indoor environmental quality, internal 
responses, and academic performance sub-categories, including the number of 

quotations per interview or focus group (FG) in chronological order and the moment 
when all aspects were identified during the interviews or FG discussions. See Figure 5-2 

for explanation of shading. 

Interview number1  
(lecturer) 

FG number1 
(students) 

1 2 3 4 5 6 7 8 9 10 11 1 2 3 
Perceived indoor air quality ✓ ✓ 
 - moisture 1 1 2 2 
 - odour intensity and

 character 2 1 1 2 3 1 1 1 1 4 2 1 1 
 - perceived quality of air 7 11 2 5 2 1 2 2 2 4 4 8 7 2 
 - ventilation 3 3 2 7 3 6 5 4 6 7 1 5 
Perceived thermal comfort ✓
 - clothing (insulation) 2 1 1 2 1 1 1 
 - metabolic rate 1 1 1 1 2 1 1 1 
 - thermal acceptance

 
2 2 1 7 2 

  
3 2 2 1 1 

 - thermal control 2 1 3 1 3 2 1 5 2 2 1 7 4 
 - thermal preference 1 1 1 1 
 - thermal sensation 13 5 4 4 13 7 1 7 14 24 14 6 8 12 
Perceived lighting comfort ✓
 - amount of (day) light 13 8 5 5 1 8 10 7 5 4 9 25 17 7 
 - colour sensations (colour

 temperature) 2 1 2 1 1 
 - contrast 1 2 1 
 - control of light 2 6 2 2 3 1 4 3 7 4 1 3 2 
 - flickering 1 1 1 
 - glare 1 1 1 2 2 1 2 1 1 1 
 - quality of lighting 1 2 1 1 2 3 
 - reflections 1 1 
Perceived acoustic comfort ✓ ✓ 
 - general acoustics 3 6 1 1 3 1 1 3 5 4 1 
 - noise disturbance 4 3 1 1 1 6 4 3 1 2 3 3 
 - noise from outside the

classroom 4 3 1 1 3 1 3 3 4 3 3 1 4 
 - noise from within the

 classroom 2 1 1 1 1 2 1 
 - reverberation 1 1 1 2 4 4 2 5 3 
 - speech intelligibility 1 3 5 2 1 2 5 3 5 1 9 2 2 
Perceived physiological 
response 
 - central nervous system 2 2 1 1 3 3 1 2 
 - dermatological symptoms
 - overall health 3 3 1 1 1 2 1 1 2 2 1 1 
 - perspire 1 2 2 2 1 
 - respiratory tract 1 1 2 
 - thirst 1 1 
 - tympanic, ophthalmological, 

and vision related symptoms 1 1 1 2 1 3 2 2 
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Table 5-1 continued. 
Interview number1  

(lecturer) 
FG number1 
(students) 

1 2 3 4 5 6 7 8 9 10 11 1 2 3 
Perceived cognitive 
performance ✓
 - attention and concentration 8 9 7 1 8 2 8 6 3 11 7 2 7 5 
 - general cognition 1 1 1 1 
 - memory 2 6 1 1 2 
 - perception 1 1 
 - problem-solving 1 2 1 
Perceived emotional response  ✓ ✓ 
 - emotional status 2 3 2 1 1 2 1 2 1 
 - negative emotions 10 7 2 3 8 3 9 4 6 4 11 6 5 3 
 - positive emotions 1 4 2 4 1 6 9 3 8 3 5 6 1 1 
Perceived quality of teaching 
and learning 
 - ability to read
 - ability to type 1 1 1 1 
 - overall quality 6 1 2 2 3 4 8 7 2 2 1 
 - productivity 8 8 4 2 2 3 6 6 4 4 9 1 6 3 

Note: 1 = interviews and focus group discussions are presented in chronological order; ✓ = moment that all aspects were 
covered. 

Based on the results presented in Table 5-1, the researchers decided not to interview 
additional lecturers or conduct FGs. The information gathered from the initial interviews 
and FGs covered all deduced sub-categories. Deduced aspects that were not mentioned 
by any of the respondents remained unconfirmed empirically and were therefore 
assumed to be less relevant for respondents. Data collection was deemed sufficient, 
because saturation was achieved and no new themes emerged from the interviews and 
FGs. 

Next, Sankey diagrams were composed to analyse all positive and negative 
reported relations between IEQ subcategories and internal responses and academic 
performance sub-categories. Furthermore, Sankey diagrams were composed to analyse 
all perceived good and poor IEQ conditions and solutions, which were reported by 
lecturers and students. Figure 5-3 shows the composed Sankey diagrams. These diagrams 
noted patterns and themes and revealed plausibility to unravel the relationships and 
preferences of lecturers and students (Miles and Huberman, 1994). 

The following section 5.4.1 presents an overview of the relations between the 
perceived IEQ, internal responses, and academic performance. Section 5.4.2 summarizes 
the preferences of lecturers and students regarding classrooms’ IEQ conditions. 
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Figure 5-3 Sankey diagrams of the number of reported positive and negative relations (1-
4) and of reported good and poor conditions indoor environmental quality conditions and
of the reported solutions by lecturers and students (5-6). These size of the relations in the

diagrams is proportional and refers to the quantity sizes that are related to the total 
identified relations. See Figure 2 for explanation of shading in diagrams. In the diagrams 

five and six, green shading refers to “good conditions”, red shading refers to “poor 
conditions”, and grey shading refers to “solutions”. 
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5.4.1 Relations between the perceived IEQ, internal responses, and academic performance  
This section presents an overview of the reported positive and negative relations between 
the perceived IEQ, internal responses, and academic performance by lecturers and 
students. 
 
Impact of IAQ 
The perception of the air quality in classrooms varied from lecturer to lecturer. Of the 11 
lectures which were interviewed, four indicated that they are not aware of the air quality 
in the classrooms. However, three lecturers expressed the need to ventilate the room 
manually, for example, at the beginning of the lecture briefly but intensively (when a 
classroom was occupied) or when there were relatively many students present (related 
to the maximum capacity of the classroom), for example, by opening windows or doors. 
The possibility to open a window in the classroom also positively influenced lecturers’ 
perceived health (n = 2). Furthermore, the perceived quality of teaching was positively 
influenced when lecturers perceived fresh air in the classroom (n = 2). Students 
experienced the air quality differently. At moments, the perceived air quality was 
acceptable. However, students also experienced a lack of ventilation in classrooms (FG1). 
When students perceived fresh air in a classroom, this positively influenced their ability 
to concentrate (FG1). A lecturer expressed the mutual interdependence between 
perceived IAQ, thermal comfort, lighting comfort, and physiological health: 
 
“If I am in a classroom room where the windows cannot be opened, where the sun shines 
on the window and it gets hotter, and where it smells because students are active, then 

yes, I do not feel healthy.” 
 
Impact of thermal comfort 
In comparison with acoustic, lighting, and IAQ conditions, lecturers were the most 
dissatisfied with the thermal conditions (n = 10). Lecturers experienced the classrooms 
often as too warm or hot (n = 10). However, during the heating season, classrooms can 
also be too cold, especially on Monday morning (n = 4). Students perceived the thermal 
conditions in classrooms also as warm, too warm, or much too warm; especially when the 
classroom door was kept closed (FG1,3). In one FG, there was consensus that classrooms 
were never too cold (FG3). Thermal discomfort, due to feeling (too) warm, was the most 
frequently reported cause of physiological health complaints; lecturers related this 
thermal sensation of (too) warm mostly to headache (n = 4) and fatigue (n = 4). Other 
reported complaints related to thermal discomfort were eye irritation (n = 1), sweating (n 
= 1), drowsiness (n = 1), dizziness (n = 1), a drowsy or tired feeling (n = 1), and languor (n 
= 1). Students reported that thermal discomfort, due to high temperatures, caused nausea 
and sweating (FG1,2,3), made them feel tired and corny (FG2,3), and led to concentration 
problems (FG1,2). In thermal discomfortable conditions, lecturers experienced that 
students were less alert (n = 2) and were distracted (n = 2). One lecturer indicated that he 
had to put in more effort to keep students focused:  
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“If you had to teach in the sun all day, you are just very tired. Heat does something to 
you anyway. And also, the feeling that I teach financial courses and you know that a lot 

of students find these courses very difficult, that you really have to pay attention to them 
and that is just not possible in classrooms which are way too hot.” 

Thermal discomfort also affected the quality of teaching. For example, when it was too 
warm in a classroom it caused a decline in contact moments with students (n = 1). 
Lecturers decided to break earlier than originally planned (n = 3). Furthermore, lecturers 
speeded up the pace (n = 1) of the lecture or shorten the lecture when they noticed 
students became tired (n = 1).  

Impact of lighting 
When the IEQ in classrooms was discussed, students addressed lighting conditions the 
most; compared to lecturers, who mention thermal conditions the most. Lecturers 
experienced classrooms’ lighting conditions as sufficient or good (n = 5). Students’ 
comments addressing the perceived lighting conditions were “continuously not nice”, 
“too bright”, “intense”, and “white”; uncomfortable lighting conditions caused heavy 
eyes, sweaty hands, and headaches (FG1,2). Students reported that light flicker caused 
distraction and bright light from above caused annoying reflections on their laptop screen 
(FG2). In addition, bright lights, from lighting fixtures in the ceiling (see Figure 1, 
classrooms 1, 2, 4, and 5) also distracted students:  

“In a bright room, your eyes are slightly attracted to the ceiling.” 

A lecturer reported that direct sunlight in the classroom caused fatigue and headaches. 
However, when little or no daylight entered the classroom, lecturers felt unpleasant or 
enclosed (n = 2). When the amount of (day)light in classrooms was perceived as high, 
lecturers reported that students could concentrate better and were more active (n = 3). 
The presence of daylight contributed positively to the quality of teaching and learning (n 
= 3). The latter was also addressed by the students, who indicated that they are more 
active in bright lighting conditions (FG2). Furthermore, a lot of (day)light in a classroom 
gave lecturers a pleasant feeling and classrooms with a view to the outside gave lecturers 
a happy feeling (n = 2). 

Impact of acoustics 
Lecturers’ experiences of classrooms’ acoustic conditions can be divided into experiences 
related to the acoustic properties of the room and noise disturbances. The acoustic 
properties were described as fine or good (n = 5), or as an aspect that does not cause any 
problems (n = 1). However, other lecturers described specific classrooms as unacceptable, 
referring in particular to too much reverberation (n = 2). One lecturer described a 
classroom with long reverberation:  

“[…] and there it is really dramatic. Then I would almost like to say, the acoustics are 
even worse than in the (other) building, because there are just concrete walls and noise 

resonates in all directions.” 
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When lecturers can hear students well, this positively influenced their perceived health 
(n = 2). In FG3, there was agreement that classrooms’ speech intelligibility was not 
sufficient when students sat at the back of the classroom. According to lecturers, 
students’ attention or concentration was disrupted due to noise disturbances, either from 
within or outside the classroom (n = 9). When lecturers experienced noise disturbances, 
this led to a feeling of irritability (n = 2), fatigue (n = 2), and restlessness (n = 1). Students 
associated open classroom’ doors specifically with noise disturbances (FG1). 
 
5.4.2 Lecturers’ and students’ preferences regarding the IEQ conditions in classrooms 
To determine what lecturers and students prefer in classrooms, all quotations coded with 
“good conditions”, “poor conditions”, or “solution” were selected. Next, Sankey diagrams 
were composed of the reported number of good and poor conditions and solutions, see 
Figure 5-3. The next two sections summarize the preferences of lecturers and students 
regarding classrooms’ IEQ conditions. 
 
Lecturers’ preferences for classrooms 
Lecturers related acceptable thermal conditions to a slightly cool, cool, or slightly warm 
sensation. Furthermore, two lecturers indicated that they can respond well to the 
different thermal conditions by adjusting their clothing (n = 2). Lecturers expressed the 
need to control the temperature to maintain an acceptable thermal environment (n = 5). 
Although lighting conditions were described as acceptable or good (n = 6), lecturers 
preferred bright conditions which may be a combination of daylight and artificial light (n 
= 5). Lecturers emphasized the importance of daylight present (n = 6), clearly illustrated 
by one lecturer: 
 

“I experience it (the lighting conditions in a classroom) as good. I prefer daylight 
though.” 

 
Furthermore, it is important to fix broken armatures as soon as possible, to 

prevent distraction due to light flicker and/or an irritating beep (n = 2). Lecturers 
expressed the need of having blinds or awnings that work (n = 3). These facilities should 
allow individual control to prevent annoying glare and to prevent thermal discomfort due 
to direct sunlight entering the classroom and causing high temperatures (n = 7). The 
possibility of manually controlling the light color was mentioned by one lecturer to 
activate students, specifically at the end of the day.  

Lecturers describe the general acoustic properties of classrooms as good (n = 6). 
Critical factors are a short reverberation time and good speech intelligibility (n = 3); for 
example, when carpeting is applied. Moreover, to prevent noise disturbances, it is 
important to maintain acceptable thermal and IAQ conditions in a classroom. This will 
reduce the need to open a window (n = 5), and therefore, reduces the risk of noise 
disturbances which negatively influence the quality of teaching and learning. 
 
Students’ preferences for classrooms 
To maintain an acceptable acoustic environment, students expressed the need to prevent 
noise disturbances (FG3). Furthermore, students prefer sound amplification of the 
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lecturer’s voice in classrooms where speech intelligibility is poor (FG2). Students in all FGs 
highlighted the importance of adequate ventilation. Furthermore, according to the 
students there is a relationship between good IAQ conditions on the one hand and 
acceptable thermal conditions on the other (FG2). In all FGs, students were the most 
dissatisfied with the lighting conditions in the classrooms. Students suggested that lighting 
conditions should be adjusted in intensity (FG2,3) and in color temperature (FG1,2), 
depending on the activity, for example, lecturing, presenting, or studying. Furthermore, 
bright light sources, which cause distraction and annoying glare should not be applied 
(FG1). According to the students in FG3, their thermal sensation was never too cold. When 
students felt thermal discomfort, this was due to too warm sensations (FG1,2). Students 
of FG1 expressed the need to control classroom temperature. Students of FG3 indicated 
that they prefer a slightly cool above slightly warm sensation. 

5.5 Originality and discussion 
This research qualitatively explored the experiences of lecturers and students with IEQ 
conditions and classrooms, intended to reveal the impact of these conditions on internal 
responses and the quality of teaching and learning. For this study, a previously composed 
framework was used to examine the relations between the IEQ conditions, lecturers’ and 
students’ internal responses, and academic performance (see Chapter 3). 

To gain insight in these relations, a qualitative approach was chosen to 
understand how users experience and use a classroom and which actions they take when 
the IEQ did not meet their expectations. Lecturers and students emphasized the 
importance of optimal IEQ conditions, indicating that it must be taken into account when 
designing future academic teaching and learning environments. The findings also show 
that obtaining and maintaining acceptable IEQ conditions is challenging. Applying the 
highest quality class for the indoor environment, as specified in Dutch guidelines for 
school buildings (RVO, 2021), without further consideration can induce both positive and 
negative effects on users (Brink et al, 2023). 

Although in the present study all students experienced thermal discomfort due to 
thermal warm sensations, individuals may experience a wide range of thermal comfort 
responses to the same environmental stimuli at different times and in different emotional 
or social contexts (Hoque and Weil, 2016). This makes it even more difficult to create 
acceptable conditions for all users. In an attempt to obtain acceptable thermal and IAQ 
conditions, lecturers report opening windows or doors. However, a related adverse effect 
is noise disturbances which, in turn, affect the quality of teaching and learning. This is 
consistent with the work of Chowdhury (2010). Maintaining acceptable acoustic 
conditions in classrooms is essential and contributes positively to students’ quality of 
learning (Lee et al., 2012). When comfortable IEQ conditions are created in classrooms, 
which are conducive to students’ learning quality, it might reduce teaching time and 
improve teaching efficiency (McDonald et al., 2004). Maintaining acceptable IAQ 
conditions at a minimum will improve students’ perception of it (Norbäck et al., 2013).  

The findings of this research show that lecturers and students are well aware of 
poor and good IEQ conditions and have preferences regarding these conditions. Lecturers 
and students, who participated in this research, expressed a preference for daylight in 
classrooms, in line with the findings of Kok et al. (2015), although direct sunlight entry 
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should be prevented. Furthermore, lecturers expressed the need to adjust lighting 
conditions in order to improve students’ ability to concentrate. Indeed, for example, 
exposure to blue-enriched white morning light lighting improves students’ subjective 
perception of alertness, mood, and visual comfort (Choi et al., 2019). In addition, 
alterations in thermal and lighting conditions enhance different learning tasks, while 
relatively quiet sonic conditions should be maintained, as described, and specified in the 
study of Xiong et al.(2018). This argues for classrooms in which both lighting and thermal 
conditions can be adjusted while maintaining acceptable IAQ, with good acoustic 
properties, and in which no noise disturbances occur. 
 
5.6 Strengths and limitations 
The described findings are based on classrooms of only one campus for higher education. 
However, be reminded that the current study does not seek to generalize the findings to 
a population of lecturers and students. This study wanted to categorize and exemplify 
their experiences and using these in the context of understanding the relations between 
the IEQ and the perceptions of students and staff during lectures in higher education. 
However, lecturers and students with different educational backgrounds from other 
universities or educational programs may have experienced and reported other IEQ 
conditions and also may have had different qualifications and assessments of their 
experiences with the IEQ conditions and their influence on their internal responses and 
academic performance. These cautions notwithstanding, the interviews and FGs mostly 
showed consistent patterns and chains of evidence and revealed relations between the 
IEQ, internal responses, and academic performance. These findings can also be used in 
future research. 
 
5.7 Conclusions 
This study revealed relationships between the IEQ parameters and internal responses of 
lecturers and students. Relations were positive, e.g. when the perceived thermal comfort 
was acceptable, so was the perceived air quality. Relations were negative, e.g. when the 
perceived air quality was unacceptable, lecturers and student tend to open windows and 
doors which allow noises from hallways or outdoors to enter the classroom. These noise 
disturbances had adverse effects on lecturers’ and students’ perceived ability to 
concentrate. Both groups of respondents reported that uncomfortable IEQ conditions 
caused health complaints and affected their emotional status and ability to concentrate. 
Furthermore, in poor IEQ conditions, lecturers may decide to speed up the pace of a 
lecture, pause earlier than planned or end the lecture earlier than originally planned 
which may affect the academic performance of both lecturers and students. Therefore, in 
future research, the number of breaks, the pace of lecturing, and the duration of a lecture 
can be included as indicators for the quality of teaching and learning. In turn, comfortable 
conditions were reported to positively influence the emotional and cognitive status and 
academic performance of both lecturers and students. It is concluded that maintaining 
acceptable IAQ conditions, adjusting indoor temperatures, controlling and adjusting 
lighting conditions, and preventing noise disturbances are key aspects to facilitate in-class 
activities in higher education. 
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5.8 Practical implications 
This study qualitatively examined the relations of IEQ parameters with physiological, 
emotional, and cognitive responses, and the quality of teaching and learning. This study 
revealed that lecturers and students experience a variety of IEQ conditions in classrooms 
and assess these very differently, from acceptable to poor conditions. The stance towards 
the incorporation of these end-user perceptions, emphasized by the facility manager in 
the renovation or construction of university buildings, is the primary responsibility of 
building engineers.  

To maintain acceptable sonic conditions, classrooms’ thermal and IAQ conditions 
must be within an acceptable range. Therefore, building-related installations, such as a 
HVAC system, must be designed in such a way that the system and end users can maintain 
acceptable IEQ conditions, especially when occupancy rates are high. Furthermore, noise 
disturbances from inside or outside the building should be prevented at all times and 
lecturers and students prefer classrooms with daylight in combination with awnings or 
blinds.  

The results of this study contribute to the awareness that the IEQ can be designed 
in such way that it may improve the quality of in-class activities. Optimal IEQ conditions 
contribute to creating better teaching and learning conditions in school buildings which 
foster the development of students in higher education. In turn, upon graduation better 
trained students will enter the workforce, and by doing so, contribute and add value to 
society (Cohen et al., 2019). 
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This thesis examines the influence of indoor environmental quality, defined by 
classrooms’ acoustics, indoor air quality, thermal, and visual conditions on lecturers and 
students in higher education (Frontczak & Wargocki, 2011). The overall aim is to answer 
the following research question: How do IEQ conditions in higher education classrooms 
influence students and lecturers? In total four propositions are examined: (1) the IEQ 
influences the quality of teaching; (2) the IEQ influences the quality of learning, (3) the 
IEQ influences the students’ academic achievement, and (4) indoor environmental 
conditions, meeting quality class A of the Dutch guidelines as compared to class B, have a 
positive effect on students’ perceptions, responses, and performance. This thesis provides 
new knowledge about how to facilitate in-class activities in higher education, which can 
be used to design future learning environments and for the development of new 
guidelines. The central information in this thesis is organized around four studies. 

The first study presents an overview of existing knowledge about the impact of 
IEQ conditions on lecturers and students and examines the first, second and third 
propositions (see chapter 2). The second study presents a systematic approach to 
measure the IEQ conditions and lecturers’ and students’ perceptions of it, their responses 
to these IEQ conditions and how the related academic outcome can be measured (see 
chapter 3). Applying the developed systematic approach, the third study examines the 
effect of improved IEQ conditions during a regular academic course and examines the 
fourth proposition (see chapter 4). Furthermore, the second and third propositions will 
be discussed in this chapter based on the results of this study. The fourth and final study 
presents insight into how lecturers and students experience actual IEQ conditions in 
classrooms and how these conditions influence their perceptions, responses, and 
academic outcomes (see chapter 5). Based on the findings of this study, propositions one, 
two, and three will be discussed in this chapter. The current chapter summarizes and 
discusses the key findings of the current work and describes the implications for science 
and practice. The final section of this chapter summarizes the strengths and limitations of 
the current work and provides suggestions for future research directions.  

6.1 Key findings 
6.1.1 Summary of key findings of the systematic literature review 
The first study aimed to answer the following research question: What is the effect of the 
IEQ in classrooms in higher education on the quality of teaching and learning, and 
students’ academic achievement? To understand the relationship between the IEQ, 
teaching and learning, and academic achievement, the framework developed by 
Donabedian (1988) was applied in an academic context. Figure 6-1 shows this adapted 
framework which was used to assess the quality of academic outcome, when the indoor 
environment was treated as an independent variable of structure which influenced 
consecutively teaching and learning processes and students’ academic achievement. 
Academic outcome refers to students’ short-term and long-term academic performance.  
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Figure 6-1 Conceptual framework to understand relations between classrooms’ indoor 
environment, teaching, and learning, and academic outcome, adapted from Donabedian 

(1988). 

In a systematic literature review, in total, 63 studies were identified which 
examined the effect of the IEQ on students or lecturers in higher education. Of these 63 
studies, 50 measured one or more IEQ performance indicators. However, only three 
studies specified the accuracy of the used measuring equipment and described the 
location in the classroom where the measurements were performed (Bajc et al., 2018; 
Corgnati et al., 2007; Hoque & Weil, 2016). Of the 50 studies which measured at least one 
IEQ performance indicator, 37 studies measured thermal performance indicators, which 
makes the thermal environment the most studied IEQ parameter. The least studied IEQ 
parameter was the lighting environment (n = 12). Figure 6-2 presents how the four IEQ 
parameters are distributed among the 50 studies that measured the actual IEQ conditions. 
 

Note: 

 
 

 
 

Figure 6-2 Distribution of the four IEQ parameters among the 50 studies that measured 
the actual IEQ conditions. 

 

 IAQ = Indoor Air Quality 
 TE = Thermal Environment 
 LE = Lighting Environment 
 AE = Acoustic Environment 
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The IAQ was always measured in combination with thermal environmental 
performance indicators. According to Liu et al. (2019), students’ thermal comfort and IAQ 
acceptability are correlated. This emphasizes the importance of examining these two 
parameters in conjunction or when examining the influence of one parameter the other 
should be controlled. All studies which measured the IAQ (n = 18), measured the CO2 
concentration, as a proxy for IAQ, indicating that this performance indicator is commonly 
accepted as an indicator for IAQ. In general, humans are the only source of CO2 and other 
bio-effluents. None of the included studies analyzed the effect of pure elevated CO2. 
Therefore, CO2 concentration should be considered as an indicator of ventilation 
adequacy, which can be related to human bio-effluents. The effect of improved or poor 
IAQ conditions on students’ comfort, health, and short-term academic performance was 
measured with a variety of instruments; none of the methods used was employed in other 
studies making the outcomes difficult to compare.  

When assessing thermal comfort (n = 37), the air temperature was measured in 
35 studies and in 25 of these studies the relative humidity was also measured; making 
these the most measured performance indicators. However, it should be noted that 
students’ thermal comfort is also influenced by other thermal environmental 
performance indicators, such as mean radiant temperature, air movement, and clothing 
insulation (IUPS Thermal Commission, 2001). Students’ thermal comfort, defined as 
subjective indifference to the thermal environment (IUPS Thermal Commission, 2001), 
was assessed with two thermal comfort models in 80 % of the studies. These models are 
the predicted mean vote - predicted percentage of dissatisfied (PMV-PPD) model, as 
defined by Fanger (1970) and applied in NEN-EN-ISO 7730 (2005). The other model is the 
adaptive comfort model, developed by De Dear and Brager (1998) and specified in NEN-
EN 15251 (2007). The latter was developed because there was a discrepancy between the 
real thermal comfort of humans and the predicted comfort derived from the PMV-PPD 
model, mainly caused by human’s capability of thermal adaptation. However, both 
methods use the same perception scales to evaluate humans’ actual thermal sensation 
and thermal preference, which allowed comparing the results of these studies.  

Studies that examined the acoustic environment, focused on different levels and 
types of background noise (Chin & Saju, 2017; Chowdhury et al., 2010; Jamaludin et al., 
2016; Lee et al., 2012; Markides, 1989; Rabelo et al., 2019; Xiong et al., 2018), sound 
disturbance (End et al., 2010; Shelton et al., 2009), sound amplification (Jonsdottir, 2006), 
and reverberation time (Castro-Martínez et al., 2016; Chen & Ou, 2019; Pekkarinen & 
Viljanen, 1990). However, no standardized or similar methods to measure the effect of 
the acoustic or sonic environment were applied, which made it impossible to compare the 
study outcomes.  

The lighting environment was the least studied environmental parameter (n=12). 
To determine this environment, the illuminance level was always measured; however, 
studies reported the ambient illuminance, horizontal illuminance, or vertical illuminance 
level. The included studies did not use similar methods to examine the influence of the 
lighting environment. However, four standardized methods were identified, i.e., Positive 
And Negative Affect Scales (Watson et al., 1988), Basic Emotional Process Scale (Kuller, 
1991), Karolinska Sleepiness Scale, (Åkerstedt & Gillberg, 1990) and the Pittsburgh Sleep 
Quality Index (Buysse et al., 1989).  
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As defined in Chapter 2, the quality of teaching and learning is determined by the 
level of comfort, mental health, and physical health of students. Three studies measured 
performance indicators of all four IEQ parameters; none of these studies analyzed the 
combined influence of these parameters on the quality of teaching, learning, or academic 
achievement (Ahmed et al., 2017; Jamaludin et al., 2016; Lee et al., 2012). Therefore, the 
emergent properties of all four indoor environmental parameters cannot be determined 
yet.  

The 21 selected studies of high quality and relevance revealed to some extent the 
influence of the IEQ parameters. All four parameters, i.e., IAQ, thermal conditions, 
acoustic conditions, and lighting conditions, were related to positive effects on students’ 
perceptions, health, emotions, cognitive performance, and (self-reported) short-term 
academic performance (Bajc et al., 2018; Choi et al., 2019; Hoque & Weil, 2016; Ahmed 
et al., 2017; Norbäck et al., 2013; Xiong et al., 2018). One study applied a full factorial 
design. This design allowed examining the influence and interaction effects of multiple 
IEQ parameters, i.e., acoustic (noise), thermal (air temperature), and lighting (illuminance) 
(Xiong et al., 2018). The results of this study revealed that four cognitive tasks, i.e., an 
attention and concentration, a memory, a perception, and a problem-solving task, were 
performed best in different IEQ conditions (Xiong et al., 2018). These results indicate that 
optimal acoustic, thermal, and lighting conditions, in which the students performed at 
their best, are task dependent. This task dependency is also confirmed by Ahmed et al. 
(2017) and Siqueira et al.(2017). Students’ quality of learning determines, among others, 
their academic achievement. The 21 studies of high quality and relevance provided 
sufficient evidence to confirm the proposition that the IEQ influences the quality of 
learning.  

Only two studies examined the influence of IEQ parameters on the quality of 
teaching and revealed to some extent the influence of the IEQ on the quality of teaching. 
The lecturer’s speech intelligibility, which is influenced by the reverberation time in 
classrooms, is an essential element in the transfer of knowledge from lecturer to student 
(Rabelo et al., 2019). Furthermore, high noise levels in classrooms can cause heavy strain 
on lecturers’ vocal cords and increase teachers’ health risks (Castro-Martínez et al., 2016). 
Because the evidence addressing the quality of teaching is limited, the proposition that 
the IEQ influences the quality of teaching was not confirmed or rejected.  

Studies showing that the IEQ influences students' short-term academic 
performance partially confirm the third proposition. On one side, the available evidence 
that specifies the influence of the IEQ is sufficient to conclude that these conditions can 
either influence this performance positively or negatively. However, on the other side, the 
hypothesized influence of all IEQ parameters on students' long-term academic 
performance cannot be confirmed due to a lack of evidence. None of the included studies 
examined the effect of IEQ on students’ long-term academic performance. Long-term 
academic performance focusses, for example, on the performance of students for a 
course or academic year. Although one study examined students’ exam scores, the 
researchers assessed short-term academic performance because these scores were 
related to students’ actual thermal sensation during the making of the exam (Hoque & 
Weil, 2016).  
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6.1.2 Summary of key findings of the systematic approach 
The second study aimed to answer the following research question, How can the effect of 
all four IEQ parameters in higher education classrooms on students’ perceptions, 
responses and academic performance be measured? During the systematic literature 
review, the identified methods which measured the influence of one or more IEQ 
parameter, provided a rich and diverse perspective of how the influence of the four IEQ 
parameters on students’ perceptions, responses, and short-term academic performance 
can be measured most effectively. However, no methods were identified which examined 
the impact of all four IEQ parameters simultaneously. Therefore, the composed 
systematic approach combined existing methods allowing researchers to study both the 
individual and combined impact of all four IEQ parameters on students. Moreover, from 
the systematic literature review it was learned that this approach was also new because 
none of these methods were re-used after initial publication. Application of the composed 
systematic approach of existing methods in future studies allows comparison of study 
outcomes, which will contribute to a better and more thorough understanding of how IEQ 
conditions influence teaching and learning in higher education. For the development of 
the systematic approach, the framework of Bitner (1992) was used, who developed a 
framework for exploring the role of the physical environment in service organizations. 
This framework helped organize all the methods applied, as identified during the 
systematic review, and provided a more thorough understanding of the framework of 
Donabedian (1988), which was used during the literature review. The framework of Bitner 
(1992) contributed specifically to defining and understanding the in-class activities, i.e., 
quality of teaching and learning. The application of this framework led to a different 
operationalization of short-term academic performance, compared to how this was 
operationalized in the systematic literature review. This operationalization is elaborated 
in the next paragraphs. 

During the systematic literature review, the quality of teaching and learning was 
determined by lecturers’ and students’ level of comfort, mental health, and physical 
health. Lecturers’ and students’ comfort relates to Bitner’s concept of “perceived 
servicescape” (Bitner, 1992). She specifically mentioned, for example, environments with 
poor acoustics and high temperatures which prevented a person from succeeding in the 
goal with which he or she entered an environment, or at least made it not very easy. 
Furthermore, Bitner (1992) defined three individuals’ internal responses, i.e., 
physiological, emotional, and cognitive responses. Lecturers’ and students’ mental and 
physical health, as defined in the systematic literature review, were related to individuals’ 
physiological and emotional responses. Students’ ability to pay attention, concentrate, 
remember, perceive, or solve problems, were related to students’ short-term academic 
performance in the systematic review; Following Bitner’s (1992) framework, the tests and 
questionnaires which measure students’ ability to pay attention, concentrate, remember, 
perceive, or solve problems were included in the systematic approach as methods to 
measure students’ cognitive responses. This recategorization of methods also influenced 
the categorization of methods to measure students’ short-term academic performance.  

To measure students’ short-term academic performance, Donabedian’s (1988) 
and Bitner’s (1992) operationalizations of outcome guided the classification of identified 
methods in literature. Donabedian (1988) defines outcome as, for example, 
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improvements in the knowledge and changes in behavior. Bitner (1992) refers Mehrabian 
& Russell (1974) who defined two general and opposite forms of behavior as a main 
outcome variable, i.e., approach and avoidance behaviors as a person’s reaction to the 
environment. According to Bitner (1992), approach behaviors include all positive 
behaviors that might be directed at a particular place, such as the desire to stay, explore, 
work, and affiliate. Avoidance behaviors reflect the opposite, in other words, a desire not 
to stay, explore, work, and affiliate. Bitner (1992) stated that this behavior is mediated by 
a person’s internal responses, i.e., cognitive, emotional, and physiological responses, and 
that these responses are interdependent.  

The composed systematic approach adopted the improvement of the knowledge 
and the behavioral concept as indicators for short-term academic performance. Following 
Donabedian (1988), tests and questionnaires, such as academic tests which measure 
academic knowledge, were related to short-term academic performance. Furthermore, 
following Bitner (1992), all tests and questionnaires that addressed approach or 
avoidance behavior, i.e., the quality of instruction and the level of motivation of lecturers 
and students, were listed as methods to measure short-term academic performance and 
aligned with how Wang & Degol (2016) defined academic achievement. When, for 
example, lecturers desire to stop working, this will negatively influence the quality of 
teaching. Lecturers can, for example, decide to speed up the pace of the lecture to finish 
it before the scheduled time, which may affect the knowledge transfer between lecturer 
and student. When students, for example decide not to put any more effort (work) in 
listening to the lecturer, this will affect students’ ability to understand the content of the 
lecture, as the qualitative case study has revealed (Chapter 5). During the composition of 
the systematic approach, no methods were identified which measured long-term 
academic performance. Consequently, these were not included in our approach. 
However, it was suggested that student grades in a course or academic year or grade point 
average (GPA) may reveal their long-term academic performance (Wang & Degol, 2016). 
The quality of learning and teaching and determines the short- and long-term academic 
performance, and were the dependent variables, following Donabedian’s (1988) 
definition of outcome and Bitner’s (1992) description of behavior. 

The composed systematic approach presents relevant performance indicators to 
determine the actual IEQ and shows how lecturers’ and students’ perceptions of the IEQ, 
their responses to these IEQ conditions, and their short-term academic performance can 
be measured. Depending on the aim of the study, relevant performance indicators can be 
selected out of a list of 55 IEQ performance indicators. The IEQ parameters indoor air 
quality, thermal conditions, acoustic conditions, and lighting conditions were the 
independent variables, following Donabedian’s (1988) definition of structure and Bitner’s 
(1992) description of the physical environmental dimensions.  

To measure students’ perceptions of the IEQ, a questionnaire, covering 18 IEQ 
sub-categories with 27 statements was composed, originating from various existing 
questionnaires. To measure students’ internal responses and short-term academic 
performance, both a questionnaire and tests became available. In a pilot study, 
performed during a regular academic course, all composed IEQ and cognitive response 
perception scales showed good reliability with α-values >0.70 (Tavakol & Dennick, 2011). 
The composed systematic approach was used to examine the effect of indoor 
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environmental conditions on students and their performance during a between-groups 
experiment (see Chapter 3). Furthermore, the categorized subcategories and related 
aspects guided the conducted interviews with lecturers and group discussions with 
students during a case study (see Chapter 4). Perceptions of the IEQ and internal 
responses were, in accordance with Donabedian’s (1988) definition of process, in our 
composed systematic approach also labelled as process variables. Figure 6-3 presents the 
composed systematic approach in a brief model.  

Figure 6-3 Categories covered in the systematic approach and their mutual relations. 

6.1.3 Main results field experiment 
The third study aimed to answer the following research question: Do students in a high-
quality classroom, meeting quality class A requirements of the PoR “Fresh Schools”, score 
higher on comfort, internal responses, and short-term academic performance when 
compared to students in a lower-quality classroom, meeting quality class B requirements 
of the PoR “Fresh Schools” (RVO, 2015)? A field study, with a between-group experimental 
design, was conducted to examine the effect of alterations of reverberation time, 
horizontal illuminance, and indoor air quality (IAQ). In this study, the developed 
systematic approach (Figure 6-3 ), enabled studying students’ perceptions of the indoor 
environment, health, emotional status, cognitive performance, and short-term academic 
performance.  

The results showed that a difference in reverberation time (0.6 vs 0.4 s) did not 
lead to a significant difference in student’s ability to hear the lecturer’s voice. The 
difference in reverberation time led to a higher score on students’ perceived cognitive 
performance in the intervention condition, which represents their ability to concentrate, 
pay attention, understand the presented information, and solve problems. However, no 



6 

 
General discussion 

123 
 

difference was observed in short-term academic performance between students in the 
intervention condition and those in the control condition. 

Furthermore, an indirect association was observed between students’ perceived 
cognitive performance and perceived quality of learning. When lowering the 
reverberation time, by applying increasing amount of absorption in a classroom, the noise 
level will also reduce which will also increase the speech intelligibility if the student is 
close to the lecturer (Reinten et al., 2017). However, the results showed that the distance 
of the student to the lecturer did not influence the perceived speech intelligibility of the 
students. This can be explained by the relatively small distance (< 7 m) between lecturer 
and students. Furthermore, during the tutorial the students remained quiet and the 
lecturer spoke which prevented noise disturbances as much as possible. To facilitate 
different in-class activities might require additional interventions. Just lowering the 
reverberation time might not be enough. For example, to facilitate optimally a 
collaboration task Braat-Eggen et al. (2019) suggested that students may want to work in 
a quiet zone or a quiet room, as in activity based offices.  

A simultaneous effect of reduced reverberation time (0.6 vs 0.4 s) and enhanced 
horizontal illuminance level (750 vs 500 lx) led to a significant improvement of the 
perceived lighting comfort. However, no difference in the ability to hear the lecturer’s 
voice and students’ short-term academic performance was observed between the 
intervention and control conditions. Furthermore, regarding students’ cognitive 
performance test scores, a small direct negative effect of the higher horizontal 
illuminance level in the intervention condition was observed in students’ ability to solve 
problems, measured with the Wisconsin Card Sorting test (Ozonoff, 1995), confirming the 
findings of Xiong et al. (2018). The direction of the observed effect is similar in these 
different but related experiments, strongly suggesting that higher illuminance levels do 
not improve students’ problem-solving ability. As observed, in increase in horizontal 
illuminance of 500 to 750 lx at the lecturer’s desk led to a higher perceived lighting 
comfort. However, a linear relation between horizontal illuminance and lighting comfort 
cannot be assumed. For example, applying the regression equation of Cao et al. (2012) 
revealed that human’ satisfaction with the luminous environment declines when 
illuminance levels exceed ~1100 lx. 

When the horizontal illuminance level was raised in the experimental conditions, 
multiple indirect associations were observed: when the perceived lighting comfort 
increased, this improved students’ perceived physical health as did their perceived 
cognitive performance and ability to solve problems. Moreover, an improvement in 
perceived lighting comfort also positively influenced multiple internal responses: 
students’ basic emotional status score and students’ perceived level of sleepiness. 
Students perceived quality of learning score was positively associated with their perceived 
lighting comfort, students’ ability to hear the lecturer’s voice, and the perceived cognitive 
performance. However, these simultaneous effects of reduced reverberation time and 
enhanced horizontal illuminance level did not occur when both groups were additionally 
exposed to improved IAQ conditions Consequently, these findings suggest that the 
benefits of improved indoor air quality conditions (~610 ppm vs ~1100 ppm CO2) may 
outweigh the benefits of improved acoustic and lighting conditions.  
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The results (see Chapter 4) showed that the application of quality class A 
conditions of the PoR “Fresh Schools” for reverberation time in combination with 
horizontal illuminance level at lecturers’ desk have positive effects on students’ perceived 
comfort, internal responses, and short-term academic performance, when compared to 
quality class B conditions. However, these positive effects are limited to students’ 
perceptions. Compared to quality class B, class A conditions do not improve students’ 
actual cognitive test scores and students’ short-term academic performance test scores. 
Moreover, the quality class A conditions negatively influenced students’ ability to solve 
problems. Therefore, caution should be exercised when applying relatively high levels of 
horizontal illuminance. The study of Xiong et al. (2018) revealed, for example, that not all 
cognitive response tasks, i.e., a memory and a problem-solving task, were performed best 
in bright conditions. Moreover, students may feel more comfortable with horizontal 
illuminance levels below 300 lx (Jamaludin et al., 2016). Furthermore, the systematic 
approach should include also “time of day”. De Bakker et al. (2021) examined the 
subjective level of alertness versus sleepiness among relatively young office workers (age 
mean = 25, SD = 5.3) and found the majority felt less alert when the morning progressed. 
As to the experiment in this thesis (see Chapter 4), the lectures were always scheduled 
on the same day and time. Consequently, it is not likely that students’ different levels of 
alertness during the day may have influenced the results.  

6.1.4 Main results of the qualitative study with lecturers and students 
The fourth study aimed to answer the following research question: Which relations can 
be identified between the indoor environmental quality, perceived internal responses of 
lecturers and students, and academic achievement? A case study, performed in the 
Netherlands, revealed how lecturers and students experience actual IEQ conditions in 
classrooms and how these conditions influence their perceptions, responses, and 
academic achievement (see Chapter 5). The listed IEQ, internal responses, and academic 
achievement sub-categories from the developed systematic approach, was used as a 
guidance for the interviews with lecturers and discussions with students and, by doing so, 
enabled systematic labelling of the collected information. Furthermore, patterns could be 
identified between the IEQ, internal responses, and academic achievement sub-
categories using the identified relationships during the composition of the systematic 
approach (see Chapter 3). These patterns allowed testing propositions (1) the IEQ 
influences the quality of teaching; (2) the IEQ influences the quality of learning; (3) the 
IEQ influences the students’ academic achievement.  

The results confirm that obtaining and maintaining acceptable IEQ conditions is 
challenging. Lecturers and students experience poor indoor environmental conditions in 
classrooms. Thermal and indoor air quality conditions are vulnerable, especially when 
occupancy rates are high. In an attempt to obtain acceptable thermal and indoor air 
conditions, lecturers report opening windows or doors. However, a related adverse effect 
is noise disturbances which, in turn, affect the quality of teaching and learning. Be 
reminded that maintaining acceptable acoustic conditions in classrooms is essential and 
contributes positively to students’ quality of learning.  

Lecturers are well aware of poor and good IEQ conditions and have preferences 
regarding these conditions and expressed the preference for daylight in classrooms, 
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although direct sunlight entry should be prevented. Furthermore, lecturers expressed the 
need to adjust lighting conditions in order to improve students’ ability to concentrate. The 
results of the performed experiment (see Chapter 4) indicated that students preferred a 
relatively bright environment, when attending a tutorial. Furthermore, the study of Xiong 
et al. (2018) showed that students also scored highest on a perceptual task in a 
thermoneutral, relatively quiet and bright environment. However, other cognitive 
performance tasks scored best in warm, relatively quiet, and moderately light 
environments (Xiong et al., 2018). The study by Choi et al. (2019) showed that exposure 
to lighting with blue-enriched white morning light improves students’ subjective 
perception of alertness, mood, and visual comfort. These findings, in combination with 
lecturers’ need to adjust lighting conditions argue for classrooms where lighting color and 
intensity can be adjusted manually or are available as default setting for specific in-class 
activities.  

Furthermore, lecturers and students expressed the need to maintain acceptable 
IAQ, thermal, and acoustic conditions. Surprisingly, the need for different thermal 
environments was not mentioned by lecturers or students. However, the results of the 
studies of Ahmed et al. (2017), Sarbu and Pacurar (2015), and Xiong et al. (2018) indicate 
that lower or higher temperatures contribute positively to students’ cognitive response; 
and therefore, may positively mediate lecturers’ quality of instruction and lecturers’ and 
students’ level of motivation, as a result of approach behavior (Bitner, 1992). 

The findings show that lecturers and students experience poor thermal, lighting, 
acoustic and indoor air quality (IAQ) conditions which may influence their ability to teach 
and learn, confirming proposition one and two. The third proposition can only be 
confirmed partly. When lecturers experience poor IEQ conditions, lecturers decided to 
break earlier than originally planned. Furthermore, lecturers speeded up the pace of the 
lecture or shortened the lecture when they noticed students became tired which limited 
students’ ability to gain knowledge. However, the long-term effect of the IEQ on academic 
performance remains unclear.  

6.2 Implications for science 
Research on how the IEQ impacts teaching, learning, and academic outcome is still 
relatively new (Granito & Santana, 2016). There has been an increasing interest in the last 
decade to examine the effect of multiple IEQ parameters simultaneously. However, no 
study has yet examined the combined influence of all four IEQ parameters (see Chapter 
2). This current study has shown that effects of IEQ alterations can be examined with the 
composed systematic approach. This approach enables studying the effect of all four IEQ 
parameters simultaneously (see Chapter 3). When aiming to unravel the influence of two 
or more factors, including interaction effects, a full factorial design experiment could be 
applied. This type of research addresses the need to develop models for assessing the 
influence of multiple environmental parameters on academic outcomes (Torresin et al., 
2018).  

When examining IEQ conditions, the selection of relevant IEQ performance 
indicators is critical. Furthermore, additional IEQ performance indicators should be 
selected and monitored during the research. When examining the effect of single or 
multiple IEQ parameters, it is preferred that other IEQ parameters should be controlled, 
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as these conditions could potentially have an unintended effect on studied dependent 
variables. The overview of performance indicators in relation to the outcome variable 
under study can help to make a good selection, see Appendix 6. Furthermore, it is critical 
to select accurate measuring equipment that preferably should be based on the present 
emission characteristics and space conditions (Zheng et al., 2022).  

The results of the pilot study (see Chapter 3) in which the composed systematic 
approach was tested, showed good reliability of the composed perception scales for 
students’ perceived IEQ comfort, cognitive responses, and the quality of learning, 
confirming the construct validity of this approach. Furthermore, the observed 
associations between the actual IEQ indicators and students’ perceived IEQ comfort, 
cognitive response, and short-term academic performance confirmed the ecological 
validity of the systematic approach (see Chapter 3).  

A multi-factorial assessment of indoor environmental conditions is important 
because of the mutual interaction of IEQ parameters. This interaction was observed by 
Kim and De Dear (2012), who developed a model to determine these interaction effects 
and the existence of a hierarchy among IEQ parameters in an office setting. Kim and De 
Dear (2012) categorized IEQ factors into basic, proportional, and bonus factors, according 
to their influence on office workers’ overall satisfaction. Basic IEQ factors had a 
predominantly negative impact on overall satisfaction when the building 
underperformed. These factors can be considered as minimum requirements for the IEQ. 
Proportional factors had a predominantly linear relationship with overall satisfaction. No 
bonus factors were identified (Kim & de Dear, 2012). Although both researchers observed 
a hierarchy between IEQ parameters, to the best of our knowledge no hierarchy is yet 
determined in an academic environment. Furthermore, no evidence of improved IEQ 
conditions during regular academic in-class activities was found in the systematic 
literature review (see Chapter 2). Available evidence, in literature, examining the effects 
of improved IEQ conditions on students in higher education is yet only derived from 
experiments in simulated environments, such as climate chambers (Ahmed et al., 2017; 
Sarbu & Pacurar, 2015; Xiong et al., 2018). With the current composed questionnaire and 
tests, and by applying a research design that allows studying interaction effects, such as a 
full-factorial experiment (Torresin et al., 2018; Xiong et al., 2018), now this becomes 
possible and addresses the need to assess the effect of positive IEQ stimuli (Bluyssen, 
2010). 

The results of our field experiment (see Chapter 4), examined the effect of 
improvement of multiple IEQ parameters during a regular academic course, while 
monitoring and reporting other IEQ parameters which were controlled. Based on the 
results of this study the speech intelligibility could be classified as a basic factor. 
Furthermore, students’ perceived lighting comfort could be classified as a proportional 
factor. For this classification, students’ perceived speech intelligibility and lighting comfort 
was related to students’ satisfaction and the perceived quality of learning respectively. 
However, this classification is based on limited data and should be interpreted as a first 
step to determining a hierarchy between IEQ parameters in a higher education context.  

The case study (see Chapter 5) provided a rich and diverse perspective on how 
the IEQ influences lecturers’ and students’ perceptions, internal responses, and academic 
outcomes and focused on classrooms for tutorials with a capacity of approximately 30 
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students, located on a campus for higher education in Groningen, Northern Netherlands. 
Although the systematic literature review revealed to some extent how IEQ parameters 
influence students’ quality of learning in higher education, studies which examine the 
influence of the IEQ on teaching are scarce. Furthermore, the impact of the IEQ on 
students’ long-term academic performance was not determined yet, simply because our 
approach relied on existing methods from the review and methods with a long-term focus 
appeared absent. Furthermore, it is much more challenging to measure academic 
performance in higher education because there are, compared to primary and secondary 
education with standardized curricula no results available of academic tests scores of 
universities which can be easily compared (Duran et al., 2022). The case study (see 
Chapter 5) revealed that lecturers are well aware of poor and good acoustic, thermal, 
lighting, and indoor air quality conditions and that these conditions can affect teaching 
quality. However, good IEQ can contribute to lecturers’ and students’ short-term 
academic performance and is mediated by emotional, physiological, and cognitive 
responses (Choi et al., 2014). To present an overview, Figure 6-4 summarizes all identified 
relations between the IEQ, the perceived IEQ, lecturers’ and students’ internal responses, 
and academic outcomes of our studies. Different personal, cultural, climatical, social, and 
contextual factors can explain differences in individuals’ reactions to the same IEQ (De 
Dear & Brager, 1998). 
 

 
Figure 6-4 Indoor environmental quality, internal responses, and academic outcome sub-

categories and their mutual relations. See Figure 6-3  for the explanation of shading. 

 
6.3 Implications for practice  
In practice, the IEQ seems subject to undeserved neglect. As mentioned in paragraph 1.1 
a recent publication, which covers 88 recent examples of inspirational learning 
environments in the Netherlands, does not include the IEQ as one of the characteristics 
of a meaningful learning and working environment (Schooldomein, 2021). Moreover, 
deliberately manipulating indoor environmental conditions to optimally facilitate in-class 
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activities is certainly not yet daily practice. It should be acknowledged that technical 
installations, such as lighting, heating, ventilation, and air-conditioning systems, and 
related maintenance are expensive. Let alone any change to such systems to allow 
creating different IEQ in classrooms. The cost to maintain an optimal IEQ absorbs a 
substantial proportion of a university budget and from a managerial perspective it is a 
potentially risky business, especially if interventions remain ineffective and complaints 
continue. Moreover, evidence revealing the impact on academic achievement is limited 
(see Chapter 2). This can create a gap between the world of policymakers and facility 
managers and that of building engineers and researchers. How positive are the observed 
effects and does that legitimize the necessary investments? Good IEQ conditions have the 
potential to improve the institution's school climate (Wang & Degol, 2016). But the 
question is whether these benefits outweigh the associated costs and risks.  

Facilitating of knowledge transfer is one of the main responsibilities of schools’ 
management (Wang & Degol, 2016). Extensive empirical research has demonstrated a link 
between positive features of school climate and optimal student outcomes across 
academic, behavioral, and psychosocial domains (Wang & Degol, 2016). Classrooms’ 
physical environment, as part of school climate, plays a significant role in facilitating 
educational processes (Wang & Degol, 2016). This research examined the relationship 
between the IEQ in classrooms for higher education on one hand and lecturers’ and 
students’ perceptions, responses, and academic outcomes on the other hand. This 
paragraph aims to answer the following question: How can the outcome be improved and 
translated into practice-based specifications? 

Facility management and building-related engineering partners of facility 
management can use the findings of this research to design a more user-oriented IEQ in 
classrooms for higher education, which increases the likelihood of improved educational 
outcomes. By doing so, facility managers are supported in underpinning the positive 
impact of IEQ on the institution’s primary process, which can also rationalize the required 
investments. Moreover, improved IEQ conditions in classrooms allow future generations 
of lecturers and students to perform and learn better in a healthier indoor environment. 
To take the next step in improving IEQ conditions in classrooms, this research provides a 
thorough and profound understanding of the perceptions of lecturers and students 
towards classrooms’ actual IEQ conditions and how these conditions influence the 
perceived quality of teaching and learning. Incorporation of these end-user perceptions 
in the renovation or construction of school buildings contributes to an improved school 
climate (Wang & Degol, 2016).  

The systematic literature review (see Chapter 2) showed that there is no “one-
size fits all” IEQ for students in higher education. Students perform at their best in 
different IEQ conditions, and these conditions are task dependent, suggesting that 
classrooms that can provide multiple IEQ classroom conditions can facilitate different 
learning tasks optimally.  

Furthermore, the results of our field experiment (see Chapter 4) showed that the 
application of class A requirements for reverberation time and horizontal illuminance of 
the PoR “Fresh schools” can positively contribute to students’ perceptions (RVO, 2015). 
When lecturers have to give a tutorial, like the context of our experiment, these tutorials 
may be best given in a classroom with a short reverberation time (0.4 s) which will 
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improve the perceived cognitive performance of students and relatively high illuminance 
levels (750 lx at lecturer’s desk) which also improved students’ comfort, cognitive, 
emotional, and physiological responses and perceived quality of learning. However, 
application of class A requirements, instead of class B requirements, does not improve 
students’ actual cognitive responses and short-term academic performance.  

Relatively small changes in thermal conditions influence students’ comfort, which 
may affect their internal responses and quality of learning (Jaakkola, 2006). Therefore, 
classrooms should facilitate adjustable thermal conditions and must prevent deviation 
from that setpoint through external influences, and also when occupancy rates are high. 
The indoor air quality in classrooms must be acceptable, and again, also when occupancy 
rates are high. However, generally accepted CO2 levels of appr. 1200 ppm (class II, (NEN-
EN 16798, 2019)), as a proxy for indoor air quality, might not be sufficient to facilitate in-
class activities optimally. For example, the study of Ahmed et al. (2017) revealed that 
decreasing CO2 levels from 1800 ppm and/or 1000 ppm to 600 ppm, significantly 
improved female students’ performance in an attention task. The performed field 
experiment (see Chapter 4) seems to support these findings but did not provide 
conclusive evidence. However, maintaining acceptable IAQ conditions will prevent 
opening doors and windows, and by doing so, prevent noise disturbance from outside or 
hallways, specifically during tutorials, as our qualitative study revealed. Furthermore, 
classrooms should provide adjustable lighting settings. Variations in color temperature 
(3000-5000 K) and horizontal illuminance level (500-750 lx) with lighting armatures which 
do not blind students while looking at the lecturer can positively contribute to different 
types of activities and can positively influence lecturers’ and students’ mood (Choi et al., 
2019; Xiong et al., 2018).  

Although the qualitative case study (see Chapter 5) revealed that noise 
disturbances, caused by sound entering the classroom through an open door or open 
windows, affected lecturers’ and students’ ability to concentrate during a tutorial, this 
does not mean that other learning environments should be quiet. Distracting noises may 
induce a higher construal level and abstract processing, and consequently enhances 
students’ creativity, which might be more appropriate for other activities than attending 
a tutorial (Choi et al., 2014). Our study (see Chapter 5) also revealed that lecturers find it 
difficult to maintain acceptable IEQ conditions, which is a necessary precondition for the 
next step, namely creating optimal conditions. Therefore, lecturers and students should 
be informed about how to maintain acceptable IEQ conditions. Furthermore, lecturers 
should be informed about which IEQ conditions they should create in a classroom to 
facilitate a specific in-class activity optimally. Alternatively, optimal IEQ conditions could 
also be created automatically or with artificial intelligence (AI), but it should always be 
possible to adjust or overrule such systems with in-class human interventions, because 
we lack knowledge still and are only at the beginning stages of understanding how these 
different factors interact. 

The COVID-19 pandemic painfully revealed that in 23 % of all classrooms the 
ventilation did not fulfil the minimum requirements for Dutch schools (Ruimte-OK, 2021). 
Given the fact that students nowadays are taught almost exclusively in indoor classrooms 
makes them, and their lecturers, more vulnerable to airborne infections transmitted from 
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person to person. Indoor classrooms should provide comfort, especially when outdoor 
conditions are not. 

School management is advised to consider high quality ventilation systems, 
allowing daylight to enter the classrooms, adjustable lighting systems, and a comfortable 
acoustic environment in classrooms. Optimal IEQ conditions in classrooms will positively 
influence academic outcomes and contribute to a more positive school climate (Wang & 
Degol, 2016). Hence, optimal IEQ conditions in classrooms are worth the investment.  

 
6.4 Strengths and limitations  
6.4.1 Strengths 
The performed systematic literature review revealed an increase in evidence addressing 
higher education classrooms’ IEQ conditions (see Chapter 2). All studies which were 
identified during the systematic search were assessed on quality and reliability. This 
procedure was specifically developed by the promotor, co-promotors, and author as no 
other tool was applicable to this specific domain. Therefore, this tool can only be applied 
when studies related to the IEQ need to be assessed for relevance and quality. The 
between-groups experiment was performed during a regular academic course in which 
positive interventions in the IEQ of classrooms for higher education were examined (see 
Chapter 4). This type of research was not identified during the systematic review and the 
application of the developed systematic approach allowed studying the effect of a single 
IEQ parameter and the combined influence of two IEQ parameters.  

Although the COVID-19 pandemic has affected the planning and the execution of 
this experiment, still reliable data was collected due to the in-between group design of 
the experiment (see Chapter 4). The data of the intervention and control group were 
collected on the same day and, nearly, the same time, thus excluding confounding effects 
due to social conditions such as travel restrictions and escalating global conflicts at that 
time. Furthermore, a lecturer gave the same number of lectures in both the intervention 
and the control conditions, which minimized possible differences in teaching quality 
between the intervention and control conditions. The participation rate during the 
experiment was high, reaching approximately 91 % of all students present. As part of the 
systematic approach and to test students’ short-term academic performance, every week 
students took an in-class academic performance test. Because they received an e-mail to 
inform them about their personal score on this test every time they took the test, they 
received valuable information about their actual knowledge. Giving students this 
opportunity and feedback may have contributed to the relatively high level of 
participating. Because students participated multiple times during this research, it was 
necessary to take this into account when analyzing the data. The application of linear 
mixed models allowed statistical analyses of the results over multiple weeks and for an 
unequal number of repetitions. 

The qualitative case study examined the influence of the IEQ on lecturers and 
students. Qualitatively exploring possible effects of the IEQ on the quality of teaching is a 
relatively new research approach and has provided rich insights into complex interactions 
between IEQ and the quality of teaching and learning. The interviews with lecturers and 
focus group discussions with students showed mostly consistent patterns and chains of 
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evidence, emphasizing the importance of creating and maintaining optimal IEQ 
conditions, which contribute to the quality of teaching and learning. 
 
6.4.2 Limitations 
During the systematic literature review, cultural or geographical differences between the 
studies were not analyzed. Therefore, the optimal conditions, as presented in the collected 
evidence, may not be applicable in every situation and are bound to specific cultural and 
geographical cultural backgrounds. However, these conditions can be used as an indication 
for the development of optimal indoor environment conditions for teachers and students 
in a specific setting.  

To determine the IEQ, 54 indicators were identified that provide detailed 
information about the actual IEQ. In future studies, relevant indicators can be selected 
from this list. However, other indicators, which are not listed yet, may also be relevant to 
measure the IEQ depending on the aim and scope of the study. Of all 54 studies, which 
were used to compose the systematic approach, only six studies (Castro-Martínez et al., 
2016; End et al., 2010; Hoque & Weil, 2016; Markides, 1989; McDonald et al., 2004; 
Shelton et al., 2009) tested students’ short-term academic performance. For the 
systematic approach, the method of McDonald (2004) and Shelton et al. (2009) was used 
to test short-term academic performance; however, other tests might also be applicable. 
A valid method to measure long-term academic performance, as identified in primary 
education (Duran et al., 2022), was not identified which limits the applicability of the 
composed systematic approach to measure short-term academic performance.  

The conducted experiment examined the influence of different indoor 
environmental conditions on students’ perceived comfort, emotions, health, different 
tasks which they had to perform (cognitive tasks), and an academic test. This test 
measured the amount of academic knowledge that students were able to remember 
when a tutorial was attended. No other academic in-class activities were examined. The 
reported effects of the experiment (see Chapter 4) are valid for classrooms with a capacity 
of 30 students and during a tutorial, the context of the conducted experiment.  

Studying the combined (interaction) effect of multiple indoor environmental 
parameters may require a complex study design, such as a full factorial experimental 
design, which can be difficult to conduct in practical settings. Conducting research in a 
practical setting is time-consuming and vulnerable to bias due to changing conditions that 
apply for a whole group, for example, seasonal influences. Due to COVID-19, the research 
was hampered such that it was not possible to study the influence of the four IEQ 
parameters, as envisaged within the set timeframe. 
 The findings of the case study focused on classrooms of only one campus for 
higher education. This part of the study did not seek to generalize the findings to a 
population of lecturers and students but categorizes and exemplifies their experiences 
and uses these in the context of understanding the relations between the IEQ and the 
perceptions of students and staff during lectures in higher education. However, lecturers 
and students with different educational backgrounds from other universities or 
educational programs may have experienced and reported other IEQ conditions and also 
may have had different qualifications and assessments of their experiences with the IEQ 
conditions and their influence on their internal responses and academic outcomes. When 
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applying the developed systematic approach, different higher education institutions can 
be compared on outcome variables related to the IEQ.  
 
6.5 Future research directions  
This research illuminates the influence of one or multiple IEQ parameters on the quality 
of teaching, learning, and students’ short-term academic performance. However, 
research addressing all four indoor IEQ parameters simultaneously is rare, revealing this 
gap in existing knowledge. More in-depth knowledge is required to understand the 
combined influence of indoor environmental parameters, not only on students’ physical 
health, emotional status, or cognitive response but also on how these parameters and 
these responses may contribute to students’ performance on different academic tasks. 
Still, this research has revealed effects of acoustic and lighting conditions in an academic 
context. Based on the results of the experiment (see Chapter 4), a first step has been 
taken in identifying basic and proportional factors in an academic context, as described 
by Kano (1984). Identification of these factors will reveal not only how indoor 
environmental parameters influence satisfaction with the indoor environment, but it will 
also reveal its effect on academic outcomes. These findings might guide future guidelines 
for IEQ in classrooms for higher education. Furthermore, these findings may prioritize the 
design and control of IEQ parameters in such classrooms.  

Based on this research, the exact influence of all IEQ parameters on the quality of 
teaching could not be determined or quantified yet. Furthermore, the effect of indoor 
environmental conditions on students’ long-term academic performance, specifically 
among higher education students, is not revealed yet and should be addressed in future 
research. Future researchers are invited to adopt the developed systematic approach to 
complement the body of knowledge and to allow comparison of the results of future 
studies. 
 
6.6 Conclusion 
In higher education there is no “one-size fits all” IEQ for students. Students perform at 
their best in different IEQ conditions, and these conditions are task dependent, suggesting 
that classrooms that provide multiple IEQ classroom conditions can facilitate academic 
outcomes optimally. The experiment, conducted during a regular academic course, 
revealed that optimal acoustic and lighting conditions, as specified in the Dutch PoR 
“Fresh Schools” (2015), in classrooms for higher education positively influence students’ 
perceived comfort, which in turn positively influences students’ perceived health, 
cognitive performance, emotional status, and quality of learning. However, these optimal 
IEQ conditions did not improve students’ actual cognitive and short-term academic 
performance and negatively influenced students’ ability to solve problems. At IAQ 
conditions meeting quality class A of the Dutch PoR “Fresh Schools”, the benefits of 
optimal acoustic and lighting conditions were not observed. Based on the results 
presented in this thesis, the individual and combined influence of all four IEQ parameters 
on students’ comfort, internal responses, and short-term academic performance is not 
determined yet. 
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Lecturers and students are well aware of poor and good acoustic, thermal, 
lighting, and indoor air quality conditions. However, current facilities do not always make 
it easy for lecturers to maintain acceptable IEQ conditions, which is a necessary 
precondition for the next step, namely creating optimal conditions. Optimal IEQ 
conditions can positively influence lecturers’ and students’ short-term academic 
performance. Lecturers and students’ internal responses, i.e., cognitive, emotional, and 
physiological responses, mediate the quality of teaching and learning. To create optimal 
conditions in classrooms, lecturers and students should be informed about how to 
maintain acceptable IEQ conditions in classrooms and about which IEQ conditions they 
should create in a classroom to facilitate a specific in-class activity optimally.  
Application of the systematic approach in future research will enrich the existing 
knowledge base and quantify this positive effect. To complement the systematic 
approach, methods to reveal the influence of the IEQ on the quality of teaching and long-
term academic performance should be included.  
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Appendix 1 Overview of used keywords  
 

Subject Keywords 
Higher education Academy  
 College  
 Higher education 
 University 
Classroom Classroom  
Indoor environmental quality Indoor built environment   

Indoor climate   
Indoor environment   
Indoor environmental quality  

Indoor air quality Carbon dioxide (CO2)   
Humidity (humidification)   
Hygrothermal   
Indoor air (quality) 

 Outdoor air supply rate  
 Particulate matter  

Ventilation   
Volatile organic compound 
(exposures)  

Thermal conditions PMV   
PPD  
Predicted mean vote  
Predicted percentage of 
dissatisfied  
Temperature 

 Thermal  
 Cold 
 Metabolic rate 
Lighting conditions Blinding   

Fluorescent   
Glare  

 Illuminance (illumination)  
 Light (lighting, daylight, 

artificial light)  
 Luminance   

Visual (conditions)  
Acoustic conditions Acoustic (acoustics)  

Noise (noisiness)   
Sound  

 Reverberation  
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Teaching 

 
Classroom processes   
Instructional practices   
Quality of instruction  
Teacher quality   
Teachers’ use of supportive 
practices  
Teaching effectiveness  
Willingness of teacher 

Learning Active thinking  
 Alertness  
 Attention  
 Concentration  
 Intellectual engagement  
 Learning environment 
 Learning outcomes 
 Learning quality 
 Schoolwork 
 Vigilance  
Students’ academic 
achievement 

Academic achievement  
 

Academic outcome   
Academic performance  

 Cognitive performance  
Student achievement  

 Student performance   
Student success 
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Appendix 2 Search strings 
 
Search string for “quality of teaching” (Scopus): 
(TITLE-ABS-KEY("academy" OR "college" OR "higher education" OR "university")) AND 
(TITLE-ABS-KEY("classroom")) AND (TITLE-ABS-KEY("indoor built environment" OR 
"indoor climate" OR "indoor environment" OR "indoor environmental quality") OR TITLE-
ABS-KEY("PMV" OR "PPD" OR "predicted mean vote" OR "predicted percentage of 
dissatisfied" OR "temperature" OR "thermal" OR "cold" OR "metabolic rate") OR TITLE-
ABS-KEY("acoustic*" OR "nois*" OR "sound" OR "reverbera* ") OR TITLE-ABS-
KEY("blinding" OR "fluorescent" OR "glare" OR "illumina*" OR "light*" OR "luminance" OR 
"visual") OR TITLE-ABS-KEY("carbon dioxide" OR "CO2" OR "humidi*" OR "hygrothermal" 
OR "indoor air" OR "outdoor air supply rate" OR "particulate matter" OR "ventilation" OR 
"volatile organic compound*")) AND (TITLE-ABS-KEY("classroom processes" OR 
"instructional practices" OR "quality of instruction" OR "teacher quality" OR "teachers’ 
use of supportive practices" OR "teaching effectiveness" OR "willingness of teacher")) 
 
Search string for “quality of learning” (Scopus): 
(TITLE-ABS-KEY("academy" OR "college" OR "higher education" OR "university")) AND 
(TITLE-ABS-KEY("classroom")) AND (TITLE-ABS-KEY("indoor built environment" OR 
"indoor climate" OR "indoor environment" OR "indoor environmental quality") OR TITLE-
ABS-KEY("PMV" OR "PPD" OR "predicted mean vote" OR "predicted percentage of 
dissatisfied" OR "temperature" OR "thermal" OR "cold" OR "metabolic rate") OR TITLE-
ABS-KEY("acoustic*" OR "nois*" OR "sound" OR "reverbera* ") OR TITLE-ABS-
KEY("blinding" OR "fluorescent" OR "glare" OR "illumina*" OR "light*" OR "luminance" OR 
"visual") OR TITLE-ABS-KEY("carbon dioxide" OR "CO2" OR "humidi*" OR "hygrothermal" 
OR "indoor air" OR "outdoor air supply rate" OR "particulate matter" OR "ventilation" OR 
"volatile organic compound*")) AND (TITLE-ABS-KEY("active thinking" OR "alertness" OR 
"attention" OR "concentration" OR "intellectual engagement" OR "learning quality" OR 
"learning environment" OR "learning outcomes" OR "schoolwork" OR "vigilance")) 
 
Search string for “students’ academic achievement (Scopus): 
(TITLE-ABS-KEY("academy" OR "college" OR "higher education" OR "university")) AND 
(TITLE-ABS-KEY("classroom")) AND (TITLE-ABS-KEY("indoor built environment" OR 
"indoor climate" OR "indoor environment" OR "indoor environmental quality") OR TITLE-
ABS-KEY("PMV" OR "PPD" OR "predicted mean vote" OR "predicted percentage of 
dissatisfied" OR "temperature" OR "thermal" OR "cold" OR "metabolic rate") OR TITLE-
ABS-KEY("acoustic*" OR "nois*" OR "sound" OR "reverbera* ") OR TITLE-ABS-
KEY("blinding" OR "fluorescent" OR "glare" OR "illumina*" OR "light*" OR "luminance" OR 
"visual") OR TITLE-ABS-KEY("carbon dioxide" OR "CO2" OR "humidi*" OR "hygrothermal" 
OR "indoor air" OR "outdoor air supply rate" OR "particulate matter" OR "ventilation" OR 
"volatile organic compound*")) AND (TITLE-ABS-KEY("academic achievement" OR 
"academic outcome" OR "academic performance" OR "cognitive performance" OR 
"student achievement" OR "student performance" OR "student success"))  
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Appendix 3 Assessment procedure for relevance and quality of study 
 

  
Aspect 
(weight 
factor) 

0 points 1 point 2 points 

Relevance 
of study 
(33%)  

Scope of 
study 
(17 %) 

Only perceived comfort or 
perceived impact on 
performance is assessed 
(perception) 

Physical conditions AND 
perceived comfort and/or 
perceived impact on 
performance is assessed 
(perception) 

Physical conditions AND 
impact on performance is 
assessed with tests 
(performance) 

  Number of marked rubrics: Number of marked rubrics: Number of marked rubrics: 

Context of 
study 
(17 %) 

Lab study or ‘in situ’ research 
where the IEQ in 
classrooms is not 
monitored 

Lab study or ‘in situ’ research 
where the IEQ in 
classrooms is controlled 

Lab study or ‘in situ’ research 
where multiple indoor 
environmental conditions 
in classrooms are created 

  Number of marked rubrics: Number of marked rubrics: Number of marked rubrics: 

Quality of 
study 
(67 %) 

Reliability 
(17 %) 

congress proceeding  
professional magazine 

scientific journal peer reviewed scientific 
journal 

Population/sample size not 
available 

Population/sample size 
available 

Population/sample size 
available and consist of 
male and female students 

Age respondents/ standard 
deviation not available  

Age respondents is available  Age respondents and 
standard deviation is 
available  

  Number of marked rubrics: Number of marked rubrics: Number of marked rubrics: 

Method 
(50 %) 

Method is clearly described  Method is clearly described 
and replicable  

Method is clearly described, 
replicable and the study 
uses reliable performance 
tests 

Accuracy (how accurate the 
measurements are) of 
measuring equipment is 
not described 

Accuracy (how accurate the 
measurements are) of 
measuring equipment is 
described 

Accuracy (how accurate the 
measurements are) of 
measuring equipment is 
described and it is clear 
how the measurements 
were carried out in the 
classroom 

Zero or one indoor 
environmental conditions 
were measured (AC, TC, LC 
or IAQ) 

Two indoor environmental 
conditions were measured 
(AC, TC, LC or IAQ) 

Three or more indoor 
environmental conditions 
were measured (AC, TC, LC 
or IAQ) 

The indoor environmental 
parameter is measured but 
it is not clearly described 
which performance 
indicator is measured 

The indoor environmental 
parameter (AC, TC, LC or 
IAQ) is measured with one 
performance indicator 

The indoor environmental 
parameter (AC, TC, LC or 
IAQ) is measured with two 
or more performance 
indicators 

  Number of marked rubrics: Number of marked rubrics: Number of marked rubrics: 

Relevance and Quality (RQ) score = ((Score Scope of study[Number of marked rubrics*rubric points]*3] + Score Context 
of study[[Number of marked rubrics*rubric points]*3]+Score Reliability[[Number of marked rubrics*rubric 
points]*1]+Score Method[[Number of marked rubrics*rubric points]*2.25)/36)*100 % 
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Appendix 4 General overview of all included studies in systematic literature review 
 
See footnote to Table for explanation of all variables and symbols used. 

Author Age (σ) TC LC AC IAQ Outcomes 
Ahmed et al. 
(2017) 

15-22 ta 
tr 
va =  

RHi =  

Eamb =  LAeq =  CO2 Actual thermal sensation  
Thermal comfort sensations 
Air-conditioner set temperature at 
home 
Self-reported ability to focus related to 
thermal discomfort 
Self-reported ability to focus related to 
other symptoms than thermal 
discomfort 
Self-reported headache 
Self-reported fatigue 
Self-reported dizziness 
Percentages of errors for cognitive 
tasks 

Sarbu and 
Parcurar (2015) 

21.17 
(0.79) 

RHi 
ta 
tg 
top 
va 

    CO2 Actual thermal sensation 
Concentrated and distributive 
attention 

Siqueira et al. 
(2017) 

21 (2.89) RHi 
ta 
tg 
tr 
twb 
va 

pa 

      Verbal Reasoning  
Numeric Reasoning 
Abstract Reasoning 
Spatial Reasoning 
Mechanical Reasoning 
Overall Score 
Heart rate 
Blood pressure 

Xiong et al. (2018) 20-24 ta Eamb SPL   Perception  
Memory 
Problem-solving 
Attention  

Yan et al. (2012) 18~21 RHi 
ta 

CRI 
CT 
LF 
Eamb 

  CO2 Recognition rate 

Gentile et al. 
(2018) 

16-17 RHi 
ta 

Ec 
Eamb 
Lc 
Lw 
CRI 
CCT 
SPD 

  CO2 Students’ mood 
Light perception 
Saliva cortisol concentration  

Barbic et al. (2019) 20.07 (3.1) 
 

ta  =   CO2 Actual thermal sensation 
Short-term memory and verbal ability 
test 
Reasoning test 
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Appendix 4 continued.  
Author Age (σ) TC LC AC IAQ Outcomes 
Choi et al. (2019) 23.53 

(0.87) 
RHi 
ta 

LogCh 
LogCy 
LogEr  
LogPh 
LogRh 
Eamb 
CT 

LAeq   Circadian system (melatonin and 
cortisol) 
Sleepiness perception 
Students’ mood 
Visual comfort 

Hoque et al. 
(2016) 

20.7 (4.2) RHi 
RHo 
ta 

to 

va 

      Actual thermal sensation  
Exam scores 

Almaqra et al. 
(2019) 

22.02 
(0.21) 

Rhi =  
ta 

 SPL =   Cognitive performance 
 

Bajc et al. (2018) 20-25 RHi 
ta 
to 
tr 
va 

    CO2 
CO2o 

Concentration 
Productivity  
Actual percentage of dissatisfied  
Prediction of academic performance 
Actual thermal sensation 

Mishra et al. 
(2017) 

18-20 RHi 
tg 
to 
va 
vao 

    CO2 Actual thermal sensation  

Norbäck et al. 
(2013) 

20-25 RHi 
to 

    AC 
ACR 
CO2 
N2O 
NCHO 
PM10 
PSV 
VB 
VM  

Sinusitis problems 
Perceived indoor air quality 
Actual thermal sensation 

Shelton et al. 
(2009) 

-     LAeq   Transfer of knowledge 
Lexical decision task 

End et al. (2010) 20.21 
(2.13) 

    LAeq   Knowledge 

Liu et al. (2008) 20 (17-22) CLO 
RHi 
ta 
tg 

to 

tout 

tr 
va 

  CO2 

PM2.5 
Actual thermal sensation  
Perceived IAQ 
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Appendix 4 continued. 

Author Age (σ) TC LC AC IAQ Outcomes 
Rabelo et al. 
(2019) 
 
 
 

29 (22-50)     F0 

SPL 
Pho 
CyD 

  Vocal intensity 
Percentage of phonation 
Cycle dose 

Lee et al. (2012) 21-30 RHi  
ta 
tr 
top  

Ehor LAeq 
SPL 

CO2 Actual thermal sensation 
Calculated occupants acceptance of 
the indoor environment 
The calculated overall acceptance of 
the indoor environmental quality 
Self-reported learning performance 

Castro-Martínez et 
al. (2016) 

22.4 (2.4) 
21.7 (2.6)  

    RT   Statistics 
Mathematics 
Attention 

Note: σ = standard deviation;  
TC = thermal performance indicators; CLO = clothing insulation value; RHi = indoor relative humidity; RHo = outdoor 
relative humidity; ta = air temperature; tdb = dry bulb temperature; tf = floor temperature; tg = globe temperature; tmr = 
mean radiant temperature; to = mean outdoor temperature; top = operative temperature; tr = radiant temperature; tw = 
temperature of walls; twb = wet-bulb temperature; va = air velocity. 
LC= lighting performance indicators; Cc = contrast ((object luminance/ambient luminance)/object luminance); CCT = 
correlated color temperature; CRI = color rendering index; CT = color temperature; DF = daylight factors; DFC = daylight 
factor contour; Eamb = ambient illuminance (illuminance); Ec = cylindrical illuminance; Ehor = horizontal illuminance; Ever = 
vertical illuminance; Lc = average ceiling luminance; Lf = luminous Flux (lm); LogCh = chloropic lux; LogCy = cyanopic lux; 
LogEr = erythropic lux; LogMe = melanopic lux; LogPh = photopic lux; LogRh = rhodopic lux; Lw = average wall luminance; SPD 
= spectral power distribution.  
AC = acoustic performance indicators; BGN = background noise or ambient noise; CyD = Cycle dose as a total quantity of 
complete oscillatory periods performed by the vocal folds in a set time; F0 = fundamental frequency; Pho = the relative 
time spent in phonation compared with the elapsed time monitored expressed in a percentage; RT = reverberation time; 
SPL = sound pressure level.  
IAQ = indoor air quality performance indicators: AC = allergen concentration; ACH = air exchange rate; Cl2 = chlorine; CO = 
carbon monoxide; CO2 = carbon dioxide; CO2o = carbon dioxide outside; D = dust; Fl = flow; HCHO = formaldehyde; NO2 = 
nitrogen dioxide; O3 = ozone; Pa = pressure of water vapor in ambient air; PM10 = particles <10 µm; PM2.5 = particles <2.5 
µm; PSV = personal supply ventilation; SD = settled dust; SO2 = sulfur dioxide; TSP = total respirable suspended particulate 
matter; TVOC = total volatile organic compounds; VB = viable bacteria; VM = viable mouts. 
 “ = ” behind performance indicator means that condition was kept constant. 
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Appendix 5 Nomenclature 
 

Indoor air quality (IAQ) 
AC allergen concentration [units/mL] 
AER air exchange rate [ac/h] 
Cl2 chlorine [ppm] 
CO carbon monoxide [mg/m³] 
CO2 carbon dioxide [ppm] 
CO2o carbon dioxide outside [ppm] 
D dust [g] 
HCHO formaldehyde [µg/m3] 
NO2 nitrogen dioxide [µg/m³] 
O3 ozone [µg/m³] 
PM10 particles <10 µm [µg/m³] 
PM2.5 particles <2.5 µm [µg/m³] 
PSV personal supply ventilation 
SD settled dust [g/gdust] 
SO2 sulfur dioxide[µg/m³] 
TSP total respirable suspended particulate matter 
TVOC total volatile organic compounds [mg/m³] 
VB viable bacteria [cfu/m3] 
VM viable mouts [cfu/m3] 
   
Thermal environment (TE) 
CLO clothing insulation value  
RHi indoor relative humidity [%] 
RHo outdoor relative humidity [%] 
ta air temperature [◦C] 
tf floor temperature [◦C] 
tg globe temperature [◦C] 
to outdoor temperature [◦C] 
top operative temperature [◦C] 
tr radiant temperature [◦C] 
tr_asym radiant asymmetry 

temperature [µm] 
tw temperature of walls [◦C] 
twb wet-bulb temperature [◦C] 
va air velocity [m/s]. 
 
Acoustic environment (AE) 
LAeq background noise or ambient noise [dB(A)] 
F0 fundamental frequency [Hz] 
RT reverberation time [sec] 
SPL  sound pressure level [dB] 
SPLa  A-weighted sound pressure level [dB(A)] 
SPLc  C-weighted sound pressure level [dB(C)] 
 
Lighting environment (LE) 
Cc contrast 
CCT correlated colour temperature [K] 

CRI color rendering index  
CT color temperature [K] 
DF daylight factor [%] 
DFC daylight factor contour 
Eamb ambient illuminance (illuminance) [lx] 
Ec cylindrical illuminance [lx] 
Ehor horizontal illuminance[lx] 
Ever vertical illuminance [lx] 
Lc average ceiling luminance [cd/m2]  
Lf luminous flux [lm/W] 
LogCh chloropic lux [lx] 
LogCy cyanopic lux [lx] 
LogEr erythropic lux [lx] 
LogPh photopic lux [lx] 
LogRh rhodopic lux [lx] 
Lw average wall luminance [cd/m2] 
SPD  spectral power distribution 
U0  illuminance uniformity 
 Abbreviations 
AP  academic performance 
APT(adj) (adjusted) academic performance test score 
BEPS basic emotional process scale 
BEPSA BEPS activation 
BEPSC BEPS control  
BEPSE BEPS evaluation  
BEPSS BEPS emotional status  
BEPSO BEPS orientation  
CBS Corsi block score 
CR  cognitive response 
DSS digit span score  
ER  emotional response 
Frt Flanker reaction time [sec]  
IR  internal response 
KSS Karolinska sleepiness scale 
NAS negative affect scale 
PAC perceived acoustic comfort 
PAS positive affect scale 
PCR perceived cognitive response 
PIAQ perceived indoor air quality 
PIEQ  perceived indoor environmental quality 
PLC perceived lighting comfort 
PPHC  perceived physiological health complaints 
PQL perceived quality of learning 
PR physiological response 
PTC perceived thermal comfort 
PTCpref  thermal preference 
PTCsens thermal sensation 
STR Stroop test 
WCS Wisconsin card sorting test 
wext  external-related moderators 
wgen  general moderators 
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Appendix 6 Summary of included studies for the systematic approach 
 

Reference A n C TE  LE AE IAQ CAT Studied 
variable 

Applied method 

Afren et al. 
(2017) 

✓ n/a n/a RHi, 
RHo, 
ta, 
to, va 

      PTC Thermal 
comfort 

Self-reported thermal 
preference on the 
ASHRAE-55 on a 3-
points scale (very hot, 
hot, adequate) 

Almeida et 
al. (2016) 

✓ 891 
961 

2 CLO, 
RHi, 
ta, tf, 
tr, 
tr_asy

m, va 

      PTC Thermal 
comfort 

Self-reported thermal 
sensation (Fanger 7-
points scale, ranging 
from -3 to +3, 
corresponding to very 
cold and very hot and 
0 being the thermal 
neutral condition) 

Ashrafi and 
Naeini 
(2016) 

✓ 30 1 ta Eamb LAeq   PIA
Q 

Ventilation, 
breathing air 

Self-reported 
suitability 

PLC Lighting Self-reported 
suitability 

PAC Noise Self-reported 
suitability 

CR Subjective 
concentration 

Self-reported inability 
in concentration 

PR Health Self-reported level of 
environmental health 

Attia et al. 
(2017) 

✓ 265 1         PTC Thermal 
comfort 

Self-reported 
temperature (5-point 
rating scale too hot/ 
cold) 

CR Distractions 
in classroom 

Self-reported level of 
distractions 

Bajc et al. 
(2018) 
  

✓ 
  

40 
  

1 
  

RHi, 
ta, 
to, tr, 
va 
  

  
  

  
  

CO2, 
CO2o 
  

PTC Overall and 
local thermal 
comfort 

Self-report sensation 

CR Remembering 
information 

Non-academic texts 
were read to subjects; 
after the reading, 
subjects were asked to 
answer five questions 
from the text that had 
been read 
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Appendix 6 continued.  
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Bidassey-
Manilal et 
al. (2016) 

✓ 252 52 ta, va       ER Tiredness Hourly symptom log 
per day 

PR Respiratory 
tract (upper 
respiratory 
symptoms) 

Self-reported ability to 
breath 

PR Central 
nervous 
system 

Self-reported 
headaches, nausea, 
lethargy, dizziness 

PR Health Self-reported level of 
dehydration (thirsty) 

Castilla et 
al. (2018a) 

✓ 854 1         CR Reading, 
writing, 
reflecting, 
discussing, 
paying 
attention 

Self-report ability 

Castilla et 
al. (2017) 

✓ 918 1         PIA
Q 

Indoor air 
quality 

Self-reported level of 
ventilation and damp 
air 

PAC Acoustic 
comfort 

Self-reported level of 
silence 

PTC Thermal 
comfort 

Self-reported level of 
"good temperature" 
and comfort 

PLC Daylight, 
artificial 
lighting, well 
lit 

Self-reported level 

CR Subjective 
concentration 

Self-reported level 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Castilla et 
al. (2018b) 

✓ 427 1         PLC Visual 
comfort 

Self-reported level of 
attractiveness, 
stimulation, and 
coziness (attractive, 
good daylight, 
stimulating, 
comfortable, warm, 
cozy, pleasant, 
natural, dim (subtle), 
well lit, good artificial 
lighting, efficient, 
cutting edge 
technology, cosy, 
surprising, amazing, 
original, interesting, 
stimulating, 
suggestive, efficient, 
uniform, 
homogeneous, 
balanced, orderly, 
cheerful, colorful, 
friendly, lively, 
dynamic, beautiful, 
enabling, glaring 
(dazzling), intense, 
brilliant, calm, quiet, 
soft, clear, sharp 
(defined), with quality 
(rich), bright, 
functional, 
convenient, 
comfortable) 

Corgnati et 
al. (2007) 

✓ 427 1 RHi, 
ta, tr, 
va 

      PTC Thermal 
comfort 

Self-reported 
acceptability (at this 
moment, do you 
consider the thermal 
environment 
acceptable or not?), 
thermal preference (at 
this moment, would 
you prefer to feel 
warmer, cooler or no 
change), thermal 
sensation (Fanger 7-
points scale, ranging 
from -3 to +3, 
corresponding to very 
cold and very hot and 
0 being the thermal 
neutral condition) 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Castro-
Martínez et 
al. (2016) 

✓ 141 
24 

1     RT   CR Level of 
attention 

Average of the times 
students look away to 
a specific point. This 
average is calculated 
from the 
measurement and 
evaluation of the 
images of each 
participant’s 

                AP Recognition Questionnaire with 
words belonging and 
not belonging to the 
lecture, but related to 
the subject 

Chin and 
Saju (2017) 

✓ 80 1     LAeq, 
SPL 

  PAC Annoyance Social and socio-
acoustic surveys 
(noise sources which 
affect students) 

Choi et al. 
(2014) 

✓ 15 2 RHi, 

ta 
LogC
h, 
LogC
y, 
LogEr
, 
LogP
h, 
LogR
h, 
Eamb, 
CT 

LAeq   PLC Visual 
comfort 

Self-assessment on a 
100 mm visual 
analogue scale 

ER Morning 
drowsiness, 
relaxation 

Self-assessment on a 
100 mm visual 
analogue scale 

ER Subjective 
sleepiness 

Karolinska Sleepiness 
Scale, a nine-point 
scale ranging from 1 
(extremely alert) to 9 
(extremely sleepy, 
fighting sleep) 

ER Sleep quality Pittsburgh Sleep 
Quality Index 

PR Health Level of salvia cortisol 
concentration and 
melatonin 
concentration 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Chowdhury 
et al. (2010) 

✓ 480 1     SPLac   PAC Acoustic 
comfort 

Self-reported level of 
perceived traffic 
induced noise, noises 
from corridors and 
other rooms, and 
noise generated by 
themselves 

CR Subjective 
concentration 

Self-reported impaired 
concentration in their 
job 

PR Ear Self-reported earache 
and deafness 

ER Tiredness Self-reported 
tiredness 

PR Respiratory 
tract (upper 
respiratory 
symptoms) 

Self-reported 
respiratory distress 

PR Central 
nervous 
system 

Self-reported 
headaches 

Ellis (2010) n
/
a 

n/a n/a         PAC Reverberatio
n time 

Application of flooring 
materials 

End et al. 
(2010) 

✓ 71 2     LAeq   AP Transfer of 
academic 
information 

Academic information 
was presented 
through a video; the 
transferred knowledge 
was tested with two 
multiple-choice 
questions that 
assessed students’ 
ability to recognize 
factual video content. 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

de Abreu-
Harbich et 
al. (2018) 

✓ 200 1 RHi, 
RHo, 
ta, 
to, va 

      PTC Thermal 
comfort 

Self-reported comfort 
(do you think this 
environment is? 
(comfortable, a little 
comfortable, 
uncomfortable, very 
uncomfortable, 
extremely 
uncomfortable), 
tolerance (this 
environment, in your 
opinion, regarding 
temperature, is it? 
(perfectly tolerable, a 
little difficult to 
tolerate, difficult to 
tolerate, very difficult 
to tolerate, 
intolerable), 
acceptance (taking 
into account only your 
personal preference, 
do you accept or 
reject the thermal 
conditions of this 
environment? (accept, 
reject), acceptance (at 
this moment do you 
prefer this 
environment? (much 
warmer, warmer, a 
little warmer, neither 
warmer nor colder 
(neutral), a little 
colder, colder, much 
colder), thermal 
sensation (Fanger 7-
points scale, ranging 
from -3 to +3, 
corresponding to very 
cold and very hot and 
0 being the thermal 
neutral condition) 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Gentile et 
al. (2018) 

✓ 72 5 RHi, 
ta 

Ec, 
Eamb, 
Lc, 
Lw, 
CRI, 
CCT, 
SPD, 
U0 

  CO2 PLC Perception of 
lighting 

Perceived Outdoor 
Lighting Qualities 
(POLQ) and has been 
successfully used in 
other indoor lighting 
studies: glaring from 
the light fixtures, 
glaring from the 
window, direct 
sunlight on your 
working space, flicker 
from the light fixtures, 
lighting quality 

ER Positive en 
negative 
emotions 

Positive and negative 
affect scales (PANAS) 

ER Basic 
emotions 

Basic emotional 
process scale (BEPS) 

PR Health salvia cortisol 
concentration 

Granito & 
Santana 
(2016) 

n
/
a
p 

            PTC Temperature Focus group 
discussion 

PLC Artificial 
room light 
Natural light 

Focus group 
discussion 

PAC Acoustics Focus group 
discussion 

Hoque et al. 
(2016) 

✓ 409 1 ta, 
to, 
RHi, 
RHo, 
va 

      PTC Thermal 
comfort 

Self-reported 
sensation 

AP Academic 
performance 

Student exam scores 

Jaakkola 
(2006) 

✓             PR Skin Listing related health 
problems: itchy skin, 
skin irritation, skin 
rash, dermatological 
skin problem 

PR Eye Listing related health 
problems: itchy eyes, 
eye irritation, dry eyes 

PR Respiratory 
tract (upper 
respiratory 
symptoms) 

Listing related health 
problems: dry throat, 
nasal dryness, nose 
irritation 

PR Central 
nervous 
system  

Listing related health 
problems: headaches, 
nausea, lethargy 

PR Mucositis Listing related health 
problems: mucosal 
symptoms 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Ahmed et 
al. (2017) 

✓ 499 9 ta, tr, 
va = , 
RHi =  

Eamb= LAeq= CO2 PTC Thermal 
comfort 

Self-reported 
sensation 

ER Fatigue Self-report of level  
CR Accuracy in 

vigilance 
tasks, 
memory 
tasks, 
complex tasks  

BARS battery 
“behavioral 
assessment and 
research system” 

PR Central 
nervous 
system 

Self-report headaches 

Jamaludin 
et al. (2016) 

✓ 20 1 RHi, 
ta 

Eamb LAeq CO2, 
TVO
C 

PIA
Q 

Perceived air 
quality 

Perception of stuffy 
air 

PTC Thermal 
condition 

Students’ satisfaction 
level 

PLC Lighting 
condition 

Perceived lighting 
level 

PR Skin Self-reported dry skin 
PR Eye Self-reported itchy 

eyes, tired eyes, 
blurred vision  

PR Respiratory 
tract (upper 
respiratory 
symptoms) 

Self-reported sore 
throat, running nose, 
cough, breathing 
difficulties 

PR Central 
nervous 
system  

Self-reported 
headaches, dizzy 

PQL Learning 
quality 

Perceived learning 
productivity 

Jonsdottir 
(2006) 

✓ 791 1     FO, 
SPL 

  PAC Ability to hear 
teacher voice 

Self-report of effect 
amplification of 
teachers’ voice in 
classrooms  

ER Fatigue Self-report of 
prevalence of fatigue 
using a five-point 
rating scale 

CR Subjective 
attention 

Self-report of teachers 
regarding students 
paying attention using 
a five-point rating 
scale 

CR Subjective 
concentration 

Self-report of students 
regarding easiness to 
concentrate on 
lessons using a five-
point rating scale 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Kennedy 
(2010) 

n
/
a 

            PLC Illumination Window selection and 
placement 

Kuru and 
Calis (2017) 

✓ 235 1 ta, tr, 
RHi, 
va 

      PTC Thermal 
comfort 

Self-reported thermal 
acceptability (yes = 1, 
no = 0), air velocity 
(low = -1, neither low 
nor high = 0, high = 1) 

Lamb and 
Shraiky 
(2013) 

n
/
a 

              Design 
concepts 

  

Lee et al. 
(2012) 

✓ 312 3 ta, tr, 
top, 
RHi 

Ehor LAeq, 
SPL 

CO2 PIA
Q 

Indoor air 
quality 

Self-assessment on a 
7-point scale and 
acceptance (yes-no) 

PTC Thermal 
comfort 

Self-reported 
sensation 

PLC Visual 
environment 

Self-assessment on a 
7-point scale and 
acceptance (yes-no) 

PAC Aural 
environment 

Self-assessment on a 
7-point scale and 
acceptance (yes-no) 

PQL Perceived 
learning 
performance 

Self-reported 
performance scores 
for calculating, 
reading, 
understanding and 
typing 

Madbouly 
et al. (2016) 

✓ 532
5 

1         PAC Noise 
disturbance 

Noises from inside and 
outside the classroom 

PAC Importance of 
IEQ factors 

Self-reported 
importance of 
acoustics properties 
(listening 
environment) and 
echo (comfortable, 
confusing, echoes, 
clear, irritating, 
relaxing, other) 

PIA
Q 

Importance of 
IEQ factors 

Self-reported 
importance of 
ventilation 

PLC Importance of 
IEQ factors 

Self-reported 
importance of lighting 

Majewski et 
al. (2017) 

✓ 101 2 CLO, 
ta, 
to, 
tw, 
va 

    CO2 PTC Thermal 
comfort 

Self-reported thermal 
sensation (Fanger 7-
points scale, ranging 
from -3 to +3, 
corresponding to very 
cold and very hot and 
0 being the thermal 
neutral condition) 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Markides 
(1989) 

n
/
a
p 

        LAeq   AP Academic 
performance 

The lip-reading test 
was used. A video (in 
black and white) and 
was presented to 
students through a 
recorder and monitor. 
Students’ ability to 
read lips was scored  

Maxwell 
(2009) 

n
/
a 

              Noise   

McDonald 
et al. (2004)  

✓ 78 4     LAeq   AP Transfer of 
academic 
information 

Academic information 
was presented with a 
5-minute videotape 
developed specifically 
for the study and 
knowledge. Next, 
immediately after 
watching the video, 
participants were 
instructed to write out 
their food intake 
during the past 24 
hours on a blank sheet 
of paper. This task 
required the 
information learned 
while watching the 
videotape to be 
transferred into long-
term memory. Finally, 
the participants were 
tested using 13 
multiple-choice 
questions addressing 
the information 
presented in the 
videotape 

Mishra et al. 
(2017) 

✓ 348 3 RHi, 
ta, tg, 
to, va 

    CO2 PTC Thermal 
adaptation 

Self-reported 
sensation 

PTC Clothing 
insulation 
value 

Reported clothing 
(top, shirt, long-sleeve 
shirt, sweater/blazer, 
dress, skirt, jacket, 
open shoes, shoes, 
trouser, boots, scarf) 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Mongkolsa-
wat et al. 
(2014) 

✓ 673 1 RHi, 
RHo, 
ta, 
to, va 

      PIA
Q 

Air freshness 
(including 
odor) 

Self-reported on a 
scale from 1 (very 
uncomfortable) 
to 5 (very 
comfortable). 

PTC Thermal 
comfort 

Self-reported on a 
scale from 1 (very 
uncomfortable) 
to 5 (very 
comfortable), 
acceptability (five-
point ordinal scale) 

PLC Visual 
comfort 

Self-reported on a 
scale from 1 (very 
uncomfortable) to 5 
(very comfortable) 

PAC Hearing 
comfort 

Self-reported on a 
scale from 1 (very 
uncomfortable)to 5 
(very comfortable) 

ER Sleepiness Perception of 
freshness (as opposed 
to sleepiness) using a 
five-point rating scale 

CR Subjective 
alertness 

Perception of 
alertness using a five-
point rating scale 
(from 1 – much lower 
than average to 5 – 
much higher than 
average) 

CR Subjective 
attention 

Perception of how the 
IEQ affected their 
attention using a five-
point rating scale  

PQL Perceived 
learning 
performance 

Perception of how the 
IEQ affected their 
overall learning 
performance using a 
five-point rating scale  

Nico et al. 
(2015)  

✓ 126 1 ta, tg, 
RHi, 
va 

      PTC Thermal 
Preference 
Index 

Self-reported 
willingness to change, 
unacceptability of 
thermal environment, 
unacceptability of air 
movement, thermal 
sensation (Fanger 7-
points scale, ranging 
from -3 to +3, 
corresponding to very 
cold and very hot and 
0 being the thermal 
neutral condition) 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Norbäck et 
al. (2013) 

✓ 232 2 RHi, 
to 

    AC, 
AER, 
CO2, 
N2O, 
NCH
O, 
PM1

0, 
PSV, 
VB, 
VM  

PIA
Q 

Air quality Self-reported air 
quality (extremely 
poor (0)–extremely 
good (6)) when 
entering the 
classroom (the first 15 
min and the last hour), 
and quality of odor 
(no odor (0)–
extremely strong odor 
(6)) 

PTC Thermal 
comfort 

Room temperature 
(too cold (0)–too hot 
(6)), air humidity 
(extremely dry (0)–
extremely humid (6)), 
air movement 
(draught) (no 
movement (0)–
extremely draughty 
(6)) 

PLC Visual 
comfort 

illumination (very 
good (0)–very poor 
(6)) 

PAC Noise 
disturbance 

Noise in general and 
noise from ventilation 
system (no disturbing 
noise (0)–very 
disturbing (6)) 

PR Eye Self-reported eye 
symptoms, using a six-
point rating scale 

PR Skin Self-reported dermal 
symptoms, using a six-
point rating scale 

PR Respiratory 
tract (upper 
respiratory 
symptoms) 

Self-reported sore 
throat, sinusitis ●, and 
nasal symptoms and 
breathing difficulties, 
using a six-point rating 
scale 

PR Central 
nervous 
system  

Self-reported 
headaches and 
nausea, using a six-
point rating scale 

        

ER Tiredness Self-reported 
tiredness, using a six-
point rating scale 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Persinger et 
al. (1999) 

✓ 21 4     LAeq   ER Fatigue Self-report rating scale 
using anchors of 1 
through 7 

CR Subjective 
concentration 

Self-report rating scale 
for concentration 
using anchors of 1 
through 7 

Ramprasad 
and 
Subbaiyan 
(2017) 

✓ 129
5 

1 ta, tg, 
top, 
va 

      PTC Thermal 
environment 

Satisfaction with 
temperature (1 = very 
dissatisfied, 
5 = very satisfied), 
temperature 
acceptability (yes-no), 
satisfaction with air 
movement (1 = more 
air movement, 2 = no 
change, 3 = less air), 
satisfaction with 
freedom to control 
the speed of ceiling 
fans, satisfaction with 
freedom to switch the 
ceiling fans, 
satisfaction with 
freedom to 
open/close the 
window/shutters 

PIA
Q 

Indoor air 
quality 

Satisfaction with air 
quality, freshness of 
air (1 = very stale, 
5 = very fresh), air 
quality acceptability 

PLC Visual 
environment 

Satisfaction with 
visibility to see the 
chalkboard/projector 
screen, satisfaction 
with daylight, daylight 
preference (1 = 
brighter, 2 = no 
change, 3 = less 
brighter), satisfaction 
with freedom to 
switch the fluorescent 
lamps on/off 

PAC Acoustic 
environment 

Satisfaction with 
acoustics, acoustics 
acceptability (1 = very 
dissatisfied 5 = very 
satisfied) 

PQL Perceived 
academic 
performance  

Self-reported overall 
academic satisfaction, 
academic ambience 
and academic 
performance 



A 

 
Appendices 

171 
 

Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Rouag-
Saffidine 
and 
Benharkat 
(2006) 

✓ 36 1   Ever, 
DF, 
DFC 

    PLC Perceived 
visual comfort 

Do you appreciate 
daylight in your 
workplace? (answers 
on a 4 rating scale), do 
you assess indoor 
daylight as sufficient 
in summer/in winter? 
(answers on a 4/5 
rating scale), do you 
experience incident 
sunlight upon your 
work-plane? (answers 
on a 3 rating scale), 
are you keen for some 
solar controls in this 
work place? (yes/no)  

Sarbu and 
Pacurar 
(2015) 

✓ 200 2 RHi, 
ta, tg, 
tr, 
va, 

    CO2 PTC Thermal 
comfort 

Self-reported 
sensation 

CR Concentrated 
attention 

Kraepelin test; pairs of 
numbers have to be 
compared and 
calculations have to 
be performed based 
on the outcome of the 
comparison 

CR Distributive 
attention 

Prague test; ordering 
and comparing figures 
with a model figure 

Shelton et 
al. (2009) 

✓ 158 
73 
33 
27 

4 
3 
1 
1 

    LAeq   CR Level of 
attention 

Lexical decision task; 
four different types of 
were pairs presented: 
1) word, word; 2) non-
word, non-word; 3) 
word, non-word; and 
4) non-word, word. 
Subjects were asked 
to respond as quickly 
as possible; they had 
to press 1 on the 
keyboard if both 
stimuli were words 
and to press 2 
otherwise 

AP Academic 
performance 

Academic information 
during class was 
discussed, the 
transferred knowledge 
was tested with 6 
multiple-choice 
questions (with 4 
answer options) and 2 
short-answer 
questions 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Siqueira et 
al. (2017) 

✓ 28 3 RHi, 
ta, tg, 
tr, 
twb, 
va, 
pa 

      CR Accuracy in 
reasoning 
tasks  

The abstract 
reasoning, verbal 
reasoning, numerical 
reasoning, spatial 
reasoning and the 
mechanical reasoning 
test 

PR Health Measurement of heart 
rate and blood 
pressure 

Valavanidis 
and Vatista 
(2006) 

✓ 100
4 

1 RHi, 
ta 

  LAeq Cl2, 
CO, 
CO2, 
HCH
O, 
SO2, 
NO2, 
O3, 
SD, 
TSP, 
TVO
C 

PIA
Q 

Indoor air 
quality 

Self-reported quality 
of air and smells 

PR Central 
nervous 
system 

Self-reported heavy-
headed, headaches, 
dizziness (Yes, often”, 
“Yes, sometimes” and 
“No, never”; 
experience of the past 
2 months) 

PR Eye Self-reported burning 
or irritation of the 
eyes 

PR Respiratory 
tract (upper 
respiratory 
symptoms) 

Self-reported sore 
throat 

Van 
Someren et 
al. (2018) 

n
/
a 

            PLC Lighting 
controls 

  

Witkowska 
and 
Gladyszews-
Fiedoruk 
(2018)  

✓ 30 1 RHi,t
a 

  LAeq   PTC thermal 
comfort 

Self-reported (scale 1-
glad, 2-neutral, 3-
dissatisfied), humidity 
and air temperature 
(scale 1-very 
dissatisfied, 2-
dissatisfied, 3-no 
opinion, 4-glad, 5- 
very glad), air 
temperature (scale 1-
too hot, 2-warm, 3-ok, 
4-cold, 5-too cold), 
degree of humidity 
(scale 1-too high, 2-
high, 3-ok, 4-dry, 5-
too dry) 

PAC Acoustic 
comfort 

Noise level (scale 1-
very dissatisfied, 2-
dissatisfied, 3-no 
opinion, 4-glad, 5- 
very glad), noise level 
(scale 1-too loud, 2-
loud, 3-ok, 4-quietly, 
5-too quiet) 



A 

 
Appendices 

173 
 

Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Xiong et al. 
(2018) 

✓ 10 36 ta Eamb SPL   CR Level of 
attention 

Number searching 
test; numbers 0 
through 99 were 
sequenced out of 
order on papers. 
Subjects were asked 
to search 15 
designated numbers 
in normal order from 
these 100 numbers 

CR Recognition 
of 
meaningless 
images 

10 meaningless 
images on paper were 
presented for 10 s. 
When time was up, 
the subjects were 
asked to pick them 
out from all 20 
meaningless images 
on another paper as 
quickly as possible 

CR Perception-
oriented task 

The Rochester color 
word test; 15 words of 
colors in another color 
were presented on 
papers. Subjects were 
asked to pick out the 
word itself or its color 
sequentially 

CR Problem-
solving task 

Reading 
comprehension; 
subjects were asked to 
pick out the only 
correct answer from 
multiple choices based 
on their own 
understandings. 
Previously printed out, 
five independent 
questions were 
randomly distributed 
to each subject from 
the administrative 
ability tasks for 
national civil servant 
selections 

Yan et al. 
(2012) 

n
/
a
p 

    RHi, 
ta 

CRI, 
, CT, 
LF, 
Eamb 

  CO2 CR Visual 
performance 

Recognition ability of 
real objects in a 
controlled 
environment 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Yang and 
Becerik-
Gerber 
(2012) 

✓ 627 1         PTC Temperature 
perception 

Self-reported 
discomfort, heat from 
the sun, heat from 
classroom equipment, 
cold air from 
windows, cold air 
from ac unit or vent, 
cold air from door or 
outside room source, 
noticeably different 
temperature than 
other classrooms of 
hallways 

PIA
Q 

Air quality 
perception 

Self-reported comfort, 
dirty air, humid air, 
dry air, odorous air, 
drafty air, stuffy air 

PLC Artificial 
lighting 
perception 

Self-reported 
adequate illumination, 
too bright, too dark, 
too much glare, lack of 
control, undesirable 
color, shadows, 
flickering 

PLC Daylight 
perception 

Self-reported 
adequate illumination, 
too bright, too dark, 
too much sunlight, 
lack of control, 
shadows 

PAC Acoustics 
perception 

Self-reported noise, 
from air vent/AC, from 
electronic equipment, 
from talking inside the 
classroom, from 
talking outside of the 
classroom 

You et al. 
(2007)  

✓ 100
05 

  RHi, 
ta, to 

    CO2 PIA
Q 

Indoor air 
quality 

Self-reported 
evaluation of how 
ventilation rate 
affected 
comfortlessness 
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Appendix 6 continued. 
Reference A n C TE  LE AE IAQ CAT Studied 

variable 
Applied method 

Zomorodian 
et al. (2016) 

n
/
a
p 

            PTC   Study reports 
application of thermal 
sensation (seven-point 
ASHRAE scale and 
Bedford scale), 
thermal preference 
(McIntyre three-point 
rating scale and 
checklist for clothing 
and activity 

Note: A = applicability; ✓ = method is applied for systematic approach; n = number of participants; C = number of 
campaigns, trials or runs; n/a = information about the applied method is not available; n/ap = information about the 
method is not applicable for quantitative research; = condition was kept constant during campaign(s). 
TE = Thermal environment: RHi = indoor relative humidity; RHo = outdoor relative humidity; ta = air temperature; tf = floor 
temperature; tg = globe temperature; to = outdoor temperature; top = operative temperature; tr = radiant temperature; 
tr_asym = radiant asymmetry temperature; tw = temperature of walls; twb = wet-bulb temperature; va = air velocity. 
LE = Lighting environment; Cc = contrast; CCT = correlated color temperature; CRI = color rendering index; CT = color 
temperature; DF = daylight factor; DFC = daylight factor contour; Eamb = ambient illuminance; Ec = cylindrical illuminance; 
Ehor = horizontal illuminance; Ever = vertical illuminance; Lc = average ceiling luminance; Lf = luminous flux; LogCh = chloropic 
lux; LogCy = cyanopic lux; LogEr = erythropic lux; LogPh = photopic lux; LogRh = rhodopic lux; Lw = average wall luminance; 
SPD = spectral power distribution; U0 = illuminance uniformity.  
AE = Acoustic environment: LAeq = background noise or ambient noise; F0 = fundamental frequency; RT = reverberation 
time; SPLa = A-weighted sound pressure level; SPLc = C-weighted sound pressure level. 
IAQ = Indoor air quality; AC = allergen concentration; AER = air exchange rate; Cl2 = chlorine; CO = carbon monoxide; CO2 = 
carbon dioxide CO2o = carbon dioxide outside; D = dust; HCHO = formaldehyde; NO2 = nitrogen dioxide; O3 = ozone; PM10 
= particles; PSV = personal supply ventilation; SD = settled dust; SO2 = sulfur dioxide; TSP = total respirable suspended. 
particulate matter; TVOC = total volatile organic compounds; VB = viable bacteria; VM = viable mouts. 
CAT = studied category; AP = academic performance; CR = cognitive response; ER = emotional response; PIAQ = perceived 
indoor air quality; PLC = perceived lighting comfort; PR = physical response; PTC = perceived thermal comfort;  
1 Number of university students. 
2 During 5 days participants filled in daily heat-health symptom log at each hour of the day between 8 a.m. and 2 p.m. 
3 All experiments were carried out on weekday evenings (Monday till Thursday, 6:30-10:00 p.m.) in a 3-month period. 
4 Study reports that more than 100 questionnaires were distributed. 
5 Study reports that questionnaire was distributed to 1000 undergraduate students. 
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Appendix 7 Overview of the PANAS and BEPS method, the Karolinska Sleepiness Scale 
and the Pittsburgh Sleep Quality Index 
 
Method Included Score range Dimension Abbreviation Items 
PANAS Yes 10–50 Positive affect 

scale 
PA Interested + excited + strong + 

enthusiastic + proud + alert + inspired 
+ determined + attentive + active 

   10–50 Negative affect 
scale 

NA Distressed + upset + guilty + scared + 
hostile + irritable + ashamed + nervous 
+ jittery + afraid 

BEPS Yes 1–4 Activation BEPSA Average (rested - drowsy + awake) 
   1–4 Evaluation BEPSE Average (friendly - sad - anxious) 
   1–4 Orientation BEPSO Average (interested - quiescent + 

engaged) 
   1–4 Control BEPSC Average (independent - indecisive - 

weak) 
   1–4 Emotional 

status 
BEPSES Average (Activation + Evaluation + 

Orientation + Control) 
Karolinska 
Sleepiness 
Scale 

Yes 1-10 Sleepiness 
versus 
alertness  

KSS Scale from (1) Extremely alert to (10) 
great effort to keep awake, fighting 
sleep 

Pittsburgh 
Sleep Quality 
Index  

No 0-3 Sleep quality PSQI Subjective sleep quality, sleep latency, 
sleep duration, habitual sleep 
efficiency, sleep disturbances, use of 
sleeping medication, daytime 
dysfunction over a long period of time 

Note: BEPS = basic emotional process scale; BEPSA = BEPS activation; BEPSC = BEPS control; BEPSE = BEPS evaluation; 
BEPES = BEPS emotional status; BEPSO = BEPS orientation; KSS = Karolinska sleepiness scale; PSQI = Pittsburgh sleep 
quality index.  
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Appendix 8 Measured indoor environmental parameters, used symbols, and 
descriptions of the measuring devices (systematic approach) 
 

Performance indicator Symbol  Description  
Outdoor air temperature to The outside temperature was derived from the Royal Netherlands 

Meteorological Institute, www.knmi.nl, reading interval 1 hr 
Indoor air temperature 
at desktop height 

ta Air temperature in degrees Celsius (°C) and is measured with an ATAL VLK-60 
temperature sensor at 1.1 m height, accuracy ±0.5 °C @ 0 to +50 °C 

Outdoor relative 
humidity 

RHo The outdoor relative humidity was derived from the Royal Netherlands 
Meteorological Institute, www.knmi.nl, reading interval 1 hr 

Indoor relative humidity RHi Indoor relative humidity in percentage (%) and is measured with an ATAL 
VLK-60 humidity sensor at 1.1 m height, accuracy, accuracy ±0.3 % RHi @ 5 to 
99 % RHi 

Background noise  BGN Average sound pressure level in dB(A) over a period of 45 seconds and is 
measured with a Velleman DEM201, accuracy +/- 1.4 dB 94 dB @ 1 kHz 

Carbon dioxide 
concentration  

CO2  Parts per million carbon dioxide concentration (ppm CO2) is measured with 
an ATAL VLK-60 carbon dioxide sensor at 1.1 m height, accuracy ±75 ppm + 
10 % of the actual reading 

Particulate matter 10 PM10 Particulate matter is measured with an ATAL VLK-60 PM10 sensor at 1.1 m 
height sensor: accuracy < ±15 % @ 0 to 1,000 μg/m3 

Particulate matter 2.5 PM2.5 Particulate matter is measured with an ATAL VLK-60 PM2.5 sensor at 1.1 m 
height sensor: accuracy < ±15 % @ 0 to 1,000 μg/m3 

Horizontal illuminance  Ehor Illuminance level in Lux and is measured with a VOLTCRAFT MS-1300, 
accuracy ± 5 % + 10 digits @ < 10.000 lx 

Volatile organic 
compounds  

TVOC Volatile organic compounds is measured with an ATAL VLK-60 TVOC sensor 
at 1.1 m height sensor: accuracy ± 0.02 mg (or 10 %) @ 0 to 3.5mg/m3 

 
  

http://www.knmi.nl/
http://www.knmi.nl/
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Appendix 9 Assumed linear relation between variables 
 

KPI Variable Assumption of 
linearity 
 

Assumed 
association 

Remarks 

CO2 

PM2.5 
TVOC 
 

PIAQ 

An increase in all 
KPI’s will lead to a 
deterioration in the 
perceived indoor air 
quality (PIAQ) 

Negative 
correlation 

PIAQ score, minimum score is 1 = 
very poor, and the maximum score is 
5 = very good. Optimum is maximum 
score of scale, linear analyses is 
possible 

RHi 
ta 

PTCsens 

Increase of RHi and 
Ta will lead to an 
increase of the 
thermal sensation 
vote (PTCsens) 

Positive 
correlation 

Optimum is 4 on a scale from 1 to 7. 
Although al linear correlation is 
assumed between the KPI’s and the 
PTCsen, the optimum of this scale 
(neutral sensation) is in the middle (4) 
and prohibit further linear analyses. 
For linear analyses, this variable is 
recoded into the level of perceived 
thermal comfort (PTC) due to cold or 
heat. 

RHi 
ta 

PTCpref 

Increase of RHi and 
Ta will lead to an 
increase of the 
thermal preference 
vote (PTCpref) 

Positive 
correlation 

Optimum is 4 on a scale from 1 to 7. 
Although al linear correlation is 
assumed between the KPI’s and the 
PTCpref, the optimum of this scale 
(Neither warmer nor colder) is in the 
middle (4) and prohibit further linear 
analyses. For linear analyses, this 
variable is recoded into the level of 
perceived thermal comfort based on 
the thermal preference warmer or 
colder. 

Ehor PLC 

Increase of amount 
of lux will lead to an 
increase of the 
perceived lighting 
comfort (PLC) 

Positive 
correlation 

PLC score, minimum score is 1 = very 
poor, and the maximum score is 5 = 
very good. Optimum is maximum 
score of scale, linear analyses is 
possible 

RT PAC 

Increase of the RT 
will lead to a 
deterioration of the 
perceived acoustic 
comfort (PAC) 

Negative 
correlation 

PLC score, minimum score is 1 = very 
poor, and the maximum score is 5 = 
very good. Optimum is maximum 
score of scale, linear analyses is 
possible 
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Appendix 10 Overview of items and perception scales related to the perceived indoor 
environmental quality, student responses, and short-term academic performance 
  
Perceived thermal comfort  
Category: thermal sensation (PTCsens) 
Please classify the indoor temperature at this moment: cold, cool, slightly cool, neutral, 
slightly warm, warm, hot 
Category: thermal preference (PTCpref) 
At this moment, would you prefer to feel much warmer, warmer, a little warmer, neither 
warmer nor colder neutral a little colder, colder, much colder 
Category: thermal acceptance  
At this moment, do you consider the thermal environment acceptable or not? yes, no 
 
Scale perceived thermal comfort (PTC) 

Item Old 
value 

Original classification  New  
value 

Comfort classification 

PTCsens 1 
2 
3 
4 
5 
6 
7 

Cold 
Cool  
Slightly cool 
Neutral 
Slightly warm  
Warm 
Hot 

1 
2 
4 
4 
4 
2 
1 

Very uncomfortable 
Uncomfortable 
Comfortable 
Comfortable 
Comfortable 
Uncomfortable 
Very uncomfortable 

PTCpref 1 
2 
3 
4 
5 
6 
7 

Much warmer 
Warmer  
A little warmer 
Neither warmer nor 
colder 
A little colder 
Colder 
Much colder 

1 
2 
3 
4 
3 
2 
1 

Very uncomfortable 
Uncomfortable 
Slightly uncomfortable 
Comfortable 
Slightly uncomfortable 
Uncomfortable 
Very uncomfortable 
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Perceived Indoor Air Quality (PIAQ) 
Likert 7-point scale  
strongly disagree, disagree, slightly disagree, neutral, slightly agree, agree, strongly 
agree 
Category: general perception 
l’m satisfied with the air quality in this classroom 
Category: air quality  
The air in this classroom is not stale  
There is a lot of fresh air in here 
The classroom is properly ventilated 
Category: odor intensity and character  
The classroom has a pleasant smell  
The scent of the air in the classroom doesn’t distract me 
Category: moisture  
The air is not dry in here  
The air is not dusty in here 
The perceived indoor air quality (PIAQ) mean score  
Calculated from the score on the individual items, divided by the number of items 
Perceived Acoustic Comfort (PAC) 
Likert 7-point scale  
strongly disagree, disagree, slightly disagree, neutral, slightly agree, agree, strongly 
agree 
Category: speech intelligibility 
I can hear the lecturer’s voice clearly in the classroom 
Perceived Lighting Comfort (PLC) 
Likert 7-point scale  
strongly disagree, disagree, slightly disagree, neutral, slightly agree, agree, strongly 
agree 
Category: general perception 
l ’m satisfied with the lighting conditions in this classroom  
Category: reflections and glare  
1 don’t experience any annoying glare/reflections from my table or from the ceiling 
lights 
Category: amount of (day)light  
The amount of light is excellent for the work I have to do at my desk  
1 can see the lecturer clearly  
1 can see the whiteboard clearly 
The perceived lighting comfort (PLC) mean score  
Calculated from the score on the individual items, divided by the number of items 



A 
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Perceived physical health (PPH) 
What is your health like at this moment 
Do you have any disabilities 
Perceived physical health complaints (PPHC) 
Are you experiencing any health problems at this moment (for example: skin, eye, ear, 
nose or other health problems) 
Perceived cognitive response (PCR) 
Topic: sleepiness and alertness (Karolinska Sleepiness Scale) 
How are you feeling at the moment?  
Extremely alert, very alert, alert, rather alert, neither alert nor sleepy, some signs of 
sleepiness, sleepy but no effort to keep awake, sleepy, some effort to keep awake, very 
sleepy great effort to keep awake fighting sleep, extremely sleepy can’t keep awake 
Likert 7-point scale  
strongly disagree, disagree, slightly disagree, neutral, slightly agree, agree, strongly 
agree 
Category: alertness 
I was very alert during the lecture 
Category: concentration 
I was able to concentrate well during the lecture  
Category: memory 
I can remember the content of the lecture well  
Category: perception  
I was able to understand the lecture well 
Category: problem solving  
I was able to solve complicated problems during lecture well 
The perceived cognitive response (PCR) mean score 
Calculated from the score on the individual items, divided by the number of items  
Perceived quality of learning (PQL) 
Likert 7-point scale  
strongly disagree, disagree, slightly disagree, neutral, slightly agree, agree, strongly 
agree 
Category: general perception 
I was very productive during the lecture 
I was able to read well during the lecture 
I was able to write (type) well during the lecture 
The perceived quality of learning mean score  
Calculated from the score on the individual items, divided by the number of items 
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Appendix 11 Psychometric tests, description of the test, and details about the 
calculation of the performance indicators 
 

Category Test Description Performance Indicator 
Attention and 

concentration 
Go-No Go Letters P or R were shown on screen 

one at a time at constant intervals. 
Students were instructed to click 
on the space bar as soon as they 
saw a P but never when they saw a 
R. The task, which takes about 2.5 
min. Feedback is given (including d-
prime based on Hits and False 
Alarms). 

D-prime score d’ = z(H) - z(F), where 
z(H) and z(F) are the z transforms 
of hit rate H (proportion of trials 
where the stimulus was present 
and the student responded that 
the stimulus was present) and 
false alarm F (proportion of trials 
where the stimulus was not 
present, and the subject 
responded that the stimulus was 
present) 

Memory Corsi block Test of visuospatial working 
memory, whereby blocks have to 
be clicked in the order in which 
they were flashed on the screen. 
The number of flashing blocks 
increases from 3 to 9 

Actual score  

Perception Stroop  Color words: RED, YELLOW, GREEN 
and BLUE were shown on screen 
one at a time at constant intervals. 
Each time any of these words was 
presented it could be written in 
any one of the colors. Students 
were instructed to press resp. the 
<r>,<y>,<g>, or <b> key as fast as 
possible. In variant 1 students were 
instructed to confirm the color of 
word, disregarding the word itself. 
In variant 2 the student had to 
conform the word, disregarding 
the color of the word itself.  

Average ((Number of correct 
responses variant 1 / reaction 
time (in ms) variant 1) + (Number 
of correct responses variant 2 / 
reaction time (in ms) variant 2) 

Problem solving Wisconsin 
Card 
Sorting 

The task consists of 64 cards with 
four stimuli cards. The students 
were instructed to combine the 
cards and received feedback about 
the success or failure of each 
association. The students’ task 
consisted of discovering the 
previous combination stipulated 
(matching rule) and to make the 
response apply to each new 
context (new matching rule). The 
test ended when all the cards were 
used. 

Total number of correct  
Total number of errors  
Number of discovered matching 

rules 
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Appendix 12 Scores of students’ perceptions, internal responses, and short-term 
academic performance in the control and intervention conditions. 
 

CP CO PIAQ PTC PLC SIR PPH PPHC 
1 CC1 4.8 ±1.2 3.3 ±0.8 5.8 ±0.7 6.3 ±0.7 2.0 ±0.6 0.0 ±0.4 

 IC2 4.9 ±1.0 3.2 ±0.9 6.0 ±0.7 6.4 ±0.6 1.9 ±0.7 0.0 ±0.0 
2 CC1 5.4 ±1.0 3.1 ±0.7 5.9 ±0.7 6.4 ±0.7 2.1 ±0.6 0.0 ±0.0 

 IC2 5.2 ±1.1 3.0 ±1.0 5.9 ±0.8 6.3 ±0.8 1.6 ±0.6 0.0 ±0.0 
3 CC1 4.7 ±1.3 3.4 ±0.6 5.7 ±0.8 6.1 ±0.9 1.8 ±0.7 0.0 ±0.0 

 IC3 5.0 ±1.1 3.6 ±0.5 5.9 ±0.8 6.1 ±0.9 1.8 ±0.6 0.0 ±0.0 
4 CC1 4.9 ±1.2 3.3 ±0.8 5.5 ±1.0 5.9 ±1.2 1.9 ±0.6 0.0 ±0.1 

 IC3 5.1 ±1.2 3.5 ±0.8 6.0 ±0.8 6.2 ±0.9 1.7 ±0.6 0.0 ±0.1 
5 CC4 4.8 ±1.2 3.8 ±0.3 5.8 ±0.9 6.1 ±0.8 1.9 ±0.5 0.0 ±0.0 

 IC5 5.9 ±0.6 3.8 ±0.3 6.3 ±0.4 6.3 ±0.6 1.9 ±0.6 0.0 ±0.0 
6 CC4 5.6 ±0.9 3.4 ±0.7 6.1 ±0.7 6.4 ±0.7 1.8 ±0.7 0.0 ±0.0 

 IC5 5.3 ±1.0 3.4 ±0.8 6.0 ±0.6 6.2 ±0.6 1.9 ±0.6 0.0 ±0.0 
7 CC4 5.5 ±1.0 3.6 ±0.6 5.8 ±1.0 6.2 ±0.7 1.6 ±0.5 0.0 ±0.0 

 IC5 6.0 ±0.8 3.4 ±0.8 6.2 ±0.6 6.2 ±0.9 1.6 ±0.6 0.0 ±0.0 
CP CO PCP CBS WCSC WCSR WCSA STR 

1 CC1 4.7 ±1.1 6.0 ±1.7 55 ±3 4.1 ±0.9 6.2 ±2.3 38 ±11 
 IC2 5.2 ±0.8 6.5 ±1.4 54 ±4 3.9 ±1.1 6.1 ±2.4 37 ±12 

2 CC1 5.0 ±0.8 6.9 ±1.1 55 ±4 4.1 ±0.8 6.0 ±3.3 40 ±11 
 IC2 5.2 ±1.0 6.8 ±1.1 53 ±7 4.0 ±1.3 5.9 ±1.8 39 ±13 

3 CC1 4.9 ±1.0 6.8 ±1.0 55 ±3 4.2 ±1.0 6.0 ±3.0 41 ±16 
 IC3 5.0 ±1.1 6.6 ±1.0 53 ±8 4.0 ±1.3 5.8 ±2.3 36 ±10 

4 CC1 4.5 ±1.0 6.2 ±1.4 54 ±4 4.1 ±1.0 6.5 ±2.2 40 ±13 
 IC3 5.0 ±1.1 6.7 ±1.3 53 ±7 4.0 ±1.3 5.3 ±2.1 39 ±10 

5 CC4 5.2 ±1.0 6.8 ±1.0 54 ±6 4.0 ±0.7 5.3 ±1.5 43 ±8 
 IC5 5.7 ±0.6 6.6 ±0.9 54 ±3 4.0 ±0.5 6.6 ±2.2 43 ±7 

6 CC4 5.1 ±1.1 6.1 ±1.5 54 ±5 4.1 ±1.3 6.5 ±2.9 40 ±22 
 IC5 5.0 ±1.0 6.7 ±1.2 55 ±3 4.0 ±0.9 5.8 ±1.8 41 ±10 

7 CC4 5.1 ±1.1 6.5 ±0.9 53 ±4 3.9 ±1.1 7.1 ±3.4 35 ±11 
 IC5 5.5 ±0.9 6.6 ±1.0 53 ±6 4.0 ±1.0 6.6 ±2.4 43 ±8 

CP CO GNG PAS POS BEPSS KSS PQL APT 
1 CC1 4.1 ±1.3 14 ±4 30 ±6 2.7 ±0.4 5.3 ±1.9 5.2 ±0.9 5.6 ±1.5 

 IC2 4.1 ±1.1 15 ±7 31 ±6 2.8 ±0.4 4.5 ±1.5 5.5 ±0.7 5.4 ±1.7 
2 CC1 4.1 ±0.9 14 ±5 32 ±6 2.9 ±0.3 4.4 ±1.6 5.0 ±0.9 5.8 ±1.6 

 IC2 4.5 ±1.0 13 ±4 31 ±8 2.9 ±0.5 4.5 ±1.6 5.3 ±0.8 6.1 ±1.7 
3 CC1 4.3 ±1.1 14 ±5 32 ±6 2.9 ±0.4 4.2 ±1.5 4.9 ±0.9 4.4 ±1.4 

 IC3 4.1 ±1.3 13 ±5 29 ±6 2.9 ±0.3 4.5 ±1.9 5.0 ±1.1 4.2 ±1.4 
4 CC1 4.3 ±0.9 14 ±5 30 ±7 2.8 ±0.4 4.4 ±1.6 5.0 ±1.0 5.7 ±1.9 

 IC3 4.4 ±1.1 13 ±5 30 ±7 2.8 ±0.4 4.3 ±1.7 5.4 ±1.0 5.6 ±1.8 
5 CC4 4.1 ±1.1 12 ±2 32 ±6 2.9 ±0.2 4.2 ±1.6 5.4 ±1.0 5.9 ±1.8 

 IC5 4.4 ±1.2 13 ±3 35 ±5 3.0 ±0.2 3.7 ±1.3 5.8 ±0.6 7.0 ±1.9 
6 CC4 4.2 ±0.9 11 ±2 32 ±8 2.8 ±0.4 4.4 ±1.9 5.6 ±0.7 8.2 ±1.7 

 IC5 4.5 ±1.1 13 ±5 30 ±7 2.8 ±0.4 4.8 ±1.9 5.3 ±0.9 7.8 ±1.7 
7 CC4 4.0 ±1.2 13 ±4 33 ±6 3.0 ±0.4 3.9 ±1.9 5.3 ±1.0 7.8 ±1.3 

 IC5 4.4 ±0.9 13 ±4 33 ±5 3.0 ±0.3 3.5 ±1.3 5.8 ±0.8 7.4 ±1.8 
Note: BEPSS = BEPS emotional status; CO = condition; CP = campaign number; CBS = Corsi block task score; GNG = Go-No Go task score; KSS = Karolinska 
Sleepiness Scale; NAS = negative affect scale; PAS = positive affect scale; PCR = perceived cognitive response; PIAQ = perceived indoor air quality; PLC = perceived 
lighting comfort; PPH = perceived physical health; PPHC = perceived physical health complaints; PQL = perceived quality of learning; PTC = perceived thermal 
comfort; STR = Stroop color-word task; SIR = speech intelligibility; WCSA = Wisconsin Card Sorting test attempts score; WCSC = Wisconsin Card Sorting test correct 
responses score; WCSR = Wisconsin Card Sorting test matching rules score. 
1 = control condition: air temperature ~21◦C, reverberation time = 0.6 s, horizontal illuminance 500 lx, indoor air quality ~1100 ppm. 
2 = intervention condition: air temperature ~21◦C, reverberation time = 0.4 s, horizontal illuminance 500 lx, indoor air quality ~1100 ppm. 
3 = intervention condition: air temperature ~21◦C, reverberation time = 0.4 s, horizontal illuminance 750 lx, indoor air quality ~1100 ppm. 
4 = control condition: air temperature ~21◦C, reverberation time = 0.6 s, horizontal illuminance 500 lx, indoor air quality <800 ppm. 
5 = intervention condition: air temperature ~21◦C, reverberation time = 0.4 s, horizontal illuminance 750 lx, indoor air quality <800 ppm. 
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   DEPARTMENT OF THE BUILT ENVIRONMENT 

The indoor environmental quality in schools for higher education is far from optimal. 
Improvement of the indoor environment should be one of the top priorities of school 
management. It is their responsibility to create optimal teaching and learning conditions 
for lecturers and students.  
 
To achieve evidence-based improvements of the indoor environmental quality (IEQ) for 
the advancement of teaching and learning quality of higher education learning 
environments, this research aimed at developing input for creating optimal indoor 
environmental conditions to facilitate in-class activities. This consisted of four stages. 
 
First, a systematic literature review was conducted to reveal the effect of IEQ in 
classrooms in higher education on the quality of teaching, the quality of learning, and 
students’ academic performance. Next, a systematic approach was developed to 
examine the effect of all four IEQ parameters: indoor air quality and thermal conditions, 
lighting conditions, and acoustic conditions in classrooms. Furthermore, a field 
experiment was conducted to explore the effect of multiple indoor environmental 
parameters on students and their academic performance. Finally, a qualitative case 
study described lecturers and students’ perceptions related to the IEQ and how they 
interact with this environment to maintain an acceptable indoor environment quality.  
 
Application of the composed framework in higher education classrooms revealed that 
there is no ‘on-size fits all’ indoor environmental quality for students. Students perform 
at their best in different IEQ conditions, and these conditions are task dependent, 
suggesting that classrooms which provide multiple IEQ classroom conditions facilitate 
different learning tasks optimally. When school management succeeds in creating 
optimal indoor environmental quality conditions in classrooms, this will positively 
contribute to lecturers and students’ academic performance and subsequently to a more 
positive school climate.  
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