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Abstract: Building indoor spaces requires constant access to fresh air for occupants’ health, well-being, and 
performance. Clean breathing air can be achieved through the removal of pollutants from within the building’s 
interior by ensuring a sufficient outdoor air exchange rate. This review set out to create a clear understanding of recent 
developments in indoor air quality (IAQ) studies and their relationship to sick building syndrome (SBS) impacts 
on occupants’ health and well-being, as well as the role architectural design plays in promoting a healthy indoor 
environment. It also provides support information as well as existing state-of-the-art practices in IAQ and SBS in 
office buildings, with a particular focus on monitoring, assessment, and space configuration. The information available 
here would provide building professionals, particularly architects, with the potential for incorporating design and the 
development of guidelines for the control of SBS-related environmental parameters in order to create a healthy and 
comfortable office indoor environment.
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1. Introduction
Indoor building spaces are required to have constant access to fresh air for occupants’ health, well-being, and 

performance. Clean breathing air can be achieved through the removal of pollutants from within the building’s interior 
space by ensuring a sufficient outdoor air exchange through ventilation. Proper ventilation in buildings, therefore, 
acts by diluting air contaminants and removing them from the indoor space, thereby improving the quality of air for 
building users [1]. A building design without adequate ventilation would have a great impact on indoor air quality (IAQ), 
temperature, humidity, and airflow as a result of inherent pollution. These indoor air pollutants cause sick building 
syndrome (SBS), which affects the health of building users. Consequently, a building can be termed healthy if, on its 
own, it can uphold health, reduce environmental impacts, and ensure both the physical and psychological comfort of 
its occupants [2]. The role of IAQ in creating a healthy environment is critical, as humans spend most of their quality 
time indoors. The air in an indoor space can be contaminated by either natural or artificial agents. As such, its design 
configuration is critical. An indoor environment with a free flow of air and a limited occupancy level improves the 
quality of indoor air as the concentration level of carbon dioxide (CO2) is low [3]. A study in the United States by 
Watson [4] has shown that a greater population of citizens acknowledged the importance of a healthy IAQ during the 
COVID-19 pandemic. Because of the adverse effect of poor IAQ, different international organizations have developed 
guidelines and standards to meet the requirements for acceptable air quality for occupants’ comfort [5]. In Nigeria, there 
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are no such existing regulations on IAQ. As such, building environment design and maintenance are carried out without 
consideration of IAQ standards and regulations. Studies on IAQ are faced with challenges resulting from the assessment 
and monitoring methods adopted. These challenges range from differences in monitoring periods, data reporting, IAQ 
variables and pollutants measured, and the unavailability of worldwide thresholds [6]. As such, a critical evaluation and 
comparison of related studies on IAQ and SBS are difficult. There is, therefore, a need to provide adequate monitoring 
capabilities of air quality in buildings as a means through which occupants’ health, well-being, and productivity can be 
improved. Consequently, Ghaffarianhoseini et al. [7] suggested an appraisal of buildings from a health perspective to 
identify crucial obstacles and the way forward. Indoor air contaminants have been rated as one of the top environmental 
risks to building occupants’ health and well-being [8]. The most common range of air pollutants within buildings’ 
indoor spaces includes odors, smoke, metabolic CO2, volatile organic compounds (VOCs), and particulate matter (PM). 
VOCs are IAQ elements or pollutants resulting from building furnishings, building structures, or the building ventilation 
system. The quality of air within building indoor spaces varied according to building types, occupancy, and the different 
sources of inherent contaminants, such as their variation in concentration levels. The atmospheric quality of the indoor 
air (temperature, humidity, ventilation rate, air particles, etc.) can pose some health challenges to building occupants. 
Where office building users are increasingly requesting sick leave as a result of some medical claims, it is an indication 
of the impact of SBS, which needs to be investigated. When there is a consistent occurrence of symptoms related to 
SBS over a period of time among building occupants, such a building can be said to have a “risk factor” impact. A 
report by the World Health Organization (WHO) has shown that about 30% of existing and new buildings in the world 
have been ascertained as being susceptible to SBS [9]. Building occupants’ well-being is greatly impacted by SBS 
occurrence, resulting in identifiable symptoms, as evident in different studies on office buildings [10-14]. Apart from the 
impact on health, SBS is also related to human mental well-being [7]. Due to the negative impact of SBS on building 
occupants, the need for designing healthy buildings has grown in importance. Understanding the significant relationship 
between IAQ, SBS prevalence, and building design features, as well as harnessing this relationship at the early building 
design stage, is a sure way of achieving a comfortable and healthy work environment in an office building. Available 
information reveals that even with the austere impact of poor IAQ in buildings, developing countries such as Nigeria 
have shown little interest in exploring these impacts on building users’ health. In order to develop more beneficial IAQ 
policies in developing nations, the forms of IAQ contaminants and their impacts on health and well-being should be 
researched more often [15]. There is, therefore, a need to encourage IAQ-directed studies, especially in Nigeria and other 
developing nations of the world. This study carried out an overview literature review to summarize existing knowledge 
and highlight design solutions and roadmaps for future office building indoor environments. The review set out to create 
a clear understanding of recent developments in IAQ studies and their relationship to SBS impacts on occupants’ health 
and well-being, as well as the role architectural design plays in promoting a healthy indoor environment. Furthermore, 
it attempts to bring to the fore the complex nexus between sustainable design and the development of office buildings 
as it relates to their IAQ and impact on occupants’ health. This study aims to create more awareness about the need for 
office buildings to accommodate the health and well-being of their occupants through adequate provision for IAQ and 
its attendant effects. After discussing IAQ and SBS impacts and assessments in buildings, the main parameters that 
typically relate to office space design and the promotion of a healthy work environment were summarized.

2. Methodology and selection criteria 
For this study, a random search was done on accessible databases such as Google Scholar, ResearchGate, 

Academia, Science Direct, Scopus, etc. The search was facilitated by filtering a comprehensive number of journals 
and conference publications. Articles found on other databases and the web that are relevant to the study were also 
reviewed. The database search was carried out using a combination of keywords such as IAQ, SBS, IAQ monitoring 
and assessment, SBS assessment, SBS-related symptoms, office buildings, passive building design, ventilation, and 
IAQ impact on building occupants. The first search of databases returned about 1,626 articles from peer-reviewed 
journals and other papers and reports. After careful screening, only 306 articles were chosen, which was in line with the 
study design. Further screening of the 306 articles was carried out to eliminate articles that did not fall within the study 
keywords and the period under review (the last two decades, 2002 to 2022). This thorough filtration process resulted in 
92 papers being adopted for the final review. A clear understanding of the selection process as per the flow diagram is 
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provided in Figure 1. The review focused on papers published in the last 20 years (Figure 2) to establish the periodical 
progress that has been made in the design of office building environments for air quality and mitigation of SBS.

                 

Figure 1. Flow chart of the review selection process

      

Figure 2. The number of full-text articles per year that’s considered suitable for the study. The highlighted range marked by spotted lines (year 2002 
to 2022) characterizes the outline of this study

3. SBS 
SBS is a kind of building disorder that is used to describe a situation in which building occupants experience acute 

health and comfort effects that appear to be linked to time spent in a building. Occupants of a building may experience 
SBS while in the building, and it may occur immediately [16]. It is termed SBS because the symptoms tend to fade away 
as one leaves the building. According to the WHO and the Environmental Protection Agency (EPA), what causes these 
symptoms is not known, but their impact is enormous. There is a difference between SBS and building-related illnesses. 
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For building-related illnesses, the cause is known and affects a person in the building. Another point of departure is that 
the building-related illnesses are more serious, such that the illnesses do not subside as one leaves the building. SBS is a 
symptom exhibited mostly by occupants of poorly ventilated buildings. 

According to a proclamation by the WHO in 1983, SBS has been viewed as a collection of certain superficial 
symptoms observed among building occupants, especially in offices. Other researchers have defined SBS as feelings of 
malaise among building occupants [17], as a concern about a particular symptom raised by 30% of building occupants 
within a cycle of not less than 14 days [18, 19], etc. Because of the building syndrome, there is no specific illness or 
cause that can be identified. 

A study by Ghaffarianhoseini et al. [7] has identified five different parameters as key agents of SBS in buildings. 
These include physical, biological, chemical, psychological, and individual parameters that negatively influence building 
users. Physical contributors include parameters such as the variables of indoor environmental quality (IEQ; temperature, 
humidity, illuminance, noise, and air quality), as well as electromagnetic radiation. Biological contributors, on the other 
hand, are molds, fungi, and mites found in buildings, which can affect the quality of the air, ventilation, and building 
structural fabric [20]. Chemical contributors, on their part, are associated with PMs and chemical substances such as 
VOCs, formaldehyde, and plasticizers, whose associations have been linked with the presence of SBS symptoms [21]. 
While psychological contributors are related to feelings of nervousness, depression, environmental uneasiness, and job 
pressure, individual contributors have to do with the personal characteristics of the building’s occupants. Several factors 
are responsible for SBS, which include:

•	 Building materials: Certain microorganisms can be found growing on building materials used for buildings, as 
well as chemical elements that are irritating to humans

•	 Poor sanitation
•	 The equipment and furnishings
•	 Volatile organic substances and atmospheric elements
•	 Poor ventilation, whether natural or artificial
•	 Poor maintenance and cleaning
•	 Bad IAQ and lighting for ease of task performance
•	 Environmental elements such as air temperature and humidity

VOCs, formaldehyde, and PM are some of the basic stimulators of SBS that are influenced by the IAQ. VOCs are 
the totality of organic compounds within a defined boiling range of between 50 °C and 260 °C [22]. VOC concentration 
varies even within the same indoor space, which depends on the nature of the space and its constituents. Some of the 
commonest VOCs found in office buildings are benzene, ethyl benzene, toluene, xylene, and limonene. Formaldehyde 
emissions as a chemical compound constitute a major problem in different indoor environments. The source of this 
emission is mostly wooden materials and paints. Some of these emissions have resulted in SBS associated with asthma 
and allergies. A study carried out in some public buildings has shown that the main contributor to indoor PM is the 
infiltration of outdoor pollutants [23]. These outdoor pollutants, in the form of ultrafine airborne particles within an 
indoor environment, can be removed using ionizers and air filters, mostly in unventilated rooms [24]. However, the 
effectiveness of this method depends to a large extent on the size of the room. Other stimulators of SBS occurrences 
in buildings include mold and dampness [25, 26]. Dampness in buildings as a result of capillarity rise can cause the 
emission of certain organic chemicals from the building’s construction materials.

4. Building ventilation system  
Ventilation and IAQ are two related variables that, if not carefully considered, especially at the building design 

stage, would influence the prevalence of SBS. The impact of the COVID-19 pandemic has showcased a new requirement 
for ventilation in indoor spaces to include the elimination of airborne pathogens [27]. Poorly ventilated office building 
spaces could provide a breeding space for molds, which are biological agents contributing to SBS. Furthermore, shared 
ventilation systems in buildings allow for the recirculation of microorganisms within the shared spaces. Providing 
proper ventilation and the correct choice of materials within an indoor space can inhibit the occurrence of SBS. In light 
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of this, the provision of adequate ventilation within the occupied spaces of a building would improve infection control. 
In like manner, adequate ventilation in a building would reduce the incidence of SBS [28]. 

The need for air ventilation in buildings is to provide the required oxygen for occupants’ well-being, dilute and 
neutralize polluted air, and ensure the removal of excessive heat as well as moisture within a space [1, 29]. Building 
ventilation is employed in buildings to achieve the building’s heating and cooling tasks [30]. It is worthy to note that 
the application of proper ventilation in buildings is an effective measure towards the control of air quality [31]. Proper 
ventilation in a building’s indoor space could be achieved through the following:

•	 The clean oxygen provided for humans is considered to have poor IAQ if it contains a high concentration of 
CO2, which has been found to greatly impact one’s thoughts and concentration [29].

•	 Ventilation dilutes and neutralizes the air within a building space, thereby removing air contaminants and/or 
pollutants.

•	 It regulates air exchanges, thus maintaining thermal balance and comfort.

A building with poor ventilation can be evident in an occupant’s body odor [29]. A stuffy, closed or stale 
environment is an indication of poor air quality; as such, the building’s occupants tend to experience body odors. A 
feeling of having body odors within a building space is a sign that the indoor space is not properly ventilated [32]. The 
level of CO2 concentration in an indoor space is also an indication of the indoor space ventilation rate under certain 
conditions that are not normal. CO2 is generated within the indoor space through human metabolism. Another common 
indoor air contaminant that is a result of the improper exhaustion of combustion gases being re-introduced into the 
building’s indoor space is carbon monoxide (CO). An indoor space with a good ventilation rate is likely to have a low 
concentration of CO2 within the space, which is affected by location and level of occupancy as well as the time of the 
day [33]. Under those circumstances, natural ventilation is considered a reasonable tool for reducing CO2 emissions or 
concentration levels in buildings [34]. 

The level of concentration of PM within an indoor space is significantly affected by the occupancy level within that 
space [23]. This is a clear indication that the indoor PM concentration is, in most cases, higher than the corresponding 
outdoor levels. It has been ascertained that at a very low exhalation rate, a building occupant’s thermal plume assists in 
restricting pollutants within a short distance while sitting [35]. To assuage this, the required ventilation flow rate of fresh 
air into a building space is recommended at 15 liters per second (lps) per person [36]. For office task performance, the 
minimum acceptable ventilation rate, particularly in the western world, is recommended at 10 lps per person [37]. There 
is therefore a need to improve ventilation rates, especially in office buildings.

Natural ventilation in buildings can be analyzed using analytical, empirical, or network models, whose application 
depends on specific geometries and driving forces [38]. A steady-state ventilation equation has been derived in a study 
carried out by Kurnitski et al. [27]. This ventilation equation is capable of complementing current ventilation systems 
by determining the required ventilation rates to design indoor spaces with less contagion threat. Natural ventilation in 
buildings can be optimized using computational fluid dynamics (CFD). The CFD simulation applies to three different 
aspects of a building (the site plan, building shape, and building envelope [39]), which have the potential to significantly 
improve the building’s energy performance [40]. Furthermore, optimization of ventilation systems in buildings can be 
achieved by using or adopting Internet of Things (IoT) or artificial intelligence (AI)-based control measures [41]. The 
optimization of passive design principles in office buildings can significantly improve the ventilation system while 
maintaining a good or comfortable indoor environment [42]. 

The ventilation rate in a building environment is influenced by the prevailing wind conditions, window types, and 
window orientation [43]. Increasing the cross-ventilation rate in a naturally ventilated building is possible with openings 
of different sizes [44]. The ventilation rate in an open-plan office building is greatly affected by its window opening 
ratio. Large open-plan office spaces are more effective at achieving improvements in airflow rate, IAQ, and thermal 
comfort [45]. In contrast, an efficient level of ventilation that would facilitate appropriate indoor air circulation is not 
favorable with the indoor space having just one opening on its external wall. 

The air quality in buildings can be improved by adopting vernacular architecture concepts as a means of providing 
natural ventilation. Apart from its ability to improve the air quality in an indoor space, natural ventilation is also a 
passive technique whose adoption reduces energy demand for cooling [46]. Cáceres-Araya’s [47] study shows that 
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the application of natural ventilation may not necessarily improve IAQ in buildings located where outdoor pollutants’ 
concentrations are high. This adversely affects the occupant’s health. The condition of natural ventilation within a 
building’s indoor environment is greatly influenced by window sizes and incident wind angle variation. According to 
Sacht and Lukiantchuki [38], the wider the window size, the more air passes into a building’s indoor space at a higher 
air exchange rate per hour. Conversely, the character of the adjoining built environment of a building significantly 
impacts its cross-ventilation drift due to the fluctuation that occurs in the velocity and air flow rate [48].

5. Impact of IAQ on SBS
Several studies have established the relationship between IAQ and certain SBS symptoms in humans [49]. These 

include respiratory airway effects, mucosal membrane irritation, headaches, infections of the eyes, Legionnaires’ 
disease, and other allergies that cause dizziness [50, 51]. Likewise, the air temperature of indoor spaces correlates 
with SBS, where a higher temperature has been found to increase related symptoms. This, incidentally, would affect 
work output as well as increase the risk of accidents within a building space [22]. General office spaces or offices with 
multiple occupants tend to have a higher temperature as a result of the higher metabolic rate. Higher temperatures imply 
that the occupants are more susceptible to SBS symptoms when there are other contributing factors. Therefore, the need 
to improve the air quality in an office building’s indoor spaces cannot be overemphasized. The relationship between 
health symptoms and buildings IAQ required consistent examination to develop proper precautionary measures [52]. 

How an office building is operated or used could impact its exposure to indoor air contaminants [53]. Certain 
office equipment, such as photocopiers, printers, and other machines, can give off pollutants and odors within an indoor 
space. Human contact with these indoor pollutants allows for the occurrence of SBS symptoms. These syndromes 
have the capability of negatively affecting the health and well-being of building occupants [7]. A study has shown 
the impact of CO2 (as one of the indicators of poor air quality) on building occupants’ reported thermal comfort as a 
result of stimulation in their respiratory systems [54]. Consequently, having a higher concentration of CO2 within a 
building space has acute health effects [55, 56] as well as reducing the blood pH value [57]. On the other hand, the 
most compelling evidence establishing the effects of VOCs on SBS-related issues is not available. VOCs are chemicals 
that have been found to have a higher concentration indoors than outdoors [58]. It is therefore not advisable for people 
with allergies to be in an indoor space with a high concentration of VOCs to avoid being sick. Some VOCs emitted 
from building materials have been linked to irritation, nausea, respiratory problems, increased blood pressure, and 
contributing to diabetes [59]. By all means, these chemical compounds or elements with varying irritable properties 
have shown a significant relationship to SBS symptoms. 

Different studies have also established an association between certain variables of IAQ and the common cold [60]; 
however, its association with work fatigue and performance is limited. Altogether, there is an association between the 
common cold and PM within the environment. Another sickness, allergy or symptom that is associated with the quality 
of air within an indoor space is dry eyes. A study carried out by Idarraga et al. [61] has revealed that short-term exposure 
to poor air quality has a severe adverse effect on dry eye symptoms.

6. IAQ and SBS impact on health and well-being 
Poor IAQ has been identified as one of the factors contributing to SBS in buildings, which has negatively 

affected the building occupants’ work output [7]. Additionally, poor quality of air in an indoor space is associated 
with SBS, which can also induce the appearance of psychological symptoms such as stress, anxiety, and aggression 
in building occupants [62]. SBS are symptoms experienced by building occupants that are related to the nature of the 
building’s indoor environment. The impact of SBS on building occupants is individualistic, as people react differently 
to environmental conditions and air pollutants. To put it differently, the adverse effect of SBS on building occupants 
depends to a large extent on the amount of time spent in the building. As a result, it may be more visible among clerical 
staff, who spend more time at their desks than management staff. 

The impact of SBS on building occupants can be categorized into four categories; symptomatology, psychological 
effect, economic impact, and job output or performance [7]. Manifestations such as nasal, ocular, itchy eyes, etc. are 
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symptomatic effects, while stress, anxiety, and the occupants’ level of satisfaction are psychological. Staying away from 
work, low productivity, and energy demand to maintain comfort, on the other hand, are cost-related to SBS occurrence. 
Additionally, building occupants experience the negative impact of building design and quality in the form of either 
biological or psychological problems. Health effects such as headaches, itching, irritation, nausea, dizziness, etc. are 
biological problems, while attention disorders, tension, anger, anxiety, etc. experienced within a building’s indoor space 
are the psychological problems of SBS. The impacts of IAQ variables, which are a result of SBS in office buildings, 
must be considered by all players and professionals in meeting the building’s occupants’ requirements for comfort, 
healthy living, and productivity. 

There is a positive and substantial relationship between the occurrence of building-related symptoms and the 
occupants’ medical history of allergies. Those who have pre-existing medical ailments could be adversely affected when 
exposed to SBS. Moreover, there are specific illnesses in people that are caused by their exposure to certain elements of 
buildings’ indoor spaces. A step into such a space would expose you to feelings of nausea, dampness, dust, and poor air 
quality. Notably, symptoms and signs of SBS experienced by building occupants include, among others, skin irritation, 
eye irritation, nasal and airway blockage, headaches, fatigue, etc. SBS impact or effect on people’s health can occur 
basically in six different dimensions of human physiology [37]:

•	 Respiratory: Being sensitive to odor, nasal blockage, runny or bleeding nose, dry cough or sore throat, sinus 
congestion, throat irritation and wheezing when breathing.

•	 Eye irritation: Visual disturbance, watery eyes, eye itching, dryness of the eye, and a burning eye sensation.
•	 Dermal irritation: Dry skin, itchy skin, rashes on the skin, iris dryness, erythema.
•	 Cognitive complaints: A headache that affects mental concentration, mental confusion, migraine headaches, 

swollen mucus membranes, and feeling tense.
•	 Lethargy: Forgetfulness, lack of concentration, fatigue, drowsiness, and not thinking clearly.
•	 Gastrointestinal symptoms such as nausea.

The above symptoms, when experienced by building occupants, are an indicator of such a building’s having SBS. 
In essence, the impact of air pollution can be seen in how people’s health is affected and its potential contribution to 
global warming. One of the top-ranked environmental threats to community health is IAQ contaminants [63]. Building 
occupants’ exposure to these chemical compounds has resulted in SBS symptoms [26]. Occupants’ exposed to higher 
concentrations of CO2 would have a higher risk of dry cough and rhinitis [64]. Again, the concentration level of PM 
within a building’s indoor space is also a factor affecting IAQ and the occupants’ health [65]. Exposure to PM, such 
as PM2.5, has been found to affect the corneas, which leads to ocular surface damage in the eyes of both humans and 
mice [66, 67]. Overall, the presence of PM10 and PM2.5 in the atmosphere has a significant impact on people’s health 
and well-being. However, the particular chemical element particles that are responsible for this have not yet been 
identified. There is therefore a need to develop measures of control to reduce the concentration levels of air pollutants 
that are above required standards. The concern of every architectural design is to meet the physical, biological, 
and psychological balance needs of the building’s occupants. The building’s design therefore must be such that its 
configuration and components do not cause discomfort or health challenges to the building’s users.

7. Solutions to IAQ problems  
The origin of poor IAQ can be traced to the growth of some microbial elements, damaged inorganic fiber planes 

or materials emitting chemical substances [68]. Bennett et al. [23] have suggested further studies towards identifying 
mitigation measures that could improve the IAQ for occupants’ health and well-being. These measures could include 
improving ventilation or taking structural-based measures toward air cleaning. To achieve a healthy living space, a 
building’s indoor environment must have acceptable ventilation, comfortable temperature and humidity, and pollution 
control [63]. When these are implemented during a building’s lifetime, the IAQ will surely be improved. 

A study by Morawska et al. [69] has suggested the application of engineering control in public buildings as a global 
measure to reduce the likelihood of airborne transmission. This would reduce the burden of isolation and quarantine, 
social distancing, and hand hygiene. Engineering control has to do with the enhancement of ventilation systems and 
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control in buildings. Ventilation in buildings has been largely acknowledged as an approach to airborne transmission 
reduction in a building’s indoor environment. In the absence of mechanical ventilation, natural ventilation must be 
enhanced to reduce the CO2 concentration in an indoor environment. Both mechanical and natural ventilation can be 
utilized as complementary strategies for the control of CO2 concentration in buildings. 

Plants that act as natural purifiers have also been identified as potential elements that, when introduced into an 
indoor environment, may improve the IAQ of the building while reducing energy demand [70]. Comparatively, the level 
of VOCs in an indoor environment can be eliminated or reduced with the installation of certain indoor plant species [71]. 
For high levels of air PM in an indoor space, photo-catalytic air purifiers can often be run during the period in which 
the building occupancy is zero [72]. The positive impact and improvement that plants bring, especially in an office 
environment, have been ascertained to increase office workers’ motivation and productivity [73, 74].

8. Assessment of IAQ and SBS   
A dynamic assessment procedure for IAQ and SBS needs to be developed to provide a clean environment for 

building users. The essence of IAQ assessment or monitoring is to identify trends and problematic areas and then 
take remedial action [4]. The assessment or monitoring of IAQ in buildings depends to a large extent on the different 
parameters adopted. The important indoor air pollutants for consideration include CO, CO2, ozone (O3), VOCs, 
formaldehyde, PM, etc. Other factors to be considered include the air exchange rates, building design and ventilation 
characteristics, thermal variables (temperature and relative humidity), as well as the level of concentration of external 
pollutants and outdoor climatic conditions. Notwithstanding, about 65% of IAQ studies considered CO2 to be the most 
vital parameter [75]. Since building spaces are occupied by humans who emit CO2, a high concentration of it is an 
indication of poor ventilation. Furthermore, pollutants within an indoor space can be determined by the amount of CO2 
concentration [76]. The effectiveness of ventilation systems in buildings is evaluated using some indicators of IAQ, such 
as air exchange rate, air exchange efficiency, CO2 concentration, and contaminant removal [30]. 

Assessment protocols for IAQ have been set by several international organizations such as WHO, the American 
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), EPA, and other related health and 
environmental agencies in different countries (China, Hong Kong, Denmark, Singapore, etc.). Consequently, a 
framework for the assessment of IAQ impact in buildings would include pre-assessment and risk analysis. The 
healthiness of a building depends largely on how risk-free its IAQ is. Assessment of IAQ can be carried out using 
threat analysis and assessment methods, as well as a survey of users’ perceptions. The assessment of the impact of IAQ 
through the occupants’ perception is however affected by certain parameters such as gender, age, previous medical 
history, and the occupants’ habits [77]. 

The level of indoor air contaminants within an indoor environment is somehow not easily ascertainable as 
its assessment and monitoring are not carried out within a fixed period, not using the same apparatus and sample 
techniques, and at different indoor spaces [15]. This can, however, be taken care of if monitoring is carried out following 
consistent protocols. It is also very important for IAQ in buildings to be monitored in actual time at spatial and time-
based data resolutions for proper control and application [5]. To determine the impact of building design on IAQ and 
occupants’ health, data monitoring should be conducted for no less than two weeks [6]. On the other hand, the choice 
of equipment for IAQ parameter monitoring is determined by cost, standardization requirements, and the required 
hardware for field operations [75]. 

Since mobile technologies have already become part of human daily life, smart application systems for IAQ 
monitoring need to be adopted in office building design and operations, although not without some challenges. These 
challenges associated with automation in the monitoring of a building’s IAQ and ventilation performance can be 
mitigated by undertaking additional initiatives, such as the development of control systems for both artificial and natural 
ventilation [75]. Similarly, office building spaces, especially those with multiple occupancy rates, can be transformed 
into living labs by adopting the IoT strategy of monitoring their IAQ to determine their performance. The IoT can be 
customized and spread across all offices. This can also be used in describing different spatial office configurations’ 
variability in IAQ.

IAQ monitoring processes require hardware, software, as well as services geared towards resolving any related 
health issues [4]. Open-source technologies’ preference for the implementation of IAQ monitoring has taken center 
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stage in most studies conducted by researchers [75]. As a result, computational analysis through building simulations 
has been encouraged as a strategy for building performance monitoring. Computer simulation is a tool employed in 
today’s world for analysis in different fields of endeavor, ranging from games to science and engineering development, 
and also to military combat intelligence [78]. In buildings, simulation has been employed in evaluating building thermal 
performance, heat and mass transfer, air flow movement, daylighting, building systems and component identification, 
etc. [40]. The application of computational building simulation at the building design stage can solve both the 
requirements for thermal comfort and air quality. This is because the systems of equations used in evaluating thermal 
comfort and IAQ variables are the same [30]. The simulation of buildings to determine their performance has both direct 
and indirect benefits to the stakeholders in the building industry and to the environment as well.

It has been shown that due to the vast and varying nature of samples related to the problems of IAQ in buildings, 
there is no remedy or organized sampling strategy to adopt for monitoring. This can be remedied to an extent by 
adopting a multidisciplinary approach where specialists in IAQ, building physics, and ventilation systems work 
together in harmony [68]. Additionally, the assessment of building IAQ and SBS for improvement can be carried out by 
obtaining more parameters and data through onsite monitoring [8]. This will provide an in-depth understanding of the 
characteristics of the air pollutants that are detrimental to occupants’ health. Note that the failure of IAQ measurement 
in a building to detect the presence of IAQ-related problems does not signify the absence of such problems [33].

9. The role of architecture in promoting a healthy work environment    
For a man to meet his personal needs, certain natural environmental conditions must be harnessed and designed 

through different forms of manipulation. For this reason, building design and construction should be such that they 
do not create adverse health effects. One of these adverse health challenges is created by SBS. Building design 
configuration and features, as revealed in different studies, are of greater significance in influencing SBS symptom 
appearance [7, 16]. 

Building space design has been found to play a vital role as a determinant of indoor environmental performance [79]. 
Therefore, the spatial configuration of building indoor space is deserving of greater attention during the design process. 
To reduce the adverse effects of SBS contributors in buildings, such as the variables of IAQ, the configuration and 
design features of the building must be carefully considered at the conceptual and design stages to avert or reduce their 
impact during its usability stage. Building users, the building, and their environmental elements have different levels 
of interaction as they impact both occupants and building quality. Figure 3 shows the interaction of buildings with their 
occupants and their relationship with SBS.

                                                    

User 
character Building

SBS (Biological 
and psychological 

effects)

Environmental character 
(Physical and social 
indoor environment)

Figure 3. Building interaction with occupants and SBS



Green Building & Construction Economics 10 | Pontip Stephen Nimlyat, et al.

Most building designers focus more on building occupants’ thermal comfort than air quality [30], which also 
impacts a building’s thermal performance and occupants’ health. Though there is a significant relationship between how 
building occupants perceive IAQ and thermal comfort, a building designed for effective IAQ performance would have 
invariably addressed design for thermal comfort. Designing buildings for IAQ should specifically be geared towards 
the reduction of pollutants as well as the removal of such pollutants through appropriate ventilation. Pollutants such as 
VOCs, when confined within a building space, can increase in concentration due to reprocessing and new releases [61]. 
Likewise, the level of CO2 concentration within an indoor space could depend on its design configuration for effective 
air exchange. As seen in a Monte Carlo simulation carried out in a school classroom, it indicates that air exchange 
rate, CO2 exhalation rate, and the number of people within the occupied classroom are the most important parameters 
influencing the concentration level of CO2 [80]. 

The poor nature of IAQ in buildings has been attributed to poor design, management, operation, maintenance, and 
cleaning [8]. Poor workplace designs have an adverse effect on a building’s IAQ, resulting in problems such as physical 
discomfort or psychological problems. A study by Hildebrandt et al. [41] inferred that the provision of more windows 
and frequent cleaning had an affirmative influence on building occupants’ health. A CFD simulation of different building 
architectural alternatives has also revealed the feasibility of designing alternative openings at the initial building design 
stage to reduce CO2 emissions [34]. This is achieved through proper ventilation.

The basic factors that influence a building’s IAQ are its location, climate, and building system or components [33]. 
The design for natural ventilation in buildings requires consideration of certain factors such as climate, site planning, 
envelope fenestration, layout and sizing, and floor plan and interior partition configuration [30]. Carefully incorporating 
these factors in the passive design of buildings for natural ventilation will enable them to meet the requirements 
for thermal comfort and IAQ as specified by the American National Standards Institute (ANSI)/ASHRAE [81] and 
ASHRAE [82].

Natural ventilation in buildings is one of the energy-efficient strategies whose adoption would bring about the 
control or decrease of thermal gains and losses in a building. The passive design of buildings towards achieving proper 
ventilation should always be adopted, especially in the tropical regions of Nigeria and other parts of the world that 
are well suited for natural ventilation and cooling. Where this seems not so suitable, a mixed-mode ventilation system 
could be adopted in the design. The use of mixed-mode ventilation is typical when natural ventilation is substituted with 
mechanical ventilation or cooling systems, especially for peak cooling or when natural ventilation is unavoidable.

9.1 The environmental character of a building’s indoor space 

Architectural design decisions as well as decisions taken during a building’s construction towards meeting the 
comfort requirements of users can impact the building’s interaction with the occupants either negatively or positively. 
Maintaining a healthy building through its lifecycle could be difficult since sustainability is affected by both time and 
the building’s condition. The “physical” and “social” indoor environments make up a building’s environmental character 
(Figure 3). These are affected by the physical and social environment, as well as the building configuration and its usage 
[83]. Healthy office buildings can be achieved where their architectural designs meet the users’ needs concerning both 
the physical and social indoor environments of the buildings. 

Figure 4 shows the interaction between architecture, IAQ, and SBS. An architectural design could respond either 
positively or negatively to how buildings interact with their occupants. When the users’ needs are not properly defined, 
it results in a negative interaction. On the other hand, a positive quality is achievable by harnessing a building’s 
environmental features and design decisions, which are in turn reflected in the actual construction. An architectural 
design that cannot adequately define the needs of occupants in terms of the quality of the indoor air may lead to SBS.

9.1.1 Physical indoor environment building elements 

The character of a building’s physical environment includes its spatial dimension, spatial features, and components 
of construction. These significantly contribute to SBS when not harnessed appropriately. The architectural design of 
a space requires an understanding of its functions and the space’s anthropometrics. Where there is no harmony in the 
character of a building’s physical environment, the impact on the building’s occupants could be adverse as a result of 
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the prevalence of SBS.

9.1.2 Social indoor environment building elements

Every building should be able to meet the social needs of its occupants or users. Where these social and 
environmental needs are not met, it could result in a long-term health effect on the building’s users. Some of the 
elements of the social indoor environment to be considered at the architectural design stage of buildings include the 
character assessments of the different occupant groups, the building occupant norms assessment, and the occupant 
socialization processes.

           

Figure 4. Relationship between architectural design components, IAQ and SBS

9.2 The passive design of indoor spaces for SBS 

SBS thrives where the architecture of a building does not meet the users’ comfort requirements. If buildings are 
not designed in tune with existing realities of meeting the requirements for users’ well-being, they risk having IAQ 
that could be worse than the outdoor air. A study by Shika et al. [84] has established that where passive and sustainable 
measures are employed as mitigation or improvement for SBS sources, occupants’ performance and health could be 
enhanced. Therefore, building design must focus more on isolating and mitigating certain allergic problems related 
to office building indoor environments as well as controlling the indoor contaminant sources using passive design 
mechanisms or strategies towards improving IAQ. As acknowledged by Yüksel et al. [3], the focus of researchers in 
achieving a healthy environment should be on passive design initiatives and smart technologies.

The architectural design of office buildings through the adoption of passive design principles entails emphasizing 
natural cross ventilation, the provision of open spaces, thermal control, and building insulation. Ventilation rate, 
temperature, moisture, air particles, VOCs, lighting, noise, etc. are elements or variables that have been ascertained to 
be related to SBS. Achieving a comfortable balance of the above-mentioned environmental elements is possible through 
passive design principles in building architecture. Buildings with natural ventilation have been found to have a lower 
prevalence of SBS as compared to airtight buildings running on artificial ventilation [85]. Furthermore, reducing the use 
of heating, ventilation, and air conditioning (HVAC) systems through the passive design of office buildings provides 
a more comfortable work environment for users and eliminates the prevalence of SBS. In considering healthy IAQ in 
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buildings, the specification of low-emission materials is paramount. The health benefit of such a passive approach to 
building’s occupants’ needs is remarkable.

9.3 Office building quality design for better IAQ

Building materials used in construction have been associated with air contamination, whose pollutants are released 
into the air as construction work is completed. These construction materials-related pollutants (VOCs and microbes) 
can be dispersed from within the building’s indoor space with proper ventilation [61]. Proper management of the IAQ 
of a building is one sure way or strategy that could bring about a reduction in occupational health hazards. With the 
recent scorch of the COVID-19 pandemic that is ravaging our communities globally, different solutions have been 
recommended for controlling of its transmission pathway, especially within buildings’ indoor spaces.

Building design and construction that effectively increase thermal resistance, reduce air leakages, and improve 
air circulation and flow would also provide an indoor environment that improves the well-being of occupants. CO2 

concentration levels in buildings are affected by the building envelope’s airtightness as well as the intermittent behavior 
of the building’s occupants [80]. This level of CO2 concentration in an enclosed indoor space has been discovered at 
varying altitudes to be constant. Keeping the level of CO2 concentration low within an indoor space is achievable. A 
reduction in CO2 concentration levels through proper ventilation could result in a healthier office environment for the 
users. Ventilation in buildings, therefore, plays a vital role in determining the quality of indoor air as a control for SBS. 
Where proper natural ventilation in office buildings is guaranteed through passive and sustainable techniques, having a 
highly improved IAQ is a sure bet.

The risk of airborne disease transmission, such as COVID-19, is enhanced in buildings with poor ventilation 
systems [86]. An occupant who is exposed to this kind of environment where infected aerosols contaminate the room 
air is liable to contract such an infection. Similarly, the chances of virus transmission by air to an exposed, healthy 
person in close proximity within an indoor space are always high [87]. The removal of virus-like airborne infections 
from within an indoor space is achieved by having proper ventilation, whereby contaminated indoor air is removed by 
undiluted fresh air filtration [86]. Through cross-ventilation, natural ventilation can bring about a reduction or removal 
of indoor air contaminants [88, 89]. The building design for natural ventilation can be achieved through the adoption of 
different methods and analytical solutions involving either mathematical models or simulation models or both.

The design of a building’s indoor environment should be such that requirements for lighting and sound are well 
appropriated in order to create a healthy building. Poor visual and acoustic design of a building can result in health 
problems such as irritability, blurred vision, eye fatigue, stress, nausea, dizziness, anxiety, lack of concentration, etc. 
Building features that are responsible for maintaining visual and acoustic comfort can affect occupants’ health [90, 
91]. Building ventilation design, layout and configuration, damp reduction, as well as green building initiatives have 
been identified as strategies that could improve or eliminate the impact of SBS. Therefore, professionals in the built 
environment have a greater role to play towards achieving cleaner, healthier indoor spaces.

Some of the passive design strategies that can be applied in the design of office buildings for improved IAQ and the 
reduction of SBS prevalence are: building orientation, building configuration, materials of construction, building façade 
and openings, and vegetation. All these can be harnessed as a control measure towards achieving a healthy indoor 
environment in buildings. It has also been noted that passive design techniques substantially improve the quality of a 
building’s indoor spaces; however, they cannot in totality solve all the problems of the occupants’ health and comfort.

10. Conclusion
Since man spends most of his life indoors, such an environment must therefore be designed towards achieving a 

healthy dwelling environment. When an environmental condition does not meet human needs, then it poses a health 
challenge. For this reason, the interaction of building occupants with the building has to be integrated at the initial 
design stage of the building. This interaction, which can either have a positive or negative impact, plays a major role in 
building design configuration, features, and components. The relationship between architectural design, building quality, 
and SBS needs to be established to provide a comfortable working environment for healthy living and productivity.
The main contribution of this study is a presentation of highlights and insights towards office building design for 
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improved indoor environment and building occupants’ health and well-being. It also affords fresh insight into building 
design professionals’ views of the primary design requirements for IAQ and SBS in office buildings. Consequently, the 
wheel of architectural design will be reinvented by adopting passive and innovative technologies to develop buildings 
that are environmentally friendly and healthy for their users. This review is nonetheless limited as it does not provide 
details on the progress made so far in the assessment and monitoring of IAQ and SBS impacts on office occupants. 
There is a gap in knowledge related to IAQ monitoring and assessment standardization that needs to be closed, and 
more aspects of IAQ need to be analyzed and discussed in more detail. The study also revealed some inconsistencies 
in the interactions among IAQ, SBS, and building design features, which stands out as an emerging research area and 
practice. The information available here would provide building professionals, particularly architects, with the potential 
for incorporating design and the development of guidelines for the control of SBS-related environmental parameters in 
order to create a healthy and comfortable indoor environment.

11. Areas for future research 
This review is carried out in terms of IAQ and SBS impacts on occupants’ health and the role architectural design 

plays in promoting a healthy building environment. The study, therefore, opens up more debates for built environment 
professionals on the need to promote and achieve a better indoor environment in buildings. A study carried out by Orosa 
and Olivera [92] has suggested the need to investigate more on the impact of building design components or features on 
the IEQ, as well as how passive design principles could be implemented. Consequently, we advocate future research as 
follows:

•	 Evaluating the impact of various building design elements on the quality of indoor air. This would lead to the 
development of an effective design framework for better IAQ in office buildings. 

•	 Future studies should be able to make a comparison between different design models for IAQ toward the 
development of guidelines and standards. 

•	 Examining different approaches for interpreting the interrelationship between building design and occupants’ 
acceptability of IAQ.

•	 Furthermore, the need to consider IAQ requirements that are related to epidemic prevention in office buildings 
is also paramount.

Declaration
We confirm that the manuscript has been read and approved by all named authors and that there are no other 

persons who satisfied the criteria for authorship but are not listed. We further confirm that the order of authors listed in 
the manuscript has been approved by all of us.

Acknowledgments
The authors would like to thank the Office of Research and Development (ORD), University of Jos, for providing 

the platform on which the funding for this research was accessed.

Funding 
This research work is supported financially by the Nigeria Tertiary Education Trust Fund Institutional-based 

Research (TETFund-IBR) Grant number IBR-2019-031.



Green Building & Construction Economics 14 | Pontip Stephen Nimlyat, et al.

Author contributions
The authors contributed equally to writing and proofreading this manuscript.

Conflict of interest
The authors declare no conflicts of interest in any form.

References
[1]	 Pei J, Qu M, Sun L, Wang X, Yin Y. The relationship between indoor air quality (IAQ) and perceived air quality 

(PAQ) - A review and case analysis of Chinese residential environment. Energy and Built Environment. [In press] 
2022. https://doi.org/10.1016/j.enbenv.2022.09.005

[2]	 Mao P, Qi J, Tan Y, Li J. An examination of factors affecting healthy building: An empirical study in east China. 
Journal of Cleaner Production. 2017; 162: 1266-1274. https://doi.org/10.1016/j.jclepro.2017.06.165

[3]	 Yüksel A, Arıcı M, Krajčík M, Civan M, Karabay H. Energy consumption, thermal comfort, and indoor air 
quality in mosques: Impact of Covid-19 measures. Journal of Cleaner Production. 2022; 354: 1-14. https://doi.
org/10.1016/j.jclepro.2022.131726

[4]	 Watson H. A 2021 Guide to the indoor air quality standards that matter. qlair Blog: Tips & Advice for Improving 
The Workplace Experience. Weblog. https://i-qlair.com/2021-guide-indoor-air-quality-standards/ [Accessed 12th 
May 2022].

[5]	 Zhang H, Srinivasan R. A systematic review of air quality sensors, guidelines, and measurement studies for indoor 
air quality management. Sustainability. 2020; 12(21): 1-38. https://doi.org/10.3390/su12219045   

[6]	 Moreno-Rangel A, Sharpe T, McGill G, Musau F. Indoor air quality in Passivhaus dwellings: A literature review. 
International Journal of Environmental Research and Public Health. 2020; 17(13): 1-16. https://doi.org/10.3390/
ijerph17134749

[7]	 Ghaffarianhoseini A, AlWaer H, Omrany H, Ghaffarianhoseini A, Alalouch C, Clements-Croome D, et al. Sick 
building syndrome: Are we doing enough? Architectural Science Review. 2018; 61(3): 99-121. https://doi.org/10.1
080/00038628.2018.1461060

[8]	 Sadrizadeh S, Yao R, Yuan F, Awbi H, Bahnfleth W, Bi Y, et al. Indoor air quality and health in schools: A critical 
review for developing the roadmap for the future school environment. Journal of Building Engineering. 2022; 57: 
1-23. https://doi.org/10.1016/j.jobe.2022.104908

[9]	 Wong SK, Lai LWC, Ho DCW, Chau KW, Lam CLK, Ng CHF. Sick building syndrome and perceived indoor 
environmental quality: A survey of apartment buildings in Hong Kong. Habitat International. 2009; 33(4): 463-
471. https://doi.org/10.1016/j.habitatint.2009.03.001

[10]	Jafari MJ, Hajgholami MR, Omidi L, Jafari M, Tabarsi P, Salehpour S, et al. Effect of ventilation on occupational 
exposure to airborne biological contaminants in an isolation room. Tanaffos. 2015; 14(2): 141-148. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC4629429/

[11]	Tsai DH, Lin JS, Chan CC. Office workers’ sick building syndrome and indoor carbon dioxide concentrations. 
Journal of Occupational and Environmental Hygiene. 2012; 9(5): 345-351. https://doi.org/10.1080/15459624.2012
.675291

[12]	Lukcso D, Guidotti TL, Franklin DE, Burt A. Indoor environmental and air quality characteristics, building-related 
health symptoms, and worker productivity in a federal government building complex. Archives of Environmental & 
Occupational Health. 2016; 71(2): 85-101. https://doi.org/10.1080/19338244.2014.965246

[13]	Gomzi M, Bobic J, Radosevic-Vidacek B, Macan J, Varnai VM, Milkovic-Kraus S, et al. Sick building syndrome: 
Psychological, somatic, and environmental determinants. Archives of Environmental & Occupational Health. 2007; 
62(3): 147-155. https://doi.org/10.3200/AEOH.62.3.147-155

[14]	Hurraß J, Heinzow B, Aurbach U, Bergmann KC, Bufe A, Buzina W, et al. Medical diagnostics for indoor mold 
exposure. International Journal of Hygiene and Environmental Health. 2017; 220(2): 305-328. https://doi.
org/10.1016/j.ijheh.2016.11.012

[15]	Mannan M, Al-Ghamdi SG. Indoor air quality in buildings: A comprehensive review on the factors influencing air 
pollution in residential and commercial structure. International Journal of Environmental Research and Public 

https://doi.org/10.1016/j.enbenv.2022.09.005
https://doi.org/10.1016/j.jclepro.2017.06.165
https://doi.org/10.1016/j.jclepro.2022.131726
https://doi.org/10.1016/j.jclepro.2022.131726
https://i-qlair.com/2021-guide-indoor-air-quality-standards/
https://doi.org/10.3390/su12219045
https://doi.org/10.3390/ijerph17134749
https://doi.org/10.3390/ijerph17134749
https://doi.org/10.1080/00038628.2018.1461060
https://doi.org/10.1080/00038628.2018.1461060
https://doi.org/10.1016/j.jobe.2022.104908
https://doi.org/10.1016/j.habitatint.2009.03.001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4629429/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4629429/
https://doi.org/10.1080/15459624.2012.675291
https://doi.org/10.1080/15459624.2012.675291
https://doi.org/10.1080/19338244.2014.965246
https://doi.org/10.3200/AEOH.62.3.147-155
https://doi.org/10.1016/j.ijheh.2016.11.012
https://doi.org/10.1016/j.ijheh.2016.11.012


Volume 4 Issue 1|2023| 15 Green Building & Construction Economics

Health. 2021; 18(6): 1-25. https://doi.org/10.3390/ijerph18063276
[16]	Samudro H, Samudro G, Mangkoedihardjo S. Prevention of indoor air pollution through design and construction 

certification: A review of the sick building syndrome conditions. Journal of Air Pollution and Health. 2022; 7: 81-
94. https://doi.org/10.18502/japh.v7i1.8922

[17]	Rostron J. Sick building syndrome: A review of causes, consequences and remedies. Journal of Retail & Leisure 
Property. 2008; 7: 291-303. https://doi.org/10.1057/rlp.2008.20

[18]	Abdul-Wahab SA, En SCF, Elkamel A, Ahmadi L, Yetilmezsoy K. A review of standards and guidelines set by 
international bodies for the parameters of indoor air quality. Atmospheric Pollution Research. 2015; 6(5): 751-767. 
https://doi.org/10.5094/APR.2015.084

[19]	Clements-Croome D. Effects of the built environment on health and well-being. In: Clements-Croome D. (ed.) 
Creating the productive workplace: Places to work creatively. 3rd ed. London: Routledge; 2018. p.3-40. 

[20]	Vereecken E, Roels S. Review of mould prediction models and their influence on mould risk evaluation. Building 
and Environment. 2012; 51: 296-310. https://doi.org/10.1016/j.buildenv.2011.11.003

[21]	Sahlberg B, Gunnbjörnsdottir M, Soon A, Jogi R, Gislason T, Wieslander G, et al. Airborne molds and bacteria, 
microbial volatile organic compounds (MVOC), plasticizers and formaldehyde in dwellings in three North 
European cities in relation to sick building syndrome (SBS). Science of The Total Environment. 2013; 444: 433-
440. https://doi.org/10.1016/j.scitotenv.2012.10.114

[22]	Takaoka M, Norbäck D. The influence of school environment on the SBS symptoms and the development of 
asthma and allergy. In: Abdul-Wahab SA. (ed.) Sick building syndrome. Berlin, Heidelberg: Springer; 2011. p.135-
152. https://doi.org/10.1007/978-3-642-17919-8_8

[23]	Bennett J, Davy P, Trompetter B, Wang Y, Pierse N, Boulic M, et al. Sources of indoor air pollution at a New 
Zealand urban primary school; A case study. Atmospheric Pollution Research. 2019; 10(2): 435-444. https://doi.
org/10.1016/j.apr.2018.09.006

[24]	Pushpawela B, Jayaratne R, Nguy A, Morawska L. Efficiency of ionizers in removing airborne particles in indoor 
environments. Journal of Electrostatics. 2017; 90: 79-84. https://doi.org/10.1016/j.elstat.2017.10.002

[25]	Zhang X, Norbäck D, Fan Q, Bai X, Li T, Zhang Y, et al. Dampness and mold in homes across China: Associations 
with rhinitis, ocular, throat and dermal symptoms, headache and fatigue among adults. Indoor Air. 2019; 29(1): 30-
42. https://doi.org/10.1111/ina.12517

[26]	Takeda M, Saijo Y, Yuasa M, Kanazawa A, Araki A, Kishi R. Relationship between sick building syndrome and 
indoor environmental factors in newly built Japanese dwellings. International Archives of Occupational and 
Environmental Health. 2009; 82: 583-593. https://doi.org/10.1007/s00420-009-0395-8

[27]	Kurnitski J, Kiil M, Wargocki P, Boerstra A, Seppänen O, Olesen B, et al. Respiratory infection risk-
based ventilation design method. Building and Environment. 2021; 206: 1-11. https://doi.org/10.1016/
j.buildenv.2021.108387

[28]	Wang M, Li L, Hou C, Guo X, Fu H. Building and health: Mapping the knowledge development of sick building 
syndrome. Buildings. 2022; 12(3): 1-17. https://doi.org/10.3390/buildings12030287

[29]	Yang T, Clements-Croome DJ. Natural ventilation in built environment. In: Meyers RA. (ed.) Encyclopedia of 
sustainability science and technology. New York: Springer; 2020. p.1-35. https://doi.org/10.1007/978-1-4939-
2493-6_488-3

[30]	Srebic J. Ventilation performance prediction. In: Hensen JLM, Lamberts R. (eds.) Building performance simulation 
for design and operation. 2nd ed. London: Routledge; 2019. p.76-116.

[31]	Kim M, Sankararao B, Kang O, Tai KJ, Yoo C. Monitoring and prediction of indoor air quality (IAQ) in subway 
or metro systems using season dependent models. Energy and Buildings. 2012; 46: 48-55. https://doi.org/10.1016/
j.enbuild.2011.10.047

[32]	Short CA, Al-Maiyah S. Design strategy for low-energy ventilation and cooling of hospitals. Building Research & 
Information. 2009; 37(3): 264-292. https://doi.org/10.1080/09613210902885156 

[33]	Government of Canada. Air Quality and Health. http://www.hc-sc.gc.ca/ewh-semt/air/in/tips-trucs/index-eng.php 
[Accessed 19th June 2022].

[34]	Mora-Pérez M, Guillen-Guillamón I, López-Patiño G, López-Jiménez PA. Natural ventilation building design 
approach in Mediterranean regions - A case study at the Valencian Coastal Regional Scale (Spain). Sustainability. 
2016; 8: 1-15. https://doi.org/10.3390/su8090855

[35]	Zong J, Liu J, Ai Z, Kim MK. A review of human thermal plume and its influence on the inhalation 
exposure to particulate matter. Indoor and Built Environment. 2022; 31(7): 1758-1774. https://doi.
org/10.1177/1420326X221080358

[36]	Roy RK. A primer on the Taguchi method. 2nd ed. Dearborn, Michigan: Society of Manufacturing Engineers; 

https://doi.org/10.3390/ijerph18063276
https://doi.org/10.18502/japh.v7i1.8922
https://doi.org/10.1057/rlp.2008.20
https://doi.org/10.5094/APR.2015.084
https://doi.org/10.1016/j.buildenv.2011.11.003
https://doi.org/10.1016/j.scitotenv.2012.10.114
https://doi.org/10.1007/978-3-642-17919-8_8
https://doi.org/10.1016/j.apr.2018.09.006
https://doi.org/10.1016/j.apr.2018.09.006
https://doi.org/10.1016/j.elstat.2017.10.002
https://doi.org/10.1111/ina.12517
https://doi.org/10.1007/s00420-009-0395-8
https://doi.org/10.1016/j.buildenv.2021.108387
https://doi.org/10.1016/j.buildenv.2021.108387
https://doi.org/10.3390/buildings12030287
https://doi.org/10.1007/978-1-4939-2493-6_488-3
https://doi.org/10.1007/978-1-4939-2493-6_488-3
https://doi.org/10.1016/j.enbuild.2011.10.047
https://doi.org/10.1016/j.enbuild.2011.10.047
https://doi.org/10.1080/09613210902885156
http://www.hc-sc.gc.ca/ewh-semt/air/in/tips-trucs/index-eng.php
https://doi.org/10.3390/su8090855
https://doi.org/10.1177/1420326X221080358
https://doi.org/10.1177/1420326X221080358


Green Building & Construction Economics 16 | Pontip Stephen Nimlyat, et al.

2010. https://brharnetc.edu.in/br/wp-content/uploads/2018/11/11.pdf
[37]	Jansz J. Theories and knowledge about sick building syndrome. In Abdul-Wahab SA. (ed.) Sick building syndrome. 

Berlin, Heidelberg: Springer; 2011. p.25-58. https://doi.org/10.1007/978-3-642-17919-8_2
[38]	Sacht H, Lukiantchuki MA. Windows size and the performance of natural ventilation. Procedia Engineering. 2017; 

196: 972-979. https://doi.org/10.1016/j.proeng.2017.08.038
[39]	Guo W, Liu X, Yuan X. Study on natural ventilation design optimization based on CFD simulation for green 

buildings. Procedia Engineering. 2015; 121: 573-581. https://doi.org/10.1016/j.proeng.2015.08.1036 
[40]	Nimlyat PS, Dassah E, Allu ELA. Computer simulations in buildings: Implications for building energy 

performance. IOSR Journal of Engineering. 2014; 4(3): 56-62. https://doi.org/10.9790/3021-04345662
[41]	Hildebrandt S, Kubota T, Sani HA, Surahman U. Indoor air quality and health in newly constructed apartments in 

developing countries: A case study of Surabaya, Indonesia. Atmosphere. 2019; 10(4): 1-22. https://doi.org/10.3390/
atmos10040182

[42]	Jia LR, Han J, Chen X, Li QY, Lee CC, Fung YH. Interaction between thermal comfort, indoor air quality and 
ventilation energy consumption of educational buildings: A comprehensive review. Buildings. 2021; 11(12): 1-30. 
https://doi.org/10.3390/buildings11120591 

[43]	Liu T, Lee WL. Using response surface regression method to evaluate the influence of window types on ventilation 
performance of Hong Kong residential buildings. Building and Environment. 2019; 154: 167-181. https://doi.
org/10.1016/j.buildenv.2019.02.043

[44]	Zhang X, Weerasuriya AU, Wang J, Li CY, Chen Z, Tse KT, et al. Cross-ventilation of a generic building with 
various configurations of external and internal openings. Building and Environment. 2022; 207: 108447. https://
doi.org/10.1016/j.buildenv.2021.108447

[45]	Abdullah HK, Alibaba HZ. Window design of naturally ventilated offices in the Mediterranean climate in terms of 
CO2 and thermal comfort performance. Sustainability. 2020; 12(2): 1-33. https://doi.org/10.3390/su12020473

[46]	Zhai Z, Mankibi ME, Zoubir A. Review of natural ventilation models. Energy Procedia. 2015; 78: 2700- 2705. 
https://doi.org/10.1016/j.egypro.2015.11.355 

[47]	Cáceres-Araya C, Shrubsole C, Altamirano H. Should schools located in polluted areas be naturally ventilated? 
A case study from Chile. In: Brotas L, Nicol F, Cook M, Woolf D. (eds.) Proceedings of 4th Masters Conference: 
People and Buildings. London, United Kingdom: NCEUB; 2014. p.40-45. 

[48]	Shirzadi M, Mirzaei PA, Tominaga Y. LES analysis of turbulent fluctuation in cross-ventilation flow in highly-
dense urban areas. Journal of Wind Engineering & Industrial Aerodynamics. 2021; 209: 1-15. https://doi.
org/10.1016/j.jweia.2020.104494

[49]	Nezis I, Biskos G, Eleftheriadis K, Fetfatzis P, Popovicheva O, Sitnikov N, et al. Linking indoor particulate 
matter and black carbon with sick building. Atmospheric Pollution Research. 2022; 13(1): 101292. https://doi.
org/10.1016/j.apr.2021.101292 

[50]	Carrer P, Wolkoff P. Assessment of indoor air quality problems in office-like environments: Role of occupational 
health services. International Journal of Environmental Research and Public Health. 2018; 15(4): 1-8. https://doi.
org/10.3390/ijerph15040741

[51]	Amoatey P, Omidvarborna H, Baawain MS, Al-Mamum A, Bari A, Kindzierski WB. Association between 
human health and indoor air pollution in the Gulf Cooperation Council (GCC) countries: A review. Reviews on 
Environmental Health. 2020; 35(2): 157-171. https://doi.org/10.1515/reveh-2019-0065

[52]	Szabados M, Kakucs R, Páldy A, Kotlík B, Kazmarová H, Dongiovanni A, et al. Association of parent-
reported health symptoms with indoor air quality in primary school buildings – The InAirQ study. Building and 
Environment. 2022; 221: 1-11. https://doi.org/10.1016/j.buildenv.2022.109339

[53]	Jones ER, Laurent JGC, Young AS, MacNaughton P, Coull BA, Spengler JD, et al. The effects of ventilation and 
filtration on indoor PM2.5 in office buildings. Building and Environment. 2021; 200: 1-11.  https://doi.org/10.1016/
j.buildenv.2021.107975

[54]	Gauthier S, Liu B, Huebner G, Shipworth D. Investigating the effect of CO2 concentration on reported thermal 
comfort. In: Scartezzini JL. (ed.) Proceedings of CISBAT 2015 International Conference on Future Buildings 
and Districts - Sustainability from Nano to Urban Scale - Vol. I. Lausanne, Switzerland: EPFL; 2015. p.315-320. 
https://infoscience.epfl.ch/record/212778?ln=en

[55]	American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). ANSI/ASHRAE Standard 
62.1-2010. Ventilation for acceptable indoor air quality. Atlanta: ASHRAE; 2010.

[56]	Canadian Centre for Occupational Health and Safety (CCOHS). Chemical Profiles. https://www.ccohs.ca/
oshanswers/chemicals/chem_profiles/carbon_dioxide.html [Accessed 13th February 2022].

[57]	Robertson DS. Health effects of increase in concentration of carbon dioxide in the atmosphere. Current Science. 

https://brharnetc.edu.in/br/wp-content/uploads/2018/11/11.pdf
https://doi.org/10.1007/978-3-642-17919-8_2
https://doi.org/10.1016/j.proeng.2017.08.038
https://doi.org/10.1016/j.proeng.2015.08.1036
https://doi.org/10.9790/3021-04345662
https://doi.org/10.3390/atmos10040182
https://doi.org/10.3390/atmos10040182
https://doi.org/10.3390/buildings11120591
https://doi.org/10.1016/j.buildenv.2019.02.043
https://doi.org/10.1016/j.buildenv.2019.02.043
https://doi.org/10.1016/j.buildenv.2021.108447
https://doi.org/10.1016/j.buildenv.2021.108447
https://doi.org/10.3390/su12020473
https://doi.org/10.1016/j.egypro.2015.11.355
https://doi.org/10.1016/j.jweia.2020.104494
https://doi.org/10.1016/j.jweia.2020.104494
https://doi.org/10.1016/j.apr.2021.101292
https://doi.org/10.1016/j.apr.2021.101292
https://doi.org/10.3390/ijerph15040741
https://doi.org/10.3390/ijerph15040741
https://doi.org/10.1515/reveh-2019-0065
https://doi.org/10.1016/j.buildenv.2022.109339
https://doi.org/10.1016/j.buildenv.2021.107975
https://doi.org/10.1016/j.buildenv.2021.107975
https://infoscience.epfl.ch/record/212778?ln=en
https://www.ccohs.ca/oshanswers/chemicals/chem_profiles/carbon_dioxide.html
https://www.ccohs.ca/oshanswers/chemicals/chem_profiles/carbon_dioxide.html


Volume 4 Issue 1|2023| 17 Green Building & Construction Economics

2006; 90: 1607-1609. https://www.jstor.org/stable/24091909 
[58]	Godwin C, Batterman S. Indoor air quality in Michigan schools. Indoor Air. 2007; 17(2): 109-121. https://doi.

org/10.1111/j.1600-0668.2006.00459.x
[59]	Huffpost. LA Air Pollution Tied To Disease Risk In Black Women. https://www.huffpost.com/entry/la-air-pollution-

tied-to-disease-risk-black-women_n_1205303 [Accessed 23rd July 2023].
[60]	Norbäck D, Hashim JH, Hashim Z, Ali F. Volatile organic compounds (VOC), formaldehyde and nitrogen 

dioxide (NO2) in schools in Johor Bahru, Malaysia: Associations with rhinitis, ocular, throat and dermal 
symptoms, headache and fatigue. Science of The Total Environment. 2017; 592: 153-160. https://doi.org/10.1016/
j.scitotenv.2017.02.215

[61]	Idarraga MA, Guerrero JS, Mosle SG, Miralles F, Galor A, Kumar N. Relationships between short-term exposure 
to an indoor environment and dry eye (DE) symptoms. Journal of Clinical Medicine. 2020; 9(5): 1-13. https://doi.
org/10.3390/jcm9051316 

[62]	Kamaruzzaman SN, Sabrani NA. The effect of indoor air quality (IAQ) towards occupants’ psychological 
performance in office buildings. Journal of Design & Built. 2011; 4: 49-61. https://core.ac.uk/download/
pdf/11492546.pdf

[63]	IotaComm. Indoor air quality monitoring: how to test, measure & improve. IotaComm. Weblog. https://www.
iotacommunications.com/blog/how-can-you-improve-indoor-air-quality/ [Accessed 18th February 2022].

[64]	Simoni M, Annesi-Maesano I, Sigsgaard T, Norback D, Wieslander G, Nystad W, et al. School air quality related to 
dry cough, rhinitis and nasal patency in children. European Respiratory Journal. 2010; 35(4): 742-749. https://doi.
org/10.1183/09031936.00016309

[65]	Saini M, Joon M, Saini SK. Human health effects of particulate matter. In: Sonwani S, Shukla A. (eds.) Airborne 
particulate matter. Singapore: Springer; 2022. p.195-228. https://doi.org/10.1007/978-981-16-5387-2_9

[66]	Yang Q, Li K, Li D, Zhang Y, Liu X, Wu K. Effects of fine particulate matter on the ocular surface: An in vitro and 
in vivo study. Biomedicine & Pharmacotherapy. 2019; 117: 1-8. https://doi.org/10.1016/j.biopha.2019.109177

[67]	Li J, Tan G, Ding X, Wang Y, Wu A, Yang Q, et al. A mouse dry eye model induced by topical administration of the 
air pollutant particulate matter 10. Biomedicine & Pharmacotherapy. 2017; 96: 524-534. https://doi.org/10.1016/
j.biopha.2017.10.032

[68]	Korpi A, Takki T, Virta M, Kosonen R, Villberg K. Solving indoor environmental problems: What can be found out 
through individual measurement? In: Abdul-Wahab SA. (ed.) Sick building syndrome. Heidelberg: Springer; 2011. 
p.439-452. https://doi.org/10.1007/978-3-642-17919-8_24

[69]	Morawska L, Tang JW, Bahnfleth W, Bluyssen PM, Boerstra A, Buonanno G, et al. How can airborne transmission 
of COVID-19 indoors be minimised? Environment International. 2020; 142: 1-7. https://doi.org/10.1016/
j.envint.2020.105832

[70]	Brilli F, Fares S, Ghirardo A, de Visser P, Calatayud V, Muñoz A, et al. Plants for sustainable improvement of 
indoor air quality. Trends in Plant Science. 2018; 23(6): 507-512. https://doi.org/10.1016/j.tplants.2018.03.004

[71]	Susanto AD, Winardi W, Hidayat M, Wirawan A. The use of indoor plants as an alternative strategy to improve 
indoor air quality in indonesia. Reviews on Environmental Health. 2021; 36(1): 95-99. https://doi.org/10.1515/
reveh-2020-0062

[72]	Kolarik J, Wargocki P. Can a photocatalytic air purifier be used to improve the perceived air quality indoors? 
Indoor Air. 2010; 20(3): 255-262. https://doi.org/10.1111/j.1600-0668.2010.00650.x

[73]	Liu F, Yan L, Meng X, Zhang C. A review on indoor green plants employed to improve indoor environment. 
Journal of Building Engineering. 2022; 53: 104542. https://doi.org/10.1016/j.jobe.2022.104542

[74]	Yeo LB. Psychological and physiological benefits of plants in the indoor environment: A mini and in-depth review. 
International Journal of Built Environment and Sustainability. 2021; 8(1): 57-67. https://doi.org/10.11113/ijbes.
v8.n1.597

[75]	Saini J, Dutta M, Marques G. A comprehensive review on indoor air quality monitoring systems for enhanced 
public health. Sustainable Environment Research. 2020; 30: 1-12. https://doi.org/10.1186/s42834-020-0047-y

[76]	Fromme H, Diemer J, Dietrich S, Cyrys J, Heinrich J, Lang W, et al. Chemical and morphological properties of 
particulate matter (PM10, PM2.5) in school classrooms and outdoor air. Atmospheric Environment. 2008; 42(27): 
6597-6605. https://doi.org/10.1016/j.atmosenv.2008.04.047

[77]	Vural SM. Indoor air quality. In: Abdul-Wahab SA. (ed.) Sick building syndrome. Heidelberg: Springer; 2011. p.59-
74. https://doi.org/10.1007/978-3-642-17919-8_3

[78]	Hensen JLM, Lamberts R. Introduction to building performance simulation. In: Hensen JLM, Lamberts R. (eds.) 
Building performance simulation for design and operation. London: Spon Press; 2011. p.1-14.

[79]	Dong Z, Zhao K, Ren M, Ge J, Chan IYS. The impact of space design on occupants’ satisfaction with indoor 

https://www.jstor.org/stable/24091909
https://doi.org/10.1111/j.1600-0668.2006.00459.x
https://doi.org/10.1111/j.1600-0668.2006.00459.x
https://www.huffpost.com/entry/la-air-pollution-tied-to-disease-risk-black-women_n_1205303
https://www.huffpost.com/entry/la-air-pollution-tied-to-disease-risk-black-women_n_1205303
https://doi.org/10.1016/j.scitotenv.2017.02.215
https://doi.org/10.1016/j.scitotenv.2017.02.215
https://doi.org/10.3390/jcm9051316
https://doi.org/10.3390/jcm9051316
https://core.ac.uk/download/pdf/11492546.pdf
https://core.ac.uk/download/pdf/11492546.pdf
https://www.iotacommunications.com/blog/how-can-you-improve-indoor-air-quality/
https://www.iotacommunications.com/blog/how-can-you-improve-indoor-air-quality/
https://doi.org/10.1183/09031936.00016309
https://doi.org/10.1183/09031936.00016309
https://doi.org/10.1007/978-981-16-5387-2_9
https://doi.org/10.1016/j.biopha.2019.109177
https://doi.org/10.1016/j.biopha.2017.10.032
https://doi.org/10.1016/j.biopha.2017.10.032
https://doi.org/10.1007/978-3-642-17919-8_24
https://doi.org/10.1016/j.envint.2020.105832
https://doi.org/10.1016/j.envint.2020.105832
https://doi.org/10.1016/j.tplants.2018.03.004
https://doi.org/10.1515/reveh-2020-0062
https://doi.org/10.1515/reveh-2020-0062
https://doi.org/10.1111/j.1600-0668.2010.00650.x
https://doi.org/10.1016/j.jobe.2022.104542
https://doi.org/10.11113/ijbes.v8.n1.597
https://doi.org/10.11113/ijbes.v8.n1.597
https://doi.org/10.1186/s42834-020-0047-y
https://doi.org/10.1016/j.atmosenv.2008.04.047
https://doi.org/10.1007/978-3-642-17919-8_3


Green Building & Construction Economics 18 | Pontip Stephen Nimlyat, et al.

environment in university dormitories. Building and Environment. 2022; 218: 109143. https://doi.org/10.1016/
j.buildenv.2022.109143

[80]	Luther MB, Horan P, Tokede O. Investigating CO2 concentration and occupancy in school classrooms at different 
stages in their life cycle. Architectural Science Review. 2018; 61(1-2): 83-95. https://doi.org/10.1080/00038628.20
17.1416576

[81]	American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). ANSI/ASHRAE Standard 
55-2004. Thermal environmental conditions for human occupancy. Atlanta, Georgia: ASHRAE; 2004.

[82]	American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). Indoor air quality guide: 
Best practices for design, construction, and commissioning. Atlanta, Georgia: ASHRAE; 2009. https://www.
hvactechgroup.com/files/IAQGuide.pdf 

[83]	Vural SM, Balanlı A. Sick building syndrome from an architectural perspective. In: Abdul-Wahab SA. (ed.) Sick 
building syndrome. Heidelberg: Springer; 2011. p.371-391. https://doi.org/10.1007/978-3-642-17919-8_20

[84]	Shika SA, Sapri M, Jibril JD, Dodo M, Sivanathan S, Dodo YA. Assessing sick building syndrome in perpustakaan 
Sultanah Zanariah (PSZ) Library: towards improving health and productivity in indoor environment. In: 1st 
International Conference on Innovation and Technology for Sustainable Built Environment (ICITSBE 2012), 16-17 
April 2012. Perak, Malaysia: Universiti Teknologi MARA Cawangan Perak; 2012. p.412-417. https://ir.uitm.edu.
my/id/eprint/42924

[85]	Rios JLDM, Boechat JL, Gioda A, Santos CYD, Neto FRDA, Silva JRLE. Symptoms prevalence among office 
workers of a sealed versus a non-sealed building: Associations to indoor air quality. Environment International. 
2009; 35(8): 1136-1141. https://doi.org/10.1016/j.envint.2009.07.005

[86]	Kapoor NR, Kumar A, Meena CS, Kumar A, Alam T, Balam NB, et al. A systematic review on indoor 
environmental quality in naturally ventilated school classrooms: A way forward. Advances in Civil Engineering. 
2021; 2021: 1-19. https://doi.org/10.1155/2021/8851685

[87]	Moharir SC, Thota SC, Goel A, Thakur B, Tandel D, Reddy SM, et al. Detection of SARS-CoV-2 in the air in 
Indian hospitals and houses of COVID-19 patients. Journal of Aerosol Science. 2022; 164: 1-10. https://doi.
org/10.1016/j.jaerosci.2022.106002

[88]	Fu L, Yin W, Wang T, Zhang G. Effect of the porosity the upstream building on the natural ventilation of the 
downstream building and the reliability of its computational fluid dynamics simulation. Journal of Civil and 
Environmental Engineering. 2021; 43(1): 229-242. https://doi.org/10.11835/j.issn.2096-6717.2020.089 

[89]	Wang TW, Yin W, Fu LL, Zhang ZY. Estimation model for natural ventilation by wind force considering wind 
direction and building orientation for low-rise building in China. Indoor and Built Environment. 2020; 31(8): 1-17. 
https://doi.org/10.1177/1420326X20944983

[90]	Nimlyat PS, Salihu B, Wang GP. The impact of indoor environmental quality (IEQ) on patients’ health and comfort 
in Nigeria. International Journal of Building Pathology and Adaptation. [EarlyCite] 2022. https://doi.org/10.1108/
IJBPA-06-2021-0089

[91]	Horr YA, Arif M, Kaushik A, Mazroei A, Katafygiotou M, Elsarrag E. Occupants productivity and office indoor 
environment quality: A review of the literature. Building and Environment. 2016; 105: 369-389. https://doi.
org/10.1016/j.buildenv.2016.06.001

[92]	Orosa JA, Oliveira AC. Passive methods to address the sick building syndrome in public buildings. In: Abdul-
Wahab SA. (ed.) Sick building syndrome. Heidelberg: Springer; 2011. p.481-492. https://doi.org/10.1007/978-3-
642-17919-8_27

https://doi.org/10.1016/j.buildenv.2022.109143
https://doi.org/10.1016/j.buildenv.2022.109143
https://doi.org/10.1080/00038628.2017.1416576
https://doi.org/10.1080/00038628.2017.1416576
https://www.hvactechgroup.com/files/IAQGuide.pdf
https://www.hvactechgroup.com/files/IAQGuide.pdf
https://doi.org/10.1007/978-3-642-17919-8_20
https://ir.uitm.edu.my/id/eprint/42924
https://ir.uitm.edu.my/id/eprint/42924
https://doi.org/10.1016/j.envint.2009.07.005
https://doi.org/10.1155/2021/8851685
https://doi.org/10.1016/j.jaerosci.2022.106002
https://doi.org/10.1016/j.jaerosci.2022.106002
https://doi.org/10.11835/j.issn.2096-6717.2020.089
https://doi.org/10.1177/1420326X20944983
https://doi.org/10.1108/IJBPA-06-2021-0089
https://doi.org/10.1108/IJBPA-06-2021-0089
https://doi.org/10.1016/j.buildenv.2016.06.001
https://doi.org/10.1016/j.buildenv.2016.06.001
https://doi.org/10.1007/978-3-642-17919-8_27
https://doi.org/10.1007/978-3-642-17919-8_27

