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ABSTRACT

Indoor air quality (IAQ) is essential in improving the well-being of pupils, 
as they spend a significant amount of time inside schools than in any 
other indoor environment except their home. However, many schools 
face issues related to insufficient ventilation, improper layout design, and 
opening position which contribute to elevated indoor pollutant levels and 
potential long-term health effects. These challenges highlight the need for 
a systematic literature review to critically analyze and synthesize existing 
studies, providing a comprehensive understanding of how these physical 
factors of schools impact IAQ parameters such as carbon dioxide and 
particulate matter. A systematic review was done by analyzing papers 
from the SCOPUS database. Information on indoor pollution levels and 
physical settings were extracted from 34 studies. The findings demonstrate 
the complex relationships between IAQ parameters and different physical 
factors such as ventilation strategy, window opening, tightness of door 
and window, floor height, building design, and finishes. By elucidating the 
complex relationship between IAQ and the physical setting of buildings, this 
study provides valuable insights for researchers, building designers, and 
policymakers aiming to enhance the indoor air environment and promote 
pupils’ health and well-being.
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INTRODUCTION

The indoor environment plays an important role in human health, especially 
in the school context. Schools need to provide an optimal environment for 
children's learning and development. Since children spend nearly 12%  
of their time inside the school building, especially in the classroom, it is 
important to ensure suitable indoor environmental conditions to support their 
health and well-being (Sadrizadeh et al., 2022). A healthy environment is 
essential for effective and efficient learning, particularly for children who 
are susceptible to air pollution (Masekela & Vanker, 2020). Over time, 
it has been demonstrated that a clean-air environment boosts a pupil's 
attention span and leads to more participation in the pupil's learning and 
growth (Salthammer et al., 2016). Hence, it is essential to ensure that 
the environment is always clean and conducive to optimal health. IAQ 
characterization in school environments has received particular attention 
from the scientific community in recent years. In 2015, the World Health 
Organization (WHO) published a document titled "School Environment: 
Policies and Current Status" to highlight the importance of IAQ to school 
administrations (World Health Organization Regional Office for Europe, 
2015). The document shows that the degraded IAQ in schools often 
exceeds the guidelines set by the WHO. Previously, Chatzidiakou et al. 
(2012) concluded that IAQ levels in schools often do not comply with 
recommended standards.

Indoor areas tend to allow pollutants to accumulate at higher 
concentrations than open areas, as noted by Kankaria et al. (2014). This 
is due to most of the pollutants resulting from indoor sources (Branco et 
al., 2016; Nunes et al., 2015; Portela et al., 2021; Villanueva et al., 2018). 
Studies show that schools contain various types of organic and inorganic 
contaminants, which are potentially toxic and allergenic (Baharfar et al., 
2021; Oluchi & Jalaludin, 2018). This finding is in line with the study of 
Basińska et al. (2019) and Salthammer et al. (2016), who found that IAQ 
in most classrooms was below acceptable levels. Exposure to poor IAQ can 
increase the risk of developing allergies, asthma, airway hyperreactivity, and 
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cardiovascular disease. School children's lung health suffers significantly 
from exposure to fine suspended particles like PM10 and PM2.5, causing 
significant lung inflammation (Isa et al., 2020). 

A global literature review on IAQ in schools shows that carbon dioxide 
(CO2) and particulate matter (PM), particularly PM10 and PM2.5 are among 
the most studied pollutants. Three main regions, Asia, Europe, and North 
America, exhibit the highest concentrations of this PM. Furthermore, Anake 
& Nnamani (2023) identified CO2 as the second most common pollutant 
in these regions, often surpassing the threshold limits. For example, a 
study by Salleh et al. (2016) reported that in air-conditioned classrooms in 
preschools in Malaysia, concentrations of CO2 exceeded 1000 ppm. Zaeh et 
al. (2021) added that 26 schools in the United States recorded median CO2 
values that exceeded the thresholds recommended by the American Society 
of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE). 
The indoor CO2 concentration should be 700 ppm above the outdoor CO2 
levels (300–500 ppm). A further study by Monge-Barrio et al. (2022) in 9 
secondary schools in Spain also showed similar concerns. They found that 
CO2 concentrations in the schools did not meet national regulations, with 
recorded values twice as high as allowed. This happens because of the lack 
of proper ventilation protocol. 

The concentration of suspended PM2.5 and PM10 in schools was 
also recorded to exceed the allowable threshold. For example, mean indoor 
PM2.5 (46.9 µg/m3) and PM10 (397.2 µg/m3) concentrations at 6 primary 
schools in Sari, Northern Iran were higher than the EPA's 24-hour standards 
(PM2.5:35 µg/m3, PM10:50 µg/m3) (US EPA, 2006) (Mohammadyan et 
al., 2017). In China, the average indoor PM2.5 and PM10 concentrations in 
occupied classrooms range from 199 µg/m3 to 149 µg/m3 and 205 µg/m3 
to 138 µg/m3, respectively, which is 5 times higher than the requirements of 
the WHO’s (50 µg/mg3 and 25 µg/mg3 for PM10 and PM2.5, respectively) 
(Peng et al., 2017). These findings indicate widespread problems related to 
IAQ management in the school context globally (Miao et al., 2023).

Numerous studies have examined the health effects of indoor air 
pollution, given its high levels in schools. However, the building design 
perspective's solution to this problem remains underexplored. Several 
studies suggest that architectural design factors play an important role in 
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determining comfort levels, IAQ, and learning quality in schools (Catalina 
& Iordache, 2012; Mohammadi, 2022). Based on this issue, the study aims 
to explore the existing literature on IAQ research in schools, with a specific 
focus on elements of physical settings that contribute to IAQ. The research 
objective is to identify the elements of the physical setting that contribute 
to IAQ in schools. 

METHODOLOGY

This literature review uses a content analysis method to collect and 
categorize research papers to get the most relevant articles (Fauzi et al., 
2024). The first stage of this review is collecting research articles from 
the decade 2010–2024 collected from SCOPUS with the following search 
strings (Table 1): 

Table 1. Search Strings from SCOPUS
Search strings 
from SCOPUS

TITLE-ABS-KEY (((("Schools" OR "Kindergartens" OR 
"Preschools”) AND (“indoor air pollution" OR "indoor air quality”) 
AND (“architecture" OR "window" OR "space" OR "design”)))) 
AND PUBYEAR > 2009 AND PUBYEAR < 2025 AND ( LIMIT-TO 
( DOCTYPE , "ar" ) ) AND ( LIMIT-TO ( LANGUAGE , "English" ) ) 
AND ( LIMIT-TO ( SRCTYPE , "j" ) ).
Result = 468 articles

This study exclusively focuses   on educational institution buildings, 
which include kindergartens, preschools, and schools only. This focus is 
chosen due to schools play an important role in the development of learning 
and their physical environment, including IAQ, has a direct impact on health 
and learning. From the initial search, a total of 468 results were obtained 
from the database. These results are then sorted based on the most recent 
date and closest relevance to IAQ topics and schools using the "relevance" 
tool provided by SCOPUS. 

Next, the screening process is carried out by examining the title and 
abstract of each result to ensure that only the most relevant studies are 
selected. Through this process, a total of 24 articles were identified as 
the most suitable for further study.. The data from this database search is 
stored in Excel format, while the articles that have been selected for the 
final analysis are transferred to the Mendeley online reference manager 
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to facilitate reference management and a more systematic literature 
compilation process. Figure 1 provides a more detailed explanation of this 
review process.

Figure 1. The Stages of the Review

RESULTS AND DISCUSSION

Relationship of Indoor Air Quality Parameter and Physical 
Setting

Figure 2 is derived from a systematic literature review and illustrates 
the factors influencing IAQ in schools. Through the review, carbon 
dioxide (CO2) and particulate matter (PM) were identified as two primary 
IAQ parameters. In architectural perspective, Berg and Kreiner (2017), 
simplify the physical setting as ‘the immediate built environment’ in which 
organizations operate and with which they are identified. By physical 
setting, they mean the exterior and interior design of corporate buildings. 
In this research context, discussion of physical setting includes the setting 
of spaces that involve architectural aspects. The literature emphasizes that 
CO2 levels are influenced by the existence of flexible windows and doors, 
and window opening areas. PM levels are affected by tightness of window/
door, type of window, building design, floor level, and floor finishes.
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Figure 2. The Relationship between Carbon Dioxide, Particulate Matter and 
Physical Setting

Carbon dioxide 

Every day, humans encounter carbon dioxide (CO2), a naturally 
occurring gas in the atmosphere.  Emissions of CO2 by humans constitute 
a major portion of indoor pollutants of CO2, in the absence of other sources 
(e.g., burning fuel) (Shen et al., 2020). Besides the main contribution of 
CO2 arises from human respiratory, this gas is also emitted by building 
infrastructure, including sanitation infrastructure, deterioration and/or 
degradation of building materials, furniture, and lighting (Samudro et al., 
2022). CO2 concentrations are often used as a surrogate for the rate of 
outside air supply to occupants. The oldest known recommendation on IAQ 
and CO2 level is the one developed by Max von Pettenkofer in 1858. He 
recommended a maximum level of 1000 ppm for indoor spaces, which is 
currently also the recommended maximum level in classrooms (Nazaroff, 
2012).  Levels above 1000 ppm are generally regarded as indicative of 
ventilation rates that are unacceptable.



67

Exploring The Relationship Between Indoor Air Quality

Flexible Window and Door

Building openings play an important role in reducing indoor CO2 
concentrations. One simple and effective strategy is to open at least a small 
window for a few minutes during a 60-minute class session or during a 
break. Research by Sánchez-Fernández et al. (2023) in schools showed 
that various ventilation strategies had different effects on the level of CO2 
concentration reduction. The results of this study found that cross-ventilation 
was the fastest method to lower CO2 levels, followed by opening windows 
and doors simultaneously and only opening doors. Figure 3 illustrates the 
difference in the level of reduction. Korsavi et al. (2022) added that by 
opening more available windows, not only could the CO2 level be reduced 
(by 28% of the time), but the operating temperature in the classroom could 
also be controlled (34% of the time), especially during the non-heating 
season. These findings overall emphasize the importance of flexible windows 
and doors that can be easily opened should be incorporated in the design to 
improve natural ventilation.

Figure 3 Different Type of Natural Ventilation
Source: Sánchez-Fernández et al. (2023)

Window Opening Area

A strong statistical correlation has been found between the air change 
rates and the windows opening configuration by means of a window-to-
volume ratio between the total opening area and the volume of the classroom. 
Results show that the European Standard recommendation for air renewal 
could be achieved by a window opening area of at least 1.5 m2, in the 
most prevailing Italian classrooms (Ferrari et al., 2023). Miao et al. (2023) 
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analysed a negative correlation with the opening of windows and doors 
in the classroom. The correlation is statistically significant with p-values 
of less than 0.001. These results collectively highlight the importance of 
optimizing window opening areas to improve IAQ, emphasizing that careful 
consideration of window and door configurations is essential for achieving 
effective ventilation.In another research in 785 Danish classrooms, it was 
shown  that leaving the classroom and airing out during breaks reduced the 
percentage of classrooms with a CO2 concentration higher than 1000 ppm 
from 60% to 39% compared to a condition when no windows were ever open 
(Toftum & Clausen, 2023). However, for classrooms operating at or near 
nominal capacity, longer opening periods and larger window areas become 
necessary as highlighted by Rodrigues and Feliciano (2019). Therefore, the 
design of schools needs to pay close attention, particularly in ensuring that 
windows and doors are designed to maximize natural ventilation.

Particulate Matter

A mixture of microscopic solid and liquid particles suspended in the 
air is known as particulate matter (PM). Kim et al. (2015) explain that PM 
is categorized into "inhalable coarse particles" (PM10) with a diameter 
of 10 micrometers or less, and "fine particles" (PM2.5) smaller than 2.5 
micrometers in diameter. When airborne particulates combine with various 
substances in the air, a chemical reaction occurs, which results in the 
formation of inorganic (carbon, chlorides, nitrates, sulphates, metals) and 
organic (polycyclic aromatic hydrocarbons, dioxins, benzene, 1-3 butadiene) 
compounds (Manisalidis et al., 2020). The source of indoor PM is known 
to be migration from the outdoor environment as well as certain indoor 
activities. Different studies worldwide reported that human movement 
indoors could lead to particle resuspension and deposition (Alves et al., 
2013; Hazrin et al., 2017; Othman et al., 2019; Ye et al., 2017). Findings 
at school environment by Lazović et al. (2015) and findings from other 
researchers such as Canha et al. (2016), Dumała et al. (2024) and Heudorf 
et al. (2009) showed that airborne particulate concentration in a classroom 
increased during its occupied period. In classroom, outdoor pollutants 
can migrate to the indoor environment through open doors and windows, 
ventilation and leaks in the building (Mohammadyan et al., 2017; Othman 
et al., 2019). 
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Tightness of Window and Door

In recent years, several schools have undertaken window upgrades 
primarily for aesthetic improvements. Unfortunately, these repairs often 
neglected considerations of airtightness. As a result, the low airtightness of 
these rooms permits PM from the outside to infiltrate the indoor environment 
easily (Jo et al., 2024). This oversight highlights a critical gap in retrofit 
strategies, emphasizing the need to prioritize airtightness to improve IAQ 
effectively. Particle penetration is greatly influenced by the air exchange 
rate, particle size, and crack structure in the building envelope (Sung et 
al., 2023). Joe et al. (2022) conducted a study on Korean primary schools, 
providing evidence of the effectiveness of retrofit measures in reducing PM 
inflows. In particular, the installation of airtight entrance doors and exterior 
windows results in a lower input/output (I/O) ratio of PM. In addition, the 
modification reduces the effect of external conditions on internal temperature 
and humidity. Despite these improvements, unintentional air infiltration and 
exfiltration can still occur. This issue has been observed in classrooms of 
three schools, where outdoor air infiltrates and indoor air escapes through 
the cavity ceiling with acoustic mineral fiber board tiles or perforated 
ceiling panels, as well as through gaps in doors and windows (Andamon 
et al., 2023). Therefore, it is crucial to address these additional infiltration 
pathways to ensure a comprehensive improvement of PM in indoor spaces.

Type of Window and Window Orientation

The type of window was found to correlate with the concentration of 
fine particles in the classroom, where classrooms equipped with double-
glazed windows showed higher concentrations of ultrafine particles 
(UFP) than classrooms with single-glazed windows (Rufo et al., 2015). 
Additionally, studies have shown that adjusting window openings can 
increase the velocity of air entering the classroom. By changing the angle 
of the louvre, the wider opening area can promote better air flow, which 
in turn helps in more even distribution of wind throughout the classroom 
space (Ang et al., 2024). In an external context, a study in Barcelona showed 
that the contribution of weekday traffic to indoor PM2.5 concentrations 
varies greatly, with concentrations ranging between 1–10 μg/m³ indoors 
(Amato et al., 2014). The study also found that classrooms with windows 
oriented directly onto the main road recorded a significantly higher traffic 
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contribution to PM2.5 concentrations, more than double, compared to 
classrooms with windows facing the inside of a school block or playground. 
This suggests that window orientation plays an important role in controlling 
indoor PM levels in schools located near high-traffic areas.

Building Design

School design with hallways plays a crucial role in the overall 
functionality, safety, and IAQ of the building. Hallways serve as the primary 
arteries of a school, connecting classrooms, administrative offices, cafeterias, 
libraries, and other essential spaces. Proper ventilation in hallways is critical 
to maintaining good IAQ. One critical aspect of achieving this is ensuring 
secure airflow between hallways and classrooms to prevent pollutants from 
entering learning spaces (Sung et al., 2023). Extended periods of open 
hallway windows and doors can mimic the outdoor environment in terms 
of contaminants, temperature, and humidity.

To combat this issue, replacing classroom external windows and 
adding insulation can enhance envelope airtightness, thus preventing 
infiltration and pollutant penetration through the airflow path from outdoors-
to-classroom-to-hallway. However,establishing a reverse airflow path from 
the hallway to the classroom can lead to a degradation in Indoor Air Quality 
(IAQ) due to the trapping of hallway contaminants within the classroom. To 
avoid backflow contamination, it is crucial to keep hallway openings closed, 
install air-conditioning and mechanical filtration systems, or construct a 
more airtight enclosure between the classroom and the corridor (Figure 4).

Figure 4. Airflow and Contaminant Transportation in Typical Domestic 
Classroom

Source: Sung et al. (2023)
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Floor level

Understanding the dispersion of PM within school premises is 
essential for assessing IAQ. Recent research has investigated how PM 
concentrations vary across different levels of school buildings, offering 
insights into potential sources and influencing factors. During school hours, 
the average PM10 levels were recorded as 18 ± 15 µg/m³ on the ground 
floor, 19 ± 14 µg/m³ on the first floor, and 20 ± 12 µg/m³ on the third floor. 
Similar patterns were observed for PM2.5 and PM1, indicating that factors 
beyond building height, such as surrounding building geometry and local 
weather conditions, significantly affect IAQ (Hama et al., 2023). Elbayoumi 
et al. (2015) highlighted that the height of the building significantly affects 
pollutant concentrations, showing that pollutant levels are higher on lower 
floors than on higher ones. Therefore, the lower floor level had a higher 
risk of exposure to higher PMs. These contrasting findings underscore the 
complex nature of indoor pollutant distribution. 

Floor Finishes

The average PM concentrations for different types of floors were 
observed in classrooms. Lower PM10 concentrations were observed by Che 
et al.(2020) in classrooms with carpet and wood floor materials compared to 
those with PVC and ceramic tiles. This matter was also observed by Branco 
et al. (2019), where having hardwood flooring in classrooms, significantly 
contributed to the increase in both PM2.5 and PM10 concentrations during 
occupancy in kindergarten. The average PM10 concentrations were 17 ± 
12 μg/m3, 25 ± 20 μg/m3 and 33 ± 19 μg/m3 carpet, vinyl and wooden, 
respectively. Average PM2.5 (PM1) levels were 9 ± 3 (5 ± 2), 12 ± 6 (7 
± 4) and 14 ± 5 (9 ± 4) μg/m3 for carpet, vinyl and wood, respectively.  
Despite having the lowest PM concentrations, carpet classrooms have the 
potential to retain more dust and allergens than hard floors, and they may 
also resuscitate these particles during cleaning activities like vacuuming 
or sweeping. Due to the three-dimensional structure of the carpet, it has 
the potential to act as a trap for particles and air pollutants. This makes the 
carpet a kind of "sink" that keeps dust, allergens, and other contaminants 
from the air. Therefore, Becher et al. (2018) recommended constant caution 
should be taken when considering the use of wall-to-wall carpeted floors 
in schools or kindergartens.
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Future Direction

In order to enhance comprehension of the correlation between IAQ 
and physical settings, it is recommended that future studies broaden the 
scope beyond CO2 and PM. This expansion should encompass additional 
pollutants like total volatile organic compounds (TVOC), carbon monoxide 
(CO), and ozone (O3). Further examining the interaction of these pollutants 
with building orientation, floor area, and ventilation systems. The orientation 
of a building has a significant influence on solar exposure and the resulting 
effects on temperature-related pollutants. The emissions of TVOC are 
influenced by various architectural designs and room layouts. Studying the 
impact of window placement on natural ventilation efficiency and pollutant 
dispersion can offer valuable insights into optimizing window design. By 
incorporating these elements, future research can formulate comprehensive 
approaches to improve IAQ.

CONCLUSION

In conclusion, the mini review conducted on IAQ parameters (CO2 and PM) 
and their correlation with the physical characteristics of buildings reveals 
a complex relationship that significantly impacts pupils’ well-being. The 
analysis of past research underscores the importance of considering various 
factors such as flexible window and door, window opening area, tightness 
of window and door, type of window and window orientation, building 
design, floor level and floor finishes in order to enhance IAQ in educational 
settings. By shedding light on this relationship, this study provides valuable 
insights for researchers, building designers, and policymakers seeking to 
optimize IAQ. Moving forward, continued research and implementation 
of evidence-based strategies will be essential in advancing IAQ standards 
and creating healthier indoor air environments.

FUNDING

There is no funding for this research.



73

Exploring The Relationship Between Indoor Air Quality

AUTHOR CONTRIBUTIONS

In this study, Intan Bayani spearheaded the conceptualization and searching 
phase, Nazhatul zalkis and Norazura ensuring the selection of articles within 
the stipulated keywords and time. The initial draft of the manuscript was 
primarily crafted by Intan Bayani, with significant contributions from Nadira 
and Siti Zubaidah, who aided in synthesizing the findings and organizing 
them into a coherent narrative. Subsequently, Intan Bayani played pivotal 
roles in critically revising the manuscript. 

CONFLICT OF INTEREST

The authors declare no conflict of interest. 

REFERENCES

Alama, A., & Sabbagh, M. (2022). Indoor air quality assessment inside 
secondary public classrooms in Jeddah, Saudi Arabia. Journal of 
Engineering Research (Kuwait), 10(4), 28–43. https://doi.org/10.36909/
jer.12937. 

Alves, C., Nunes, T., Silva, J., & Duarte, M. (2013). Comfort parameters and 
particulate matter (PM10 and PM2.5) in school classrooms and outdoor 
air. Aerosol and Air Quality Research, 13(5), 1521–1535. https://doi.
org/10.4209/aaqr.2012.11.0321.

Amato, F., Rivas, I., Viana, M., Moreno, T., Bouso, L., Reche, C., Àlvarez-
Pedrerol, M., Alastuey, A., Sunyer, J., & Querol, X. (2014). Sources of 
indoor and outdoor PM2.5 concentrations in primary schools. Science 
of the Total Environment, 490, 757–765. https://doi.org/10.1016/j.
scitotenv.2014.05.051.

Anake, W. U., & Nnamani, E. A. (2023). Indoor air quality in day-care 
centres: a global review. Air Quality, Atmosphere and Health, 16(5), 
997–1022. https://doi.org/10.1007/s11869-023-01320-5.

Andamon, M. M., Rajagopalan, P., & Woo, J. (2023). Evaluation of 



74

Malaysian Journal of Sustainable Environment

ventilation in Australian school classrooms using long-term indoor CO₂ 
concentration measurements. Building and Environment, 237, 110313. 
https://doi.org/10.1016/j.buildenv.2023.110313.

Ang, A. S. T., Sia, C. C. V., Yeu, Y. L., Chong, K. H., Chia, C. S., & Joseph, 
A. (2024). Natural ventilation and indoor air quality in domestic school 
building: CFD simulation and improvement strategies. CFD Letters, 
16(3), 1–14. https://doi.org/10.37934/cfdl.16.3.114.

Baharfar, Y., Mohammadyan, M., Moattar, F., Nassiri, P., & Behzadi, M. H. 
(2021). Indoor PM₂.₅ concentrations of pre-schools: Determining the 
effective factors and model for prediction. Smart and Sustainable Built 
Environment. https://doi.org/10.1108/SASBE-12-2020-0183

Basińska, M., Michałkiewicz, M., & Ratajczak, K. (2019). Impact of 
physical and microbiological parameters on proper indoor air quality 
in nursery. Environment International, 132, 105098. https://doi.
org/10.1016/j.envint.2019.105098

Becher, R., Øvrevik, J., Schwarze, P. E., Nilsen, S., Hongslo, J. K., & Bakke, 
J. V. (2018). Do carpets impair indoor air quality and cause adverse health 
outcomes: A review. International Journal of Environmental Research 
and Public Health, 15(2). https://doi.org/10.3390/ijerph15020184.

Berg, P. O., & Kreiner, K. (2017). Corporate architecture: Turning physical 
settings into symbolic resources. In P. Gagliardi (Ed.), Symbols and 
artifacts: Views of the corporate landscape (pp. 41–68). Routledge. 
https://doi.org/10.4324/9781315130538-2.

Branco, P. T. B. S., Alvim-Ferraz, M. C. M., Martins, F. G., & Sousa, S. I. V. 
(2019). Quantifying indoor air quality determinants in urban and rural 
nursery and primary schools. Environmental Research, 176, 108534. 
https://doi.org/10.1016/j.envres.2019.108534

Branco, P. T. B. S., Nunes, R. A. O., Alvim-Ferraz, M. C. M., Martins, F. G., 
& Sousa, S. I. V. (2016). Children’s exposure to radon in nursery and 
primary schools. International Journal of Environmental Research and 
Public Health, 13(4), 1–16. https://doi.org/10.3390/ijerph13040386.



75

Exploring The Relationship Between Indoor Air Quality

Canha, N., Mandin, C., O.Ramalho, Wyart, G., Riberon, J., Dassonville, 
C., Hanninen, O., Almeida, S. M., & M.Derbez. (2016). Assessment of 
ventilation and indoor air pollutants in nursery and elementary schools 
in France. Indoor Air, 350–365. https://doi.org/10.1111/ina.12222.

Catalina, T., & Iordache, V. (2012). IEQ assessment on schools in the 
design stage. Building and Environment, 49(1), 129–140. https://doi.
org/10.1016/j.buildenv.2011.09.014.

Chatzidiakou, L., Mumovic, D., & Summerfield, A. J. (2012). What do we 
know about indoor air quality in school classrooms? A critical review 
of the literature. Intelligent Buildings International, 4(4), 228–259. 
https://doi.org/10.1080/17508975.2012.725530.

Che, W., Li, A. T. Y., Frey, H. C., Tang, K. T. J., Sun, L., Wei, P., Hossain, M. 
S., Hohenberger, T. L., Leung, K. W., & Lau, A. K. H. (2020). Factors 
affecting variability in gaseous and particle microenvironmental air 
pollutant concentrations in Hong Kong primary and secondary schools. 
Indoor Air, 30(2), 1–18. https://doi.org/10.1111/ina.12725

Dumała, S. M., Guz, Ł., & Badora, A. (2024). Indoor Air Quality in Schools 
Located in Poland, Lublin Province. Journal of Ecological Engineering, 
25(1), 17–26. https://doi.org/10.12911/22998993/172188.

Elbayoumi, M., Ramli, N. A., Yusof, N. F. F. M., & Madhoun, W. Al. 
(2015). Seasonal Variation in Schools’ Indoor Air Environments and 
Health Symptoms among Students in an Eastern Mediterranean Climate. 
Human and Ecological Risk Assessment, 21(1), 184–204. https://doi.
org/10.1080/10807039.2014.894444.

Fauzi, H. N., Al-Athas, S. I., & Rini, J. A. (2024). Potential Pollutants and 
Indoor Air Quality Variables Association towards Implementation 
of the Breathing Architecture Concept: A Review. IOP Conference 
Series: Earth and Environmental Science, 1301(1). https://doi.
org/10.1088/1755-1315/1301/1/012011.

Ferrari, S., Blázquez, T., Cardelli, R., De Angelis, E., Puglisi, G., Escandón, 
R., & Suárez, R. (2023). Air change rates and infection risk in school 
environments: Monitoring naturally ventilated classrooms in a 
northern Italian urban context. Heliyon, 9(9). https://doi.org/10.1016/j.



76

Malaysian Journal of Sustainable Environment

heliyon.2023.e19120.

Hama, S., Kumar, P., Tiwari, A., Wang, Y., & Linden, P. S. (2023). The 
underpinning factors affecting the classroom air quality, thermal 
comfort and ventilation in 30 classrooms of primary schools in London. 
Environmental Research, 236, 116863. https://doi.org/10.1016/j.
envres.2023.116863

Hazrin, A. H., Maryam, Z., Hizrri, A., Norhidayah, A., Samsuddin, N., 
& Mohd Shukri, M. A. (2017). Occupancy implications on Indoor 
Air Quality (IAQ) in selected primary school classrooms around 
Kuantan, Pahang. Malaysian Journal of Public Health Medicine, 
2017(Specialissue1), 94–105.

Heudorf, U., Neitzert, V., & Spark, J. (2009). Particulate matter and 
carbon dioxide in classrooms - The impact of cleaning and ventilation. 
International Journal of Hygiene and Environmental Health, 212(1), 
45–55. https://doi.org/10.1016/j.ijheh.2007.09.011.

Isa, K. N. M., Hashim, Z., Jalaludin, J., Norbäck, D., Jabbar, M. A., & Hashim, 
J. H. (2020). The impact of exposure to indoor pollutants on allergy 
and lung inflammation among school children in Selangor, Malaysia: 
An evaluation using factor analysis. Aerosol and Air Quality Research, 
20(11), 2371–2383. https://doi.org/10.4209/aaqr.2020.03.0128.

Jo, H. H., Kang, Y., & Kim, S. (2024). Synergistic approaches to elevate 
indoor air quality: A holistic examination of classroom refinement, air 
exchange optimization, and flooring material impact. Environmental 
Pollution, 349, 123920.

Kankaria, A., Nongkynrih, B., & Gupta, S. K. (2014). Indoor air pollution 
in India: Implications on health and its control. Indian Journal of 
Community Medicine, 39(4), 203–207.

Kim, K.-H., Kabir, E., & Kabir, S. (2015). A review on the human health 
impact of airborne particulate matter. Environment International, 74, 
136–143. https://doi.org/10.1016/j.envint.2014.10.005.

Korsavi, S. S., Jones, R. V., & Fuertes, A. (2022). Operations on windows 
and external doors in UK primary schools and their effects on indoor 



77

Exploring The Relationship Between Indoor Air Quality

environmental quality. Building and Environment, 207, 108416. https://
doi.org/10.1016/j.buildenv.2021.108416

Lazović, I., Jovašević-Stojanović, M., Živković, M., Tasić, V., & Stevanović, 
Ž. (2015). PM and CO2 variability and relationship in different school 
environments. Chemical Industry and Chemical Engineering Quarterly, 
21(1–2), 179–187. https://doi.org/10.2298/CICEQ140212020L.

Mainka, A., & Fantke, P. (2022). Preschool children health impacts from 
indoor exposure to PM2.5 and metals. Environment International, 160, 
107062. https://doi.org/10.1016/j.envint.2021.107062.

Manisalidis, I., Stavropoulou, E., Stavropoulos, A., & Bezirtzoglou, 
E. (2020). Environmental and health impacts of air pollution: A 
review. Frontiers in Public Health, 8, 14. https://doi.org/10.3389/
fpubh.2020.00014

Masekela, R., & Vanker, A. (2020). Lung Health in Children in Sub-Saharan 
Africa: Addressing the Need for Cleaner Air. International Journal of 
Environmental Research and Public Health, 17(17), 1–13.

Miao, S., Gangolells, M., & Tejedor, B. (2023). A Comprehensive 
Assessment of Indoor Air Quality and Thermal Comfort in Educational 
Buildings in the Mediterranean Climate. Indoor Air, 2023. https://doi.
org/10.1155/2023/6649829.

Mohammadi, S. (2022). The Effect of Architectural Design Parameters 
on IEQ in School Smartification. International Journal of Digital 
Content Management, 3(5), 223–248. https://doi.org/10.22054/
dcm.2022.67853.1089.

Mohammadyan, M., Alizadeh-Larimi, A., Etemadinejad, S., Latif, M. 
T., Heibati, B., Yetilmezsoy, K., Abdul-Wahab, S. A., & Dadvand, P. 
(2017). Particulate air pollution at schools: Indoor-outdoor relationship 
and determinants of indoor concentrations. Aerosol and Air Quality 
Research, 17(3), 857–864. https://doi.org/10.4209/aaqr.2016.03.0128.

Monge-Barrio, A., Bes-Rastrollo, M., Dorregaray-Oyaregui, S., González-
Martínez, P., Martin-Calvo, N., López-Hernández, D., Arriazu-Ramos, 
A., & Sánchez-Ostiz, A. (2022). Encouraging natural ventilation to 



78

Malaysian Journal of Sustainable Environment

improve indoor environmental conditions at schools. Case studies in 
the north of Spain before and during COVID. Energy and Buildings, 
254, 111567. https://doi.org/10.1016/j.enbuild.2021.111567.

Nazaroff, W. W. (2012). Max von Pettenkofer Award. Indoor Air, 22(6), 
443–445. https://doi.org/10.1111/ina.12008.

Nunes, R. A. O., Branco, P. T. B. S., Alvim-Ferraz, M. C. M., Martins, F. G., 
& Sousa, S. I. V. (2015). Particulate matter in rural and urban nursery 
schools in Portugal. Environmental Pollution, 202, 7–16. https://doi.
org/10.1016/j.envpol.2015.03.009.

Oluchi, O. C., & Jalaludin, J. (2018). Isolation and identification of mold 
from naturally ventilated preschools in urban and suburban area in 
Selangor. Future of Food: Journal on Food, Agriculture and Society, 
6(Special Issue), 97–102.

Othman, M., Latif, M. T., & Matsumi, Y. (2019). The exposure of children 
to PM2.5 and dust in indoor and outdoor school classrooms in Kuala 
Lumpur City Centre. Ecotoxicology and Environmental Safety, 170, 
739–749. https://doi.org/10.1016/j.ecoenv.2018.12.042

Peng, Z., Deng, W., & Tenorio, R. (2017). Investigation of indoor air quality 
and the identification of influential factors at primary schools in the 
north of China. Sustainability (Switzerland), 9(7), 1–14. https://doi.
org/10.3390/su9071180.

Portela, N. B., Teixeira, E. C., Agudelo-Castañeda, D. M., Civeira, M. 
da S., Silva, L. F. O., Vigo, A., & Kumar, P. (2021). Indoor-outdoor 
relationships of airborne nanoparticles, BC and VOCs at rural and 
urban preschools. Environmental Pollution, 268, 115751. https://doi.
org/10.1016/j.envpol.2020.115751.

Rodrigues, F., & Feliciano, M. (2019). Improving indoor air quality 
of naturally ventilated classrooms in the northeast of portugal. 
Environmental Engineering and Management Journal, 18(7), 1423–
1437. https://doi.org/10.30638/eemj.2019.135.

Rufo, J. C., Madureira, J., Paciência, I., Slezakova, K., Pereira, M. D. 
C., Pereira, C., Teixeira, J. P., Pinto, M., Moreira, A., & De Oliveira 



79

Exploring The Relationship Between Indoor Air Quality

Fernandes, E. (2015). Exposure of children to ultrafine particles in 
primary schools in Portugal. Journal of Toxicology and Environmental 
Health - Part A: Current Issues, 78(13–14), 904–914. https://doi.org/1
0.1080/15287394.2015.1048866.

Sadrizadeh, S., Yao, R., Yuan, F., Awbi, H., Bahnfleth, W., Bi, Y., Cao, 
G., Croitoru, C., de Dear, R., Haghighat, F., Kumar, P., Malayeri, M., 
Nasiri, F., Ruud, M., Sadeghian, P., Wargocki, P., Xiong, J., Yu, W., 
& Li, B. (2022). Indoor air quality and health in schools: A critical 
review for developing the roadmap for the future school environment. 
Journal of Building Engineering, 57, 104908. https://doi.org/10.1016/j.
jobe.2022.104908

Salleh, N. M., Esa, M., Kamaruzzaman, S. N., Mahyuddin, N., & Darus, 
F. M. (2016). Barrier of ventilation modes to achieve A balance 
environment in refurbished preschools. Jurnal Teknologi, 78(5), 
261–270. https://doi.org/10.11113/jt.v78.8307.

Salthammer, T., Uhde, E., Schripp, T., Schieweck, A., Morawska, L., 
Mazaheri, M., Clifford, S., He, C., Buonanno, G., Querol, X., others, 
Viana, M., & Kumar, P. (2016). Children’s well-being at schools: Impact 
of climatic conditions and air pollution. Environment International, 94, 
196–210. https://doi.org/10.1016/j.envint.2016.05.009.

Samudro, H., Samudro, G., & Mangkoedihardjo, S. (2022). Prevention 
of indoor air pollution through design and construction certification: 
A review of the sick building syndrome conditions. Journal of Air 
Pollution and Health, 7(1), 81–94. https://doi.org/10.18502/japh.
v7i1.8922.

Sánchez-Fernández, A., Coll-Aliaga, E., Lerma-Arce, V., & Lorenzo-Sáez, 
E. (2023). Evaluation of Different Natural Ventilation Strategies by 
Monitoring the Indoor Air Quality Using CO2 Sensors. International 
Journal of Environmental Research and Public Health, 20(18). https://
doi.org/10.3390/ijerph20186757.

Shen, G., Ainiwaer, S., Zhu, Y., Zheng, S., Hou, W., Shen, H., Chen, Y., 
Wang, X., Cheng, H., & Tao, S. (2020). Quantifying source contributions 
for indoor CO2 and gas pollutants based on the highly resolved sensor 
data. Environmental Pollution, 267, 115493. https://doi.org/10.1016/j.



80

Malaysian Journal of Sustainable Environment

envpol.2020.115493.

Sung, H. J., Kim, S. H., & Kim, H. (2023). Analysis of Building Retrofit, 
Ventilation, and Filtration Measures for Indoor Air Quality in a Real 
School Context: A Case Study in Korea. Buildings, 13(4). https://doi.
org/10.3390/buildings13041033.

Tippayawong, N., Khuntong, P., Nitatwichit, C., Khunatorn, Y., & 
Tantakitti, C. (2009). Indoor/outdoor relationships of size-resolved 
particle concentrations in naturally ventilated school environments. 
Building and Environment, 44(1), 188–197. https://doi.org/10.1016/j.
buildenv.2008.02.007.

Toftum, J., & Clausen, G. (2023). Classroom airing behaviour significantly 
affects pupil well-being and concentration performance – Results 
of a large-scale citizen science study in Danish schools. Energy and 
Buildings, 286, 112951. https://doi.org/10.1016/j.enbuild.2023.112951.

Villanueva, F., Tapia, A., Lara, S., & Amo-Salas, M. (2018). Indoor and 
outdoor air concentrations of volatile organic compounds and NO2 in 
schools of urban, industrial and rural areas in Central-Southern Spain. 
Science of the Total Environment, 622–623, 222–235. https://doi.
org/10.1016/j.scitotenv.2017.11.274.

World Health Organization, Regional Office for Europe. (2015). School 
environment: Policies and current status. World Health Organization.

Ye, W., Zhang, X., Gao, J., Cao, G., Zhou, X., & Su, X. (2017). Indoor air 
pollutants, ventilation rate determinants and potential control strategies in 
Chinese dwellings: A literature review. Science of the Total Environment, 
586, 696–729. https://doi.org/10.1016/j.scitotenv.2017.02.047.

Zaeh, S. E., Koehler, K., Eakin, M. N., Wohn, C., Diibor, I., Eckmann, T., 
Wu, T. D., Clemons-Erby, D., Gummerson, C. E., Green, T., Wood, 
M., Majd, E., Stein, M. L., Rule, A., Davis, M. F., & McCormack, M. 
C. (2021). Indoor air quality prior to and following school building 
renovation in a mid-atlantic school district. International Journal 
of Environmental Research and Public Health, 18(22). https://doi.
org/10.3390/ijerph182212149


