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ABSTRACT

Indoor Air Quality (IAQ) greatly determines human health, comfortable conditions, and occupant
productivity in built environments. However, quantifying IAQ with accuracy is difficult owing to
diversity in pollutant sources, variations in indoor activities, and diversity in monitoring protocols.
In this review, IAQ differences between commercial and residential buildings with a focus on
carbon dioxide (CO

2
) levels as an indicator of ventilation effectiveness and occupant exposure are

explored. Studies comparing CO
2
 concentrations are reported within a range of 880.4 ppm up to

a whopping 2,900 ppm in various global studies spanning between 2020 and 2025. Notably,
commercial buildings are found to hold high concentrations owing to high occupant densities,
centralized air handling, and emissions from equipment, while residential environments are
influenced based on cooking activity, design, and ventilation strategies. Long-term CO2

concentrations beyond 1,000 ppm are blamed for cognitive impairment, discomfort, and adverse
respiratory consequences. In this research,IAQ-based building standards are promoted with a
particular push in maintaining CO2 concentrations within lower than 1,000 ppm. In our review, the
importance in conducting longitudinal studies in tracking chronic exposure consequences is
highlighted, with a request for scalable, technology-based solutions in safeguarding occupant
health in different building typologies.

KEYWORDS: Indoor Air Quality, CO2 Concentration, Ventilation Systems, Commercial
Buildings, Residential Exposure

INTRODUCTION

IAQ has become a key public health issue since
individuals in current society now overwhelmingly
live in interior closed spaces such as homes,
workplaces, educational institutions, and
commercial buildings (Cincinelli et al., 2017).
Experimental studies reveal indoor concentrations
of airborne pollutants such as Particulate Matter
(PM2.5), Carbon Dioxide (CO2), Volatile Organic
Compounds (VOCs), Nitrogen Dioxide (NO2), and
biological particles are constantly higher than
outside air (Singh et al., 2025). Disease burden is
huge throughout the globe. Over 4 million
individuals die annually due to low IAQ, with
cardiopulmonary disease, cerebrovascular illness,
and lung carcinoma being the scope of the problem,

based on World Health Organization (WHO)
estimates (Valavanidis et al., 2023). The systems that
define IAQ in buildings depicted in Figure 1,
outlining the interactive dynamics between outdoor
air infiltration, building systems, activity or material
emissions, and occupation exposure pathways
(Kephalopoulos et al., 2017).

This schematic underscores how the ventilation,
material choices, behaviour of occupants, as well as
the Heating, Ventilation, and Air Conditioning
design, all simultaneously define air pollutant
behaviour in residential as well as commercial
applications.

Office building IAQ issues are commonly the
result of communal central HVAC systems
combined with the office equipment emissions of air
irritants plus clustering of occupants. Office
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equipment such as laser printers and copiers
releases ozone, ultrafine aerosols, and VOCs during
typical use, while cleaning agents and construction
materials contribute further VOC loads, especially if
ventilation is poor (Felgueiras et al., 2023).
Insufficiently serviced or poorly configured central
HVAC systems may also circulate contaminants like
dust or microbial growth through office floors,
further amplifying exposures (Sibanda et al., 2021).
Observational studies confirm that elevated CO2

and PM2.5 concentrations are associated with
elevated respiratory symptoms, discomfort, and
worker well-being decline in offices (Laurent et al.,
2021).

Advancements in IAQ mitigation have thus
largely focused on synergistic technologies that use

cleaner construction materials, ventilation schemes,
as well as filtration technologies. For instance,
improved materials and adsorbents can reduce
residential buildings’ emission of VOCs, while
hybrid ventilation strategies as well as air cleansing
enhance air movements indoors within residences as
well as offices (Jayeoba et al., 2024). These are among
recommendations by trusted agencies such as the
Environmental Protection Agency (EPA) as well as
WHO in efforts to provide a healthy indoor
environment.

Introduction lays the groundwork for a
comparative analysis of residential, commercial, or
other applications of IAQ, exploring emission
patterns of pollutants, in addition to examining
health-related endpoints. A comprehensive study
plan can include the employment of real-time
sensing, occupancy surveys, as well as currently
available regulatory thresholds.

Types of Indoor Air Pollutants and Sources

Indoor spaces are host to a complex array of
pollutant sources, including chemical, particulate,
and biological contaminants, each with unique
emission pathways and health implications, as
shown in Fig. 2, a typical schematic representation
of pollutant origins in a residential or commercial
environment, illustrating sources such as
combustion, building materials, consumer products,
outdoor infiltration, and occupant activities
(Holgate et al., 2020).

Fig. 1. Relationship between the systems affecting indoor
air quality in buildings(Kephalopoulos et al., 2017)

Fig. 2.   An overview of sources of indoor pollutants in a home(Holgate et al., 2020).
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Particulate Matter (PM) arises from both indoor
and outdoor processes. Indoor combustion
activities,especially cooking with biomass or fossil
fuels, use of candles, incense, tobacco smoke, and
heating appliances,are primary contributors of PM .
and ultrafine particles. Human activity and indoor
dust sources like furniture and carpets also
introduce particles back into indoor air. PM in the
outdoor environment also penetrates into indoor air,
particularly in much polluted cities (López-Granero
et al., 2023). VOCs refer to a category including
formaldehyde, benzene, toluene, ethylbenzene, and
xylene (BTEX compounds), emitted from
construction materials, paints, adhesives, cleaning
agents, and office equipment like copiers and office
printers (Gu et al., 2023). VOC concentrations in
indoor air are often found to be higher than in
outdoor air due to indoor emissions and inefficient
ventilation (Maung et al., 2022).

The gaseous emissions such as carbon monoxide
(CO2), nitrogen dioxide (NO2), ozone (O3), sulfur
dioxide (SO2), and radon enter indoor air due to
combustion, gas fuel, or infiltration through outdoor
air or soil gases. Attached garages, kerosene space
heaters, and gas cookstoves are the major sources for
CO and NO2 emissions, where exposure hazard is
high in poorly ventilated structures (Siddique et al.,
2025). Biological agents, such as fungi, mold,
bacteria, viruses, dust mites, cat and dog dander,
and pollen, are due to microorganisms in humid
conditions, domesticated animals kept inside,
humidifiers, and HVAC system contamina-tions
(Kumar et al., 2021). These agents are central to
bioaerosol burden in indoor spaces and are linked to
respiratory allergies, infections, and exacerbation of
asthma (Chawla et al., 2023).Source categories can
thus be grouped as: (1) combustion-related,such as
cooking and heating; (2) emission-based from
building materials and consumer products; (3)
occupant-related activities. Outdoor infiltration
serves as a dynamic but indirect contributor (Baeza
et al., 2022). Collectively, these pollutants define
indoor air quality, modulated by ventilation
efficiency, occupant behaviour, building design, and
maintenance protocols.

Differences in IAQ between Commercial and
Residential Buildings

IAQ varies significantly between commercial and
residential buildings due to variations in building
design, occupant behaviour, ventilation systems,
pollutant sources, and usage patterns, as shown in

Fig. 3. Residential and office environments diverge
in typical pollutant origins, ventilation strategies,
and occupant exposure dynamics.

Fig. 3. Pie chart of the percentage of time spent in indoor
and outdoor environments (Mannan et al., 2021)

In commercial buildings, office environments
generally employ centralized HVAC systems
designed for large-scale conditioning and frequent
air recirculation. These systems are often equipped
with advanced filtration but can also redistribute
pollutants throughout the building if inadequately
maintained (McLeod et al., 2022). Additionally, high
occupant densities and emissions from office
equipment such as printers, copiers, and cleaning
products frequently elevate concentrations of CO2,
VOCs, PM2.5. and ultrafine particles, impacting
comfort, cognitive performance, and overall,
wellbeing (Ahmed et al., 2025). Conversely,
residential buildings feature more variable
ventilation arrangements, often relying on natural or
hybrid ventilation. Indoor pollutant sources such as
cooking, smoking, cleaning, and interior materials
(e.g., flooring, paint, furniture) produce episodic
peaks in pollutants like VOCs and PM., particularly
during meal preparation or cleaning activities
(Young et al., 2024). Due to less robust HVAC
infrastructure, pollutant levels may remain higher
for longer durations, especially in tightly sealed
high-rise units or dwellings lacking mechanical
ventilation (Wilson et al., 2020).

Moreover, outdoor air infiltration affects both
building types but plays a more variable role in
residential settings. In commercial buildings,
filtration in mechanical systems often limits
infiltration, whereas in residential buildings with
fewer controls, outdoor PM. and gaseous pollutants
may directly influence indoor concentrations,



130 SHARMA AND SHUKLA

depending on window usage and building envelope
effectiveness (Ji et al., 2021). Both energy-efficiency
design and seasonality are also involved in the IAQ
variation. Commercial properties are in a
continuous balance between mechanical
conditioning and ventilation, while residential
properties can trade off ventilation for energy
conservations, aggravating indoor-generated air
pollutant accumulation during colds or warm
weather periods (Manu et al., 2024).

These variations yield varying occupant exposure
patterns: in offices, occupant exposures to pollution
are much less variable but long-term, whereas in
dwellings, occupant exposures are less frequent but
of greater magnitude. Proper comprehension of
these variations gives rise to proper office
assessment, in addition to proper mitigative action
in dwellings.

The study addresses pressing issues, among them
various sources of pollutants, various ventilation
strategies, as well as various commercial, office, and
residential buildings’ occupancy behaviour. It seeks
to contrast risk of exposure as well as pollutant
profiles in correspondence with the real-time
sensing, occupancy survey, design analysis of the
buildings, as well as environmental data. It seeks to
identify dominant sources of pollutants,
approximate the prevalence rate of health
symptoms, as well as determine ventilation
performance. Lastly, research suggests specific
mitigative measures to be adopted in an endeavour
to lessen respiratory as well as cardiovascular risk
with the goal to promote indoor environmental
quality within commercial, office, as well as
residential buildings.

Methods and Instruments for Indoor Air Quality
Assessment

Accurate IAQ measurement also plays an important
role in identifying source emitters, evaluating health
risks, and implementing effective mitigation.
Measurement strategies in aggregate are categorized
into two broad classifications: direct measurement
with sensors and instruments, as well as modeling
tactics utilizing an indirect method. In recent years,
there has also been greater integration of real-time
monitoring technologies with greater affordability
and accuracy (Chojer et al., 2024).

Particulate matter (PM2.5 and PM) is typically
measured with optical particle counters, whereas
continuous, real-time mass concentration data are
made available with tapered element oscillating

microbalances (TEOMs). Indoor air quality
measurement is commonly measured with low-cost
optical sensors, including the Plantower PMS5003
and Alphasense OPCN2, though calibration is
required due to sensor susceptibility to humidity
interference, as well as sensor drift (Sayahi, et al.,
2019). In a recent multi-site performance test for the
Plantower PMS5003, algorithmic calibration was
found to be a required step for improving
measurement accuracy, especially in incense or
wild-fire-originated smoke-dominant sites (Ma et al.,
2025).

The gaseous phase emissions, such as CO2, CO2,
NO2, O3, and VOCs, are measured quantitatively
through Non Dispersive Infrared (NDIR) sensors,
widely utilized for continuous CO2 measurement,
whereas electrochemical sensors are effective in CO
and NO2 detection. Metal Oxide Semiconductor
(MOS) sensors are typically utilized for VOCs
measurement (Zhang et al., 2020). Additional
advanced analytical technologies, for example,
proton transfer reaction mass spectrometry
(PTRMS), are highly specific as well as highly
sensitive in trace level VOC detection (Link et al.,
2025).

Emerging technologies, including Internet of
Things (IoT) based monitoring systems as well as
mobile robot platforms, provide networked, space-
discrete IAQ data. In a new design, a mobile robot
equipped with CO2, VOCs, temperature, and
humidity sensors reached accuracy error within 12/
% in a laboratory environment, with a possibility for
an autonomous creation of indoor environment
maps (Simamora et al., 2025).

Indirect exposure modeling, based on
mathematical exposure structures, integrates data
on pollutant concentration with time activity
profiles in order to estimate individual exposure in
micro-environments (McCreddin et al., 2015). Such
models are applicable in scenario analysis where
direct measurement becomes infeasible.

Despite significant technical advances, IAQ
monitoring issues persist. Affordable sensors are
often susceptible to signal drift, regular calibration
requirements, as well as exposure to external
environmental factors, such as temperature,
humidity, etc. Additionally, device selection also
means a compromise between cost, energy
requirement, sensitivity, and specificity (Wang et al.,
2025). Experimental research found that efficient
IAQ measurement requires frequent collocation
with referential-grade instruments, along with
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systematic recalibration protocols, in order to ensure
data consistency in the course of a period of time
(Mansor et al., 2024). In overview, successful IAQ
measurement deploys a multi-level strategy:
blending calibrated sensor deployments,
measurement protocols for gases-and-particles, IoT-
data networks, as well as exposure modeling.
Collectively, these ensure comprehensive
monitoring, pollutant identification, as well as
evidence-based mitigation preparation suitable for
residential, as well as commercial, contexts.

Health Effects of Poor IAQ

Poor indoor air quality continues to present a
significant threat to human health in a broad variety
of indoor environments. The health impact of long-
term exposure to indoor air pollutants ranges from
mild distress through serious chronic disease.
Understanding these through systematic
classification helps policymakers facility managers,
and health professionals in making an appropriate
response.

Short -Term Health Effects

Exposure to high indoor concentrations of VOCs,
carbon monoxide, and particulate matter typically
results in the production of acute symptoms.
Headaches, dizziness, eye, nose, and throat irritation
with weakness are experienced after a short
exposure among individuals (Kumar et al., 2023).
Such manifestations are typically grouped under
Sick Building Syndrome (SBS), a syndrome in which
the conditions resolve when individuals are taken
out from the contaminated environment (Kumar,
2023).

LongTerm Health Effects

Long-term exposure to poor IAQ has been well
connected with serious pathophysiological
outcomes. Respiratory issues, such as asthma
exacerbations, bronchitis, and chronic obstructive
pulmonary disease (COPD), are connected with
exposure to fine particulates, especially PM2.5
(Patel, et al., 2023). Cardiovascular problems,
including elevated blood pressure, systemic
inflammation, atherosclerosis, and increased risk of
heart attack or stroke, are also associated with PM
infiltration into the bloodstream (Patel, et al., 2023).
The carcinogenic potential of certain indoor
exposures,most notably radon and long-term VOC
inhalation,is underscored by epidemiological
evidence linking indoor pollutants to elevated lung

cancer incidence (Cani et al., 2023).
Emerging research has also identified

neurological and cognitive impacts. A longitudinal
aging study in India reported that older adults
exposed to indoor smoke from cooking or
secondhand tobacco exhibited greater cognitive
decline mediated through depression and sleep
disorders (Shaw et al., 2024). The study showed a
significant negative association (=-0.38) between
indoor pollution exposure and cognition,
highlighting broader psychological and cognitive
risks of poor IAQ. Sick Building Syndrome (SBS)
further manifests through chronic neurotoxic
binding, presenting as persistent fatigue, irritability,
and dermal or sensory hypersensitivity in building
occupants (Kumar et al., 2023).

Vulnerable Populations

Certain groups bear a disproportionate burden from
indoor air pollution. Children, due to developing
respiratory systems, higher inhalation rates per
body weight, and behavioral exposure patterns, face
elevated risks, including acute lower respiratory
infections, asthma onset, and cognitive development
delays. Prenatal exposure to combustion-related
pollutants such as CO, NO2, and PM correlates with
a 26% increased risk of childhood respiratory
disease (Saxena et al., 2024). Elderly individuals are
more susceptible due to decreased physiological
resilience, compounded by comorbidities (Shaw et
al., 2024). Pregnant women and chronically ill
individuals, especially those with pre-existing
cardiac or respiratory conditions, are at heightened
risk from both acute irritants and long-term
exposures (Nie et al., 2025).

Together, these health effect categories
underscore the multifaceted impact of IAQ on both
immediate and long-term well being across
populations. The evidence highlights urgent needs:
improved ventilation and pollutant source control,
targeted protection for vulnerable groups, and
integrated monitoring to prevent both acute
symptoms and chronic disease outcomes.

Preventive and Remedial Measures

Ensuring healthy IAQ requires a multipronged
approach encompassing building design, materials
selection, technology integration, and public policy.
The following measures represent contemporary
best practices in IAQ management within residential
and commercial environments.
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Improving Ventilation and Filtration

Optimal IAQ begins with ventilation,both natural
and mechanical, to introduce fresh air and remove
conditioned contaminants. Demand-controlled
ventilation systems that modulate airflow based on
measured CO2 levels improve energy efficiency
while maintaining IAQ standards (Ricolfi et al.,
2022). High-efficiency filters (e.g., HEPA, MERV13)
in HVAC systems and standalone air purifiers
significantly reduce particulate and gaseous
pollutants; studies report up to a 58/% reduction in
PM. indoors when HEPA filtration is used (He et al.,
2022).

Use of Low – Emission Materials

Building and furnishing materials emit VOCs and
formaldehyde, contributing to long-term indoor
exposures. Employing low-emission materials, such
as certified low-VOC paints, adhesives, and
flooring, minimizes these emissions. Though not
detailed in these sources, industry standards (e.g.,
ANSI/UL GREENGUARD) validate the
effectiveness of such specifications in reducing
indoor chemical loads.

Smart Sensors and Automation

IoT-based IAQ monitoring platforms provide real-
time feedback on pollutant levels and enable
behavioral or automated responses. A recent study
demonstrated human-centred dashboard systems
that raise occupant awareness and encourage
sustainable ventilation behaviors (Kureshi et al.,
2023). These systems foster informed decision-
making and support automated control, such as
demand-controlled ventilation or fan activation.

Indoor Plant–Based Purification

Although technical air purifiers are effective, indoor
plants offer a low-energy, sustainable
complementary solution. Experimental data shows
that species such as Areca palm can reduce indoor
CO2, CO, and total VOCs by up to 90% over
extended periods (Bhargava et al., 2021), while
controlled chamber studies confirm significant
PM2.5 reductions by Nephrolepis exaltata and other
species (Streit et al., 2025). Plant-based approaches
are effective against VOCs like formaldehyde and
benzene and also improve microclimate humidity
and occupant psychology (Streit et al., 2025).

Policy, Regulations, and Public Awareness

Robust policy frameworkssuch as updating

ventilation codes, mandating IAQ sensor ratings in
buildings, and adopting green certification
standards are essential for systemic improvement.
Organizations like ASHRAE promote uniform
ventilation benchmarks and encourage adoption of
air quality metrics in building certifications.
Engaging the public through awareness campaigns
can empower occupant-driven IAQ behavior
change (Kureshi et al., 2023).

Review of Past Studies

In this section, various studies are reviewed and
analysed that have been investigated and
implemented by several authors previously.
Teh et al. (2025) explored the integration of thermal
comfort and IAQ in a hypermarket in Gombak,
Malaysia, located within a tropical rainforest. By
using IoT-enabled sensors in five functional areas,
thermal indices (PMV, PPD) and IAQ parameters
(CO2 TVOC, PM2.5, PM10) were studied in
comparison with ASHRAE 55 standards. Results
showed significant spatial variation: the cafeteria
zone recorded poor comfort (PPD 93%, CO2 900
ppm, TVOC 1500 ppb) due to localized heat and
inadequate ventilation, while the intermediate retail
zone remained within comfort limits (PPD 12%).
The study highlights the value of zone-specific
monitoring for developing adaptive HVAC
strategies in tropical commercial spaces.

Nibagwire et al. (2025) investigated how outdoor
air pollution and meteorological factors influence
indoor air quality (IAQ) in Kigali, Rwanda, focusing
on 88 naturally ventilated households across urban,
suburban, and industrial zones with no indoor
smoking or cooking. Over six consecutive days
during the wet season, 24-hour air quality data
showed outdoor PM2.5 consistently exceeded
indoor levels, with weekday averages reaching 34.8
mµg/m³ outdoors and 31 mµg/m³ indoors in urban
areas. Indoor CO2 levels were significantly higher
than outdoor levels, peaking at 880.4 ppm in
suburban homes on weekdays due to poor
ventilation and higher occupancy. The indoor/
outdoor (I/O) ratio for PM2.5 was 0.94, indicating
heavy infiltration of outdoor pollutants, while the I/
O ratio for CO2 was 1.47, pointing to indoor
accumulation. These findings highlight that both
outdoor air quality and ventilation practices
critically affect IAQ in Kigali, emphasizing the need
for integrated air quality management strategies.

Bikis et al. (2023) examined the link between
urban greenness, air pollution, and public health in
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Addis Ababa. Using Air Visual Pro, GIS mapping,
and health surveys, the study found that
transportation hubs and manufacturing areas had
unhealthy air quality, with PM2.5 ranging from 50.13
– 96.84 g/m³ and CO2 levels from 645–1764 ppm.
The AQI reached as high as 326 in some locations,
surpassing WHO limits. Street greenery and
vegetative cover were sparse, particularly in
industrial zones. Among 480 respondents, 57.92%
reported health issues related to poor air quality. The
study urged urban policy reforms, greener
infrastructure, and low-carbon transport solutions.

Babich et al. (2023) conducted a comparative
analysis of indoor air quality (IAQ) and thermal
comfort standards using field data from four schools
in Northern Italy. CO2 concentrations remained
below 1000 ppm in 6 of 8 classrooms; however, in
classrooms 7 and 10, levels exceeded 1750 ppm for
over 10% of the occupied time. Thermal comfort
based on operative temperature showed that seven
classrooms maintained >85% of occupied time

within EN16798 Category I, though PMV analysis
indicated lower performance (21–54% in Category
I). Formaldehyde concentrations, under simulated
high-emission scenarios, exceeded 110 ppb,
surpassing WHO’s 80 ppb guideline, emphasizing
the critical role of ventilation strategies and building
materials on IAQ.

Abbaspour et al. (2023) investigated indoor air
quality (IAQ) at a higher education building in the
UK by monitoring CO2, NO2, PM2.5, and SARS-CoV-
2 levels. The study evaluated IAQ improvement
strategies including background ventilation, door
opening, and the use of (High-EfficiencyParticulate
Air) HEPA air purifiers. Results showed that open
doors and background ventilation significantly
reduced CO2 levels to around 1000 ppm, though the
latter’s effectiveness varied with outdoor conditions.
For PM2.5, combining an air cleaner with a kitchen
hood yielded the best results. To control SARS-CoV-
2, ventilation or air cleaner use helped keep the basic
reproductive number below 1. The study

Table 1. Comparison of the Reviewed Literature

Author & Year Outcome Technique Used CO2 Level Location

Teh et al. (2025) Poor IAQ in cafeteria zone; spatial IoT sensors 900 ppm Gombak, Malaysia
variation in comfort (cafeteria)

Nibagwire et al. CO2 peaked at 880.4 ppm in Survey analysis 880.4 ppm Kigali, Rwanda
(2025) suburban homes: high indoor in 88 homes (suburban)

accumulation
Bikis et al. (2023) High pollution in transport/ GIS mapping, 645–1764 ppm Addis Ababa,

industrial zones linked to surveys Ethiopia
health issues

Babich et al. (2023) Some classrooms exceeded IAQ data; EN16798; >1750 ppm Northern Italy
CO2 and formaldehyde PMV analysis (in 2 rooms)
standards

Abbaspour et al. Doors/ventilation dropped SARS sensors + air ~1000 ppm UK
(2023) CO2 to ~1000 ppm; air cleaners purifier

effective
Zhu et al. (2022) LSTM model accurately IoT sensors 983.2 ppm Residential,

predicted CO2 (R²=0.98) (SCD30, BME680), (actual) China
ML models (LSTM)

Baldelli et al. (2021) CO2 levels are consistently high Data for CO2, 1420–2900 Serbia
due to poor natural ventilation RH, temp ppm

Vassella et al. (2021) Strategic ventilation reduced Window 1600  1097 ppm Switzerland
CO2 from 1600 to 1097 ppm ventilation

Liu et al. (2021) CO2 hit 2500 ppm at night with IoT-based IAQ Up to 2500 ppm China
doors closed Detector (Zigbee,

Cloud Sync)
Becerra et al. (2020) Mean CO2 at 1530 ppm; particle IAQ monitoring in Mean 1530 ppm Mediterranean

resuspension raised PM levels 18 classrooms; (Spain)
pollutants + aldehydes

Ha et al. (2020) ML-predicted CO2 with high IoT + ML (SVR, 400–2500 ppm China
accuracy; low-cost solution NN); MQ-135

sensors
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emphasizes ventilation and purification as key
interventions for healthier educational spaces.

Zhu et al. (2022) developed a low-cost, IoT-based
indoor air quality monitoring system using LSTM
models to forecast CO2 steady-state concentrations.
The system utilized SCD30 and BME680 sensors in
a residential bedroom, collecting 7461 samples over
five days, with data transmitted via MQTT and
visualized through Grafana. Among the tested
models, single cell, stacked, and bidirectional LSTM,
the bidirectional LSTM performed best, achieving
an MSE of 281.24, RMSE of 16.77, R² of 0.981, and
MAE of 8.95. It predicted a CO2 concentration of
928.7 ppm, with only a 5.5% deviation from the
actual 983.2 ppm, demonstrating strong accuracy for
real-time IAQ forecasting.

Baldelli et al. (2021) assessed IAQ in five naturally
ventilated primary school classrooms in Serbia
during the heating season by monitoring CO2 levels,
temperature, and relative humidity over three
consecutive school days. Data loggers recorded CO2

concentrations, which were compared against the
standard threshold of 1000 ppm. The findings
revealed consistently elevated CO2 levels, ranging
from 1420 to 2900 ppm, indicating poor ventilation
across classrooms. These results underscored the
inadequacy of natural ventilation in maintaining
healthy indoor conditions and emphasized the
urgent need for improved ventilation strategies to
safeguard student health and well-being.

Vassella et al. (2021) evaluated natural window
ventilation in 100 Swiss classrooms during winter,
finding that over two-thirds exceeded the 2000 ppm
CO2 limit set by Swiss standards. To improve air
quality without causing discomfort, a strategic
ventilation intervention was implemented in 23
classrooms. This included break-time ventilation
guided by student-led interactive tools, instructions,
and awareness programs. The intervention
significantly reduced CO2 levels (p = 3.815e-06),
lowering the median from 1600 ppm to 1097 ppm
and increasing time spent within the optimal 400–
1400 ppm ranges from 40% to 70%. The approach,
requiring only a 5.8% increase in ventilation
duration, proved practical for schools lacking
mechanical systems.

Liu et al. (2021) designed and deployed an IoT-
based Indoor Air Quality Detector (IAQD) for
residential premises for the monitoring of CO2 PM2.5,
temperature, and humidity. It involved installing
seven IAQDs equipped with Zigbee-module for
recording data over a period of one month in winter,

with data being transmitted through GPRS/4G to
the cloud. It was identified from the analysis that
PM2.5 concentration increased by a factor of 10
during cooking, while CO2 attained a concentration
level of 2500 ppm with closed doors during night
hours, with serious health consequences. It allowed
for real-time access by means of mobile apps or web-
based browsers, with help for the timely handling of
indoor air quality.

Becerra et al. (2020) monitored indoor air quality
(IAQ) in 18 classrooms in 9 Mediterranean schools,
testing for CO2, PM2.5, PM10, TVOCs, and selected
aldehydes. Mean CO concentrations were up to 1530
ppm with ranges from -24% to +31%, and particle
resuspension from classroom activity raised PM
concentrations by 36% up to a maximum of 193%.
Aldehyde concentrations were especially high in
infant rooms (up to +313%). While a high percentage
of levels for most pollutants were within guideline-
recommended ranges, the study reinforced the
suitability of the monitoring for oft-overlooked
compounds like benzene, toluene, and
formaldehyde. It also revealed the influence on
classroom IAQ due to indoor activities, as well as
local outdoor sources of pollution.

Ha et al. (2020) aimed with their research to
design a low-priced, real-time indoor air quality
sensor network based on IoT and machine learning
technologies. Researchers employed NodeMCU
microcontrollers and MQ-135 sensors to collect data
on CO2, temperature, and humidity, transmitting
readings to a cloud-based platform via Wi-Fi. Data
were analysed using support vector regression and
neural network models. The methodology included
calibration and validation with standard sensors.
Results indicated that the system could predict CO2

concentration with high accuracy, reporting values
ranging from 400 ppm to 2500 ppm. The approach
demonstrated a reliable, scalable, and cost-effective
solution for continuous indoor air quality
assessment.

Table 1 summarises the reviewed literature from
different authors. Their techniques used, outcomes,
CO2 level, and location were also described below:

Research Gap and Challenges

 While studies report short-term health symptoms
related to poor IAQ, few have explored the long-
term health consequences of exposure to
pollutants like CO2, PM2.5, and VOCs across
diverse populations (Bikis et al., 2023; Becerra et
al., 2020).
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 Although several studies focus on schools and
commercial buildings, naturally ventilated
homes, particularly in developing urban
contexts, remain under-investigated despite their
high exposure potential. (Nibagwire et al., 2025;
Liu et al., 2021)

 Despite advances in IoT-based systems and ML
forecasting, few studies have linked real-time
IAQ data with predictive health models, which
are essential for proactive public health
interventions.(Zhu et al., 2022; Ha et al., 2020)

 Current research often isolates indoor or outdoor
pollutants, but the interplay between external air
quality, building design, and indoor pollutant
levels remains insufficiently addressed.
(Nibagwire et al., 2025; Abbaspour et al., 2023)

Comparative Analysis

The comparative analysis in figure 4 reveals notable
variations in indoor air quality between commercial
and residential buildings, focusing on CO2 as a key
ventilation indicator. Across global studies from
2020 to 2025, CO2 levels ranged from 880.4 ppm in
suburban homes (Nibagwire et al., 2025) to as high
as 2,900 ppm in naturally ventilated classrooms
(Baldelli et al., 2021). Commercial rooms often
exhibit high readings due to high usage, centralized
air-conditioning, and emissions from office
equipment, while residential rooms exhibit episodic
peaks during cooking or nocturnal periods with
closed ventilation, in some cases up to 2,500 ppm
(Liu et al., 2021). Such patterns exhibit commercial
occupiers with long-term moderate exposure, while
residential rooms exhibit short-term severe
exposure. Such variations emphasize specific
ventilation strategies, greater office HVAC
maintenance, as well as improved ventilation
solutions in residential units in order to keep CO2

readings lower than 1,000 ppm for health and

cognitive performance.

Future directions

Further research needs to focus on the application of
IoT-based systems and adaptive ventilation
technologies, as well as regionally specific and
longitudinal research in order to determine long-
term exposure impact and guide evidence-based
policy implementation.
 Incorporating IoT and Smart Systems: Develop

and implement real-time, IoT-based monitoring
systems for IAQ, which can automatically
regulate ventilation and filtration based on the
level of pollutants.

 Adaptive Ventilation Strategies: Experiment and
innovate demand-controlled and climate-
responsive ventilation technologies specially
tailored for different occupancies and building
types.

 Regional Longitudinal Studies: Conduct
longitudinal studies in various climatic regions
and socio-economic settings in an attempt to
estimate chronic health impacts due to poor IAQ.

 Policy-Based Standards for IAQ: Translating
scientific research into policy frameworks for
establishing enforceable indoor air quality
standards for residential and commercial
settings.

CONCLUSION

IAQ is a critical predictor of human well-being and
health in commercial and residential structures.
Review highlights severe gaps in indoor air quality
between residential and commercial structures, with
specific emphasis on CO2 concentration as a prime
ventilation adequacy indicator. CO2 concentrations
in worldwide research between 2020 through 2025
are in the range of 880.4 ppm up to a high value of
2,900 ppm, with commercial structures commonly
showing high readings due to high occupant counts,
common HVAC, and low fresh air exchange. High
readings in residential structures are commonly due
to inadequate ventilation during cook periods or
sleeping hours. Chronic CO2 exposure above levels
of 1,000 ppm has continually been associated with
reduced cognitive performance, discomfort, and
increased respiratory health impact. Results
highlight critical foundation for new design
procedures for structures, improved ventilation
codes, and real-time IAQ monitoring.

Fig. 4. Graphical representation of comparative analysis
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