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ABSTRACT

Indoo air pollution poses a critical public health risk, particularly in rapidly urbanizing regions like Bangladesh, where inadequate
ventilation and climatic conditions intensify exposure risks. This study investigated seasonal and diurnal variations in indoor
air quality (IAQ) across AC and Non-AC environments in Mymensingh, assessing compliance, pollutant correlations, and
quantification of health risks (ELCR, HQ). Measurements of PM,, PM, s, PM,,, TVOCs, HCHO, temperature, and humidity were
taken from 56 rooms (28 AC, 28 Non-AC) during the monsoon and post-monsoon seasons using real-time monitors. During
the post-monsoon season, PM, s levels in Non-AC rooms reached 123.29 pg/m?® in the afternoon, compared to 79.79 pg/m? in
AC rooms, while PM,, concentrations peaked at 145.32 pug/m? in Non-AC environments and 89.75 pg/m? in AC rooms. TVOC
levels were highest in AC rooms, reaching 884 ug/m?, likely due to limited ventilation, and HCHO concentrations in AC spaces
(301.14 pg/m?) consistently exceeded WHO guidelines. Temperature and humidity influenced pollutant dynamics, with PM levels
positively correlated with temperature and HCHO negatively correlated. Health risk assessments revealed significant hazards
during the post-monsoon season, with children in Non-AC environments facing high estimated lifetime cancer risks (ELCR) from
PM, (5.16E-03) and PM,; (2.7E-03), while AC environments showed elevated risks from HCHO (8.75E-06). Hazard Quotients
(HQ) for PM, ;5 (9.30) and PM,, (3.21) in Non-AC environments reached alarming levels, indicating severe non-carcinogenic risks.
Source apportionment using Positive Matrix Factorization (PMF) identified distinct pollutant sources, underscoring the complex
interplay of indoor and outdoor factors. Spatial analysis highlighted central urban zones as high-risk areas due to traffic emissions
and commercial activities. These findings emphasize the dual burden of particulate exposure in Non-AC spaces and chemical
accumulation in AC environments, influenced by seasonal shifts. Policy reforms focusing on source reduction, improved building
codes, and public awareness are crucial to mitigate health disparities in tropical urban settings.
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1 | Introduction

[13
“An estimated 4.2 million premature deaths worldwide
b2
are caused by PM2.5 exposure each year.”

Indoor air pollution has become a significant environmental
health concern on a global scale, adversely affecting health,
productivity, and quality of life (Kaushik et al. 2022; Gonzalez-
Martin et al. 2021). Indoor air quality (IAQ) refers to the state
of air inside and around buildings, encompassing pollutant
concentration, temperature, humidity, and ventilation type (Zaki
and Bari 2022; D’Antonio 2021). These factors are critical for
the comfort, productivity, and health of building occupants
(Dimitroulopoulou et al. 2023; Tham 2016). The WHO reported
that indoor air pollution caused approximately 3.8 million deaths
globally in 2020, including 237,000 fatalities among children
under five (WHO 2024; Tran et al., 2020). Indoor pollutant levels
are often 2 to 5 times higher than outdoor levels, particularly
in homes, schools, and offices (Yasmin et al. 2024; Kausar
et al. 2023; USEPA 2015). This causes approximately 4.3 million
deaths annually, half of which are in low and middle-income
countries (WHO 2024; Nahar et al. 2016). This menace accounts
for 3.6% of the total disease burden in Bangladesh (Siddique et al.
2023).

Particulate matter (PM,, PM,s;, PM,,), volatile organic com-
pounds (VOCs), and formaldehyde (HCHO) are among the most
prominent indoor pollutants (Suwanaruang, 2023) and they are
impacted by meteorological variables such as temperature and
humidity (Zhang et al. 2020; Meciarova et al. 2017). These
contaminants are linked to respiratory ailments, cardiovascular
issues, and even cancer (Suwanaruang, 2023; Palmisani et al.
2021). PMs are classified into three groups based on the size of
the particles: PM,, (< 10 pym) mostly affects the upper respiratory
tract; PM, s (< 2.5 pm) goes deep into the lungs and raises the
risks of cardiovascular ailments, and PM,; (<1 um) enters the
bloodstream, causing systematic inflammation and increasing
the risk of stroke and cancer. An estimated 4.2 million premature
deaths worldwide are caused by PM, s exposure each year, with
underdeveloped and developing nations, including Bangladesh,
bearing the brunt of this burden (Khan 2024; Bu et al. 2021).
About 173,500 people die in Bangladesh each year as a result of
air pollution, with urban PM, s frequently exceeding the WHO’s
5 ug/m® limit and PM,, exceeding the BNAAQS standard of
150 ug/m? (Islam et al. 2024; Saju et al., 2023).

TVOCs such as benzene and toluene originate from building
materials, furniture, and cleaning products (Jung et al., 2024;
Saeedi et al. 2024). Exposure to TVOCs can cause respiratory
problems, headache, and a higher risk of cancer (Hori 2020).
The World Health Organization (WHO) recommends that TVOC
levels should be below 300 pg/m?® (Tuomi and Vainiotalo 2016),
but in cities, they may range anywhere from 200 to 1,000 pg/m?
(Piasecki et al. 2018). In poorly ventilated areas, they might be
over 500 pg/m?® (Salthammer, 2022). Formaldehyde (HCHO), a
known carcinogen (Group 1 classification by IARC), is widely
used in the manufacture of building materials and household
products, including composite wood products, glues, and various
coatings (Khoshakhlagh et al. 2023). Chronic exposure to HCHO
concentrations (> 0.05 mg/m?) increases the risk of respiratory

diseases and allergies (La Torre et al. 2023). The WHO recom-
mends a 30 min exposure limit of 0.1 mg/m?> to prevent acute
effects (Wolkoff and Nielsen 2010).

Ventilation type plays a critical role in pollutant dynamics.
Mechanical (AC) systems generally reduce particulate matter, but
potentially accumulate CO, and VOCs if improperly maintained,
while natural (Non-AC) ventilation often results in higher PM
from outdoor infiltration (Nihar et al. 2023; Roberts et al. 2022;
Nimra et al. 2021; Ji et al. 2021; Montgomery et al. 2015; Wong and
Huang 2004).

Temperature and humidity significantly influence pollutant lev-
els. A 5°C increase can raise PM, s concentrations by 10%-15%
and boost HCHO emissions by 20%-30%, while humidity above
70% promotes particulate resuspension, mold growth, and VOC
off-gassing, sometimes raising TVOC levels to 1000-1300 pg/m?3
(Belias and Licina 2022; Cho et al. 2021; Zhou et al. 2019;
Mohammed et al. 2015).

Indoor air pollution remains a critical but overlooked public
health threat in South Asian urban regions (Abdul Jabbar et al.
2022). Bangladesh faces significant exposure risks due to its dense
population, extreme weather events, and weak infrastructure
(Hasnat et al. 2018). However, most research on indoor air
pollution in Bangladesh focuses on the capital city of Dhaka,
leaving other regions where a subtropical climate (34°C and high
humidity), rapid urban growth, and a strained infrastructure
present district IAQ challenges (Hossain et al. 2025). This research
addresses the lack of localized IAQ data by studying AC and
Non-AC environments, analyzing pollutants, and assessing the
influence of meteorological variables. Using health risk metrics
(HQ and ELCR), it benchmarks findings against the BNNAQS
and WHO guidelines (Saju et al., 2023), providing actionable
insights.

The primary aim of this research was to conduct a comprehensive
analysis of IAQ in the context of air-conditioned (AC) and non-
air-conditioned (Non-AC) environments in Mymensingh City,
Bangladesh, with a focus on understanding pollutant dynamics,
environmental influences, and public health risks. The spe-
cific objectives of the study were (i) to evaluate and compare
key indoor air pollutant concentrations between AC and Non-
AC environments and analyze their compliance with national
(BNAAQS) and international (WHO) air quality standards, (ii)
to analyze the influence of meteorological variables (temperature
and humidity) on indoor pollutant concentrations, and (iii)
to assess public health risks from indoor air pollution using
Estimated Lifetime Cancer Risks (ELCR), and Hazard Quotient
(HQ).

2 | Materials and Methods

2.1 | Study Area and Site Selection

The Mymensingh city corporation is the administrative capital
of Mymensingh division and is a historic city in north-central
Bangladesh (Aziz and Nilufar 2019). The city is located on
the bank of the old Brahmaputra River (24°45’ N latitude and
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Map of Mymensingh City Corporation, Bangladesh, showing the distribution of air-conditioned (AC) and non-air-conditioned (Non-

AC) indoor sampling sites across seven administrative regions. Sites were selected using a systematic grid-based approach to ensure spatial coverage.

[Color figures can be viewed at wileyonlinelibrary.com.]

90°23’E longitude) (Alam and Haque 2019). It covers an area of
roughly 91.315 km? and has a population density of approximately
6500/km? (Begum and Ahmed 2023) (Exhibit 1). Mymensingh
has a tropical climate with annual rainfall of ~1610 mm and
a temperature ranging from 11.9-34.6°C (Kabir et al. 2022;
Hossain et al. 2015). Land use is largely residential, with educa-
tional, commercial, and industrial facilities (Golap et al. 2017).
Mymensingh shows extremely high ambient particulate level
with mean PM, s (118 + 44 pg/m?) (Hossain et al., 2025). People
in this region is exposed to high level of air pollution primarily
due to high traffic emission and dense urban development.
Studies indicate that indoor pollutant levels are typically similar
to outdoor levels. As a result, in densely populated region,
indoor microenvironment dominates personal exposure rather
than outdoor pollution. Urban housing in Bangladesh commonly
relies on natural ventilation, which may be insufficient under
tropical climatic conditions characterized by high humidity and
seasonal temperature variation. Limited ventilation and compact
indoor spaces can reduce pollutant dispersion and contribute
to the accumulation of particulate matter indoors. In addition,
indoor activities such as cooking have been identified as impor-
tant contributors to indoor particulate concentrations, even in
urban settings. Rapid urbanization, transport growth, and indus-
trial activities together with climatic condition and household
characteristics, have increased emission levels and exposure
potential, making it a suitable site for JAQ and health risk
assessment.

2.2 | Sampling Design

A systematic random sampling strategy was applied to ensure
representative data collection across Mymensingh City Corpo-
ration. The area was first divided into equal-sized grids using
a fishnet approach in ArcGIS to distribute points systematically
(Rahman et al. 2022). From these, 56 rooms were purposively
randomized, comprising 28 AC and 28 Non-AC rooms, covering
both residential and commercial spaces. The design followed
stratified random sampling, with the city divided into seven
regions (Kewatkhali, Bridge, Ganginarpar, Shankipara, Noumo-
hol, Chorpara, and Mashkanda), and AC and Non-AC rooms
paired within the same region but in different buildings to control
spatial variability. To capture temporal variation, measurements
were obtained in two seasons, monsoon (June 2024) and post-
monsoon (October 2024), and at two times of day, morning (8-11
AM) and afternoon (2-5 PM). In each season, data were collected
for 25 days. This results in a total of 2800 measurements, evenly
distributed across room types, seasons, and time of the day,
ensuring a representative dataset for IAQ assessment.

2.3 | Measured Parameters and Monitoring
Equipment

This study monitored IAQ by measuring formaldehyde (HCHO),
total volatile organic compounds (TVOCs), particulate matter
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EXHIBIT 2 | Specification of the IGERESS indoor air quality monitor.

Parameter Sensor Detection Range Error
Particulate Matter (PM,, PM, 5, PM,,) Micro dust sensor (IR) 0-999 pg/m? < 5%
Formaldehyde (HCHO) Electrochemical 0-1999 ug/m? < 5%
Total Volatile Organic Compound (TVOC) Electrochemical 0-1999 pg/m? <5%
Temperature (°C) 0-50°C < 5%
Humidity (RH) 20%-99% < 5%

(PM,, PM,, PM,,), temperature, and humidity, key indicators
of health risks. Data were collected using the IGERESS IAQ
Monitor, a portable device providing real-time, high-precision
measurements. A key methodological detail should be noted here.
The monitor utilized separate sensors for collecting pollutant
data. As per the manufacturer’s specification, particulate matter
data is collected using infrared (IR) sensor. The TVOCs and
HCHO is collected separate electrochemical sensor. Hence, the
reported HCHO concentration is exclusive and is not a subset
of TVOCs concentration. The TVOC sensor provides a com-
posite concentration (isopropanol) equivalent for a wide range
of VOC. The monitor was calibrated (for 5 min) each time
before data collection and positioned at breathing height (1-1.5
m). Measurements were carried out for a total of 20 min in
each room including a 5 min calibration phase. Following the
calibration, 5 separate measurements were recorded after every
3 min. Data were logged on structured sheets and later organized
in Microsoft Excel for further analysis. The detailed specification
of the measurement instrument is presented in Exhibit 2.

2.4 | Statistical Analysis

The statistical analysis evaluated IAQ parameters, compared AC
and Non-AC environments, assessed correlations with environ-
mental factors, and determined associated health risks. Microsoft
Excel, Python (version 3.x), and Google Collaboratory were
employed for data organization, statistical testing, and visualiza-
tion (Zulkipli et al. 2020; Sahoo* et al. 2019).

2.4.1 | Data Preparation

Collected data were organized and cleaned in Microsoft Excel
to ensure accuracy. During the cleaning process data from 2
days in the monsoon and post-monsoon seasons were excluded
due to inappropriate measurement, as these readings were taken
for longer than the designated sampling period. The cleaned
dataset was imported into Google Collaboratory for analysis using
Python. Column names were standardized using the str.strip()
function to remove extra spaces. Data for both monsoon and post-
monsoon seasons, alongside WHO and BNAAQS standards, were
loaded using the pandas library (Sahoo* et al. 2019).

2.4.2 | Descriptive Statistics

Descriptive statistics, including mean, standard deviation, mini-
mum, and maximum values, were calculated for each parameter

using Python’s pandas and numpy libraries (Zulkipli et al. 2020).
These summarized the distribution of parameters across room
types, seasons, and times of day.

2.4.3 | Comparative Analysis

Data were filtered by season and room type. Missing values
for target parameters (PM;, PM,;, PM,,, TVOC, HCHO) were
dropped using dropna() to ensure integrity (Nagpal and Gabrani
2019). Box plots visualized distributions, with horizontal lines
denoting WHO and BNAAQS standards (Danek et al. 2022; Yudin
2021). The Shapiro-Wilk test assessed normality, guiding the
selection of independent ¢-tests (normal data) or Mann-Whitney
U tests (non-normal data) to compare room types and seasons.
One-sample t-tests benchmarked pollutant levels against WHO
and BNAAQS guidelines (Ostrowski and Menyhart 2020).

2.4.4 | Correlation Analysis

Seasonal data were combined into a single Data Frame using
concat() (Sahoo* et al. 2019). A correlation matrix for pollutants,
temperature, and humidity was calculated with corr() and visu-
alized as an annotated heatmap using a colour gradient (Danek
et al. 2022; Yudin 2021).

2.5 | Source Apportionment Analysis

Source apportionment was conducted using Non-negative Matrix
Factorization (NMF), a receptor-modeling technique conceptu-
ally analogues to Positive Matrix Factorization (PMF) (Lekinwala
and Bhushan 2022; Brown et al. 2015). The analysis utilized
five pollutant species (PM,;, PM,;, PM,,, TVOC, and HCHO)
measured in indoor environments. NMF decomposes the concen-
tration matrix (X) into a source contribution matrix (W) and a
source profile matrix (H) under non-negativity constraints:

X=WxH

where W represents source contributions and H represents source
profiles.

Prior to analysis, pollutant concentrations were standardized
using z-score normalization. Because NMF requires non-negative
input data, the standardized dataset was shifted by subtracting
the minimum value and adding a small constant (107°) to ensure
non-negativity (Lekinwala and Bhushan 2022). The NMF model
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was implemented in Python using the scikit-learn library. Source
apportionment was performed separately for each season and
room category (Monsoon AC, Monsoon Non-AC, Post-monsoon
AC, and Post-monsoon Non-AC). Solutions with two to five
factors were evaluated and compared based on reconstruction
error, stability of the factor profiles, and interpretability of the
resulting source structure. The two-factor solution combined
pollutants with distinct characteristics into broad categories.
Given the limited number of pollutant species (n = 5), solutions
containing four or five factors tended to subdivide chemically
related sources and generated less meaningful source profiles
(Scerri et al. 2019).

Considering the limited number of pollutant species included
in the analysis, the three-factor model showed stable and
well-separated source profile. Therefore, a three-factor model
was selected for final source apportionment. The selected
three-factor model consistently resolved: (i) particulate matter-
dominated sources, (ii) HCHO-dominated sources, and (iii)
TVOC-dominated sources across different seasons and ventila-
tion conditions. The identified factors were interpreted according
to their dominant pollutant loadings and their consistency across
seasons and room types (Maung et al. 2022). This approach
enabled the characterization of major indoor pollution sources
and their relative contributions under different ventilation con-
ditions (Rathbone et al. 2025).

Since a Python-based NMF framework was employed rather
than EPA PMF software, uncertainty matrices, bootstrap analysis,
displacement (DISP) diagnostics, robust mode, and BDL-specific
treatments were not incorporated in the present analysis.

2.6 | Public Health Risk Assessment

““The assessment focused on inhalation exposure to par-
ticulate matter (PM1, PM2.5, and PMI10) and gaseous
pollutants (HCHO). ””

To evaluate the potential health risks associated with exposure
to indoor air pollutants in AC and Non-AC rooms, a quantitative
health risk assessment approach was employed (Saju et al., 2023).
The assessment focused on inhalation exposure to particulate
matter (PM,;, PM,, and PM,,) and gaseous pollutants (HCHO)
(Saju et al., 2023; Chen et al. 2017). The health risk assessment
followed the United States Environmental Protection Agency
(USEPA) Risk Assessment Guidelines (USEPA 2015) and included
the estimation of both carcinogenic and Non-carcinogenic risks.
The risk assessment was carried out through the estimation
of Excess/Estimated Lifetime Cancer Risk (ELCR) and Hazard
Quotient (HQ) for different exposure scenarios (Sidibe et al. 2022;
Chen et al. 2017).

2.6.1 | Exposure Assessment

The collected data were used to estimate the exposure concentra-
tion (EC) for each pollutant, which served as an input for health
risk calculations.

The Lifetime Average Daily Dose (LADD), a key parameter in risk
estimation, was calculated using Equation (1) (Sakunkoo et al.
2022; Yunesian et al. 2019).

CxIRxEDxEF
LADD = T BWxAT 1)

where:

C = Measured concentration of the pollutant (ug/m?)
IR = Inhalation rate (m3/day)

ED = Exposure duration (years)

EF = Exposure frequency (days/year)

BW = Body weight (kg)

AT = Averaging time (lifetime exposure duration in hours, that is,
70 years x 365 days x 24 h for carcinogenic risk or total exposure
duration for non-carcinogenic risk)

The LADD was calculated for different indoor environments
(AC vs. Non-AC) across monsoon and post-monsoon seasons to
understand seasonal variations in health risks. The risk estimates
were compared with international safety standards to determine
the potential impact on human health.

2.6.2 | Non-Carcinogenic Risk Assessment

The non-carcinogenic health risks of air pollutants were assessed
using the Hazard Quotient (HQ) and Hazard Index (HI). The HQ
was calculated using Equation (2) (Saju et al., 2023; Yunesian et al.
2019).

_ LADD

RfD @

HQ

Where:

HQ = Hazard Quotient

LADD = Lifetime Average Daily Dose (ug/kg/day)
RfD = Reference Dose (ug/kg/day)

The Reference Dose (RfD) was estimated using the following
Equation (3) (Rostami et al. 2019).

RfD=——"— ®3)

Where:
RfC = Reference Concentration of pollutants (ug/m?)
IR = Inhalation Rate (m?3/day)

BW = Body Weight (kg)
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2.6.3 | Carcinogenic Risk Assessment

The Excess Lifetime Cancer Risk (ELCR) was calculated for
PM;, PM, 5 and formaldehyde (HCHO) as they are classified as
probable human carcinogens. The ELCR was estimated using
Equations (4), (5), and (6) (Saju et al., 2023; Yunesian et al. 2019).

ELCR (PM,) = LADD (PM,) xSF (PM,) 4)

ELCR (PM,;) = LADD (PM, 5) xSF (PM, 5) 5)

ELCR (HCHO) = LADD (HCHO) xSF (HCHO) (6)
Where:

SF = Slope factor (kg day/pg), derived from the inhalation unit
risk (IUR).

LADD = Lifetime Average Daily Dose (ug/kg/day).

The Slope Factor (SF) was calculated using Equation (7) (Saju
et al., 2023).

IUR

SE = gwxir

(7
Where:

IUR = Inhalation unit risk (ug/m?®) 1

BW = Body weight (kg)

IR = Inhalation rate (m*/day)

Exhibit 3 presents the key parameters and reference values for
assessing the non-carcinogenic and carcinogenic health risks
from exposure to particulate matter (PM,;, PM,;, PM,,) and
formaldehyde (HCHO).

Critical age-dependent variables include inhalation rate (IR) and
body weight (BW), which are essential for calculating the lifetime
average daily dose (LADD) (Saju et al., 2023; Yunesian et al.
2019). The assessment also incorporates exposure frequency (EF)
and exposure duration (ED). Reference concentrations (RfC), and
inhalation unit risk (IUR) values for the selected parameters are
presented in Exhibit 3.

3 | Results

This study characterized IAQ in Mymensingh City by analyzing
particulate matter (PM,, PM,s, PM,,), TVOCs, formaldehyde
(HCHO), temperature, and relative humidity. Results are pre-
sented for AC and Non-AC environments across monsoon
and post-monsoon seasons, benchmarked against WHO and
BNAAQS guidelines. Indoor concentrations are discussed in the
context of WHO guidelines and Bangladesh National Ambient
Air Quality Standards (BNAAQS), which serve as reference points

for potential health risks, even though they are primarily set for
outdoor air. This comparison is justified because indoor particu-
late matter is often influenced by outdoor infiltration, and using
these standards allows for a benchmark to evaluate potential
exposure and associated health risks in indoor environments,
consistent with previous IAQ studies.

3.1 | Pollutant Concentration in AC and Non-AC
Environments

3.1.1 | Particulate Matter (PM,, PM, ;, PM,,)

PM concentrations were consistently higher in Non-AC rooms.
PM, levels surged post-monsoon, with afternoon levels ranging
67-105 pg/m?® (Non-AC) versus 18-83 pg/m* (AC). PM,s con-
centrations in Non-AC rooms during the post-monsoon season
(110.29-123.29 pg/m?) exceeded the WHO guideline (15 pg/m?)
and neared the BNAAQS standard (65 pg/m?). AC rooms showed
lower, yet significant, levels (67.46-79.79 ug/m?®). A similar trend
was observed for PM,,, with post-monsoon afternoon averages
in Non-AC rooms reaching 145.32 pg/m?, exceeding the WHO
standard (45 pg/m?®) but remaining below the BNAAQS threshold
(150 pg/m?) (Exhibit 4).

3.1.2 | Gaseous Pollutants (TVOCs and HCHO)

An inverse pattern was observed for gaseous pollutants. In
contrast to particulate matter, TVOC levels were notably higher
in AC environments. During the monsoon, AC rooms aver-
aged 470.43 pg/m?® (morning) and 641.32 pug/m* (afternoon),
compared to 385.89 pg/m* and 527 pg/m* in Non-AC rooms.
Post-monsoon levels increased significantly, with AC rooms
peaking at 884 pg/m? in the afternoon. Formaldehyde (HCHO)
concentrations also prevailed in AC rooms, consistently exceed-
ing the WHO guideline (100 pg/m3) with monsoon afternoon
averages of 313.46 ug/m?>. Although Non-AC rooms showed lower
levels (145.71 pg/m?), post-monsoon averages still increased to
166.46 pg/m? in the afternoon (Exhibit 5).

3.1.3 | Meteorological Variables (Temperature and
Humidity)

Temperature and humidity play a crucial role in IAQ, influencing
the concentration and behavior of various airborne pollutants.

Temperatures in AC rooms remained consistently lower and more
stable across both seasons. For instance, during the monsoon sea-
son average temperature in AC environments was 26°C (morning)
and 27°C (afternoon), while in Non-AC environments it reached
28°C and 30°C, respectively. The post-monsoon period showed
even greater divergence, with Non-AC environments frequently
peaking at 32°C during the afternoon (Exhibit 6a).

Humidity patterns showed clear differences between the two
environments. Non-AC spaces consistently had higher humidity
levels. This was especially noticeable during monsoon mornings.
Readings in Non-AC rooms averaged 96%, while AC rooms
stayed around 75%. The air conditioning systems successfully
kept humidity within a moderate 45%-95% range. In con-
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EXHIBIT 3 | Parameters and reference values for health risk assessment of PM;, PM, 5, PM,, and formaldehyde (HCHO) in Mymensingh City.

Age Group/ Year Range
Parameters Symbol Unit Children 3 Teenage 11 Adult 21 to Sources
to<6 to<16 <61
Inhalation IR mg/Day 12 16.3 16 (Saju et al., 2023;
Rate Yunesian et al. 2019)
Body Weight BW Kg 18.6 56.8 80 (Saju et al., 2023;
Yarmohammadi
et al. 2016)
Exposure EF Day/Year 365 365 365 (Saju et al., 2023)
Frequency
Exposure ED Year 3 5 49 (Saju et al., 2023;
Duration Mehrizi et al. 2017)
PM, PM, PM,, HCHO
Reference Concentration RfC pg/m? 15 50 0.007 (Saju et al., 2023;
Mehrizi et al. 2017)
Inhalation Unit Risk IUR pg/m? 0.0215 0.008 1.1E-05 (Saju et al., 2023;
Chen et al. 2017)
PM 1 Concentration - Monsoon PM 2.5 Concentration - Monsoon PM 10 Concentration - Monsoon
_ a =E. _m b I e — B
T ® o Men  E o Mean T 1o o Mean
E g e, G = mmen,,
g L g 80 g 100
E © g o= %, ____________ g "
] P
S S S ==
i = Ve = s
] o 0
Morning Afternoon Morning Afternoon Morning Afternoon
Time of Day Time of Day Time of Day
PM 1 Concentration - Post Monsoon PM 2.5 Concentration - Post Monsoon PM 10 Concentration - Post Monsoon
1 200
i d =x. _w e — —
£ : £ 0 2 wousim £ 1= W a5
2 e 2 100 % 2
E 40 g 23 |— I . e [ % B
§ § 50 § 504 ___|.- —
o © 25 © 25 i
0 0 - 0
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trast, Non-AC environments recorded levels from 63% to 98%.
High readings above 90% were common there in both seasons
(Exhibit 6b). This notable difference in moisture levels between
room types likely influences how pollutants build up and behave
indoors.

3.2 | Correlation Analysis of IAQ Parameters and
Meteorological Variables

The correlation heatmap of IAQ parameters provides critical
insights into the interrelationships among particulate matter

lines indicate WHO and BNAAQS guideline values. [Color figures can be

(PM,, PM, 5, PM,,,), TVOCs, formaldehyde (HCHO), temperature,
and humidity in both AC and Non-AC environments across
monsoon and post-monsoon seasons.

The correlation heatmap reveals significant relationships among
indoor air pollutants and meteorological variables (Exhibit 7).
PM,, PM,;, and PM,, are highly correlated with each other
(r = 0.96, 098, and 0.95, p < 0.001), suggesting they come
from similar sources, such as outdoor air infiltration, indoor
activities, or combustion processes. TVOC shows moderate to
weak correlations with PM; (r = 0.33, p < 0.001), PM,; (r =
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0.29, p < 0.001), and PM,, (r = 0.23, p < 0.001), indicating that
particulate matter and gaseous pollutants often appear together,
possibly due to emissions from household products, cooking,
or human activities. A moderate positive correlation was also
observed between TVOC and HCHO (r = 0.46, p < 0.001),
indicating potential contributions from common indoor emission
sources. Temperature is positively correlated with PM, (r = 0.48,
p < 0.001), PM,; (r = 0.55, p < 0.001), and PM,, (r = 0.57, p
< 0.001), meaning warmer conditions may lead to higher par-
ticle concentrations, possibly due to resuspension or secondary
particle formation. The correlation heatmap further reveals that
temperature has a negative correlation with HCHO (r = —0.39,
p < 0.001), indicating that lower temperatures tend to result in
higher HCHO levels. This finding aligns with the observed trend
in cooler AC environments, where temperatures are lower, yet
HCHO concentrations are higher than in Non-AC rooms. Relative
humidity showed significant negative correlations with TVOC (r
= —0.32, p < 0.001) and HCHO (r = —0.46, p < 0.001), suggesting
that lower humidity conditions may favor the accumulation of
these pollutants. In contrast, correlations between humidity and
particulate matter were weak and statistically non-significant
with PM, (r = —-0.09, p > 0.05), PM,; (r = —0.01, p > 0.05),
and PM,, (r = 0.04, p > 0.05), indicating a limited influence
of humidity on indoor particle concentrations within the study
environments.

3.3 | Source Apportionment Analysis Using PMF
(Positive Matrix Factorization) Model

A three-factor positive matrix factorization (PMF) model was
implemented using non-negative matrix factorization (NMF) to
statistically describe the source profile of indoor air pollutants
(Exhibit 8). The analysis was conducted separately to identify
sources as per seasonal and microclimatic conditions. The model
successfully resolved distinct particulate dominated and chemi-
cally dominated sources demonstrating physical interpretability
and robust source apportionment.

PMF model, during the monsoon season found clearer source
separation in AC and Non-AC environments. In AC environ-
ment one factor was primarily influenced by particulate matter
(PM,, PM,; and PM,,) with negligible TVOC and HCHO. It
indicates a general particulate dominated source affected by
outdoor infiltration and indoor resuspension. A second factor
shows high loadings of TVOC (1.42) with moderate PM,s an
PM,, levels. It suggests pollutants come from indoor activities
like cooking and consumer product usage. The third factor was
mostly dominated by HCHO (4.02) and PM, (1.23), indicating
emission from building materials and furniture (Exhibit 8a).
In non-AC environments, a factor was dominated by particulate
matter suggesting outdoor infiltration. A second factor had a lot
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of HCHO (1.29) and a little bit of PM, while a third factor had
a lot of TVOC (3.24) and a little bit of HCHO and PM. This
means that there was a separate source of volatile chemicals.
Non-AC circumstances had greater chemical signals and less
source separation than AC settings (Exhibit 8b). During the post-
monsoon season, AC environment has a particulate dominated
source factor with moderate TVOC loading (0.52). It indicates an
association between particulate and chemical emission during

drier condition. An HCHO-dominated factor (1.20) suggests that
indoor materials may emit formaldehyde constantly. A third
source factor shows high loading of TVOC (2.54) and HCHO
(1.57), suggests that there might be a strong source of chem-
ical (Exhibit 8c). Non-AC environment showed greater source
complexity. Particulate matter and TVOC domination were seen
in a source factor that suggest there might be emission form
cooking and indoor-outdoor infiltration. One factor stood out
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with very high PM, (2.20) and HCHO (2.36), which means that
it was a strong source of ultrafine particles and formaldehyde
(Exhibit 8d).

3.4 | Public Health Risk Assessment

This section presents the results of the health risk assessment
for TAQ in Mymensingh City Corporation, focusing on both
carcinogenic and non-carcinogenic risks. The Estimated Lifetime
Cancer Risk (ELCR) was assessed for three age groups, children
(3 to < 6 years), teenagers (11 to < 16 years), and adults (21 to
< 61 years), across AC and non-AC environments. The analysis
considered key pollutants (PM,, PM, 5, and HCHO) and seasonal
variations between monsoon and post-monsoon periods. Non-
carcinogenic risks were evaluated using the Hazard Quotient
(HQ) for PM, s and PM,,. The inhalation risk models and age-
specific exposure parameters of USEPA were used, and spatial
maps were produced via GIS interpolation to identify high-risk
hotspots. To ensure clarity and comparability, the results are
summarized in descriptive statistics (mean, standard deviation,
minimum, maximum, and median) across pollutants, age groups,
environments, and seasons. Spatial distribution patterns, gener-
ated through GIS-based interpolation, are provided separately in
the supplementary materials to illustrate high-risk hotspots and
localized variations. This dual presentation highlights both the
statistical magnitude and spatial dynamics of public health risks.

3.4.1 | Estimated Lifetime Cancer Risk (ELCR) Analysis
This section presents the analysis of lifetime cancer risk associ-
ated with exposure to selected indoor air pollutants (PM,, PM, s,
and formaldehyde).

3.4.1.1 | ELCR (PM;: Monsoon and Post-Monsoon).
Exhibit 9 illustrates the descriptive statistics of ELCR values for
PM, during the monsoon and post-monsoon seasons in both AC
and Non-AC environments across three age groups.

The Estimated Lifetime Cancer Risk (ELCR) associated with
PM, exposure showed clear variations across age groups, envi-
ronments, and seasons (Exhibit 9). During the monsoon, ELCR
values in AC environments were comparatively lower, with mean
risks of 1.42E-03 for children, 1.53E-04 for teenagers, and 7.69E-
05 for adults. In contrast, non-AC environments presented higher
risks, particularly for children, who recorded a mean ELCR of
2.30E-03, almost 1.6 times greater than their AC counterparts.

In the post-monsoon season, ELCR values rose substantially
across all groups. Children in non-AC environments exhibited
the highest risk, with a mean ELCR of 5.16E-03, compared to
3.42E-03 in AC settings. Teenagers and adults followed a similar
pattern, with risks in non-AC environments (5.53E-04 and 2.79E-
04, respectively) exceeding those in AC environments (3.67E-04
and 1.85E-04, respectively).
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EXHIBIT 9 | Descriptive statistics of Excess Lifetime Cancer Risk (ELCR) for PM, exposure by age group and indoor environment.
Seasons Environment Age Group Mean ELCR SD
Monsoon AC Children 1.42E-03 3.22E-04

Teenage 1.53E-04 3.47E-05
Adult 7.69E-05 1.75E-05
Non-AC Children 2.30E-03 6.10E-04
Teenage 2.46E-04 6.55E-05
Adult 1.24E-04 3.30E-05
Post Monsoon AC Children 3.42E-03 8.77E-04
Teenage 3.67E-04 9.39E-05
Adult 1.85E-04 4.74E-05
Non-AC Children 5.16E-03 4.95E-04
Teenage 5.53E-04 5.31E-05
Adult 2.79E-04 2.67E-05
3.4.1.2 | ELCR (PM,;: Monsoon and Post-Monsoon). The carcinogenic risk associated with PM,; exposure varied

Exhibit 10 illustrates the descriptive statistics of ELCR values for
PM, ;s during the monsoon and post-monsoon seasons in both AC
and Non-AC environments across three age groups.

notably between age groups, environmental conditions, and
seasons (Exhibit 10). During the monsoon, children in AC
environments experienced a mean ELCR of 7.16E-04, while
teenagers and adults recorded lower values of 7.68E-05 and 3.87E-
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EXHIBIT 10 | Descriptive statistics of excess lifetime cancer risk (ELCR) for PM, s exposure by age group and indoor environment.

Seasons Environment Age Group Mean ELCR SD
Monsoon AC Children 7.16E-04 2.25E-04
Teenage 7.68E-05 2.42E-05
Adult 3.87E-05 1.22E-05
Non-AC Children 1.39E-03 3.56E-04
Teenage 1.49E-04 3.81E-05
Adult 7.53E-05 1.93E-05
Post Monsoon AC Children 1.70E-03 4.65E-04
Teenage 1.83E-04 4.98E-05
Adult 9.21E-05 2.52E-05
Non-AC Children 2.70E-03 2.69E-04
Teenage 2.90E-04 2.89E-05
Adult 1.46E-04 1.44E-05
EXHIBIT 11 | Descriptive statistics of excess lifetime cancer risk (ELCR) for HCHO exposure by age group and indoor environment.
Seasons Environment Age Group Mean ELCR SD
Monsoon AC Children 8.75E-06 1.58E-06
Teenage 9.38E-07 1.71E-07
Adult 4.73E-07 8.57E-08
Non-AC Children 4.27E-06 1.34E-06
Teenage 4.57E-07 1.44E-07
Adult 2.31E-07 7.24E-08
Post Monsoon AC Children 7.92E-06 1.06E-06
Teenage 8.50E-07 1.13E-07
Adult 4.28E-07 5.71E-08
Non-AC Children 5.29E-06 7.98E-07
Teenage 5.67E-07 8.57E-08
Adult 2.86E-07 4.32E-08

05, respectively. In non-AC environments, risks were elevated
across all age groups, with children showing the highest mean
ELCR of 1.39E-03. Teenagers and adults followed similar trends,
registering mean ELCRs of 1.49E-04 and 7.53E-05, respectively.
Post-monsoon ELCRs were considerably higher, particularly in
non-AC settings. Children’s mean risk in non-AC environments
reached 2.70E-03, nearly 1.6 times higher than in AC conditions
(1.70E-03). Teenagers and adults also exhibited increased risks
in non-AC environments, with mean ELCRs of 2.90E-03 and
1.46E-03, compared to 1.83E-03 and 9.21E-05 in AC environments.

3.4.1.3 | ELCR (HCHO: Monsoon and Post-Monsoon).
The Estimated Lifetime Cancer Risk (ELCR) for formaldehyde
(HCHO) exposure is summarized in Exhibit 11 for three age
groups in both AC and non-AC environments across monsoon
and post-monsoon seasons.

During the monsoon, children in AC environments showed the
highest mean ELCR of 8.75E-06, followed by teenagers (9.38E-

07) and adults (4.73E-07). In non-AC settings, risks were slightly
lower for children (4.27E-06) and consistently lower across
teenagers (4.57E-07) and adults (2.31E-07). In the post-monsoon
season, the mean ELCR for children remained relatively stable,
with 7.92E-06 in AC environments and 5.29E-06 in non-AC
environments. Teenagers and adults followed the same trend,
with AC values of 8.50E-07 and 4.28E-07, and non-AC values of
5.67E-07 and 2.86E-07, respectively.

3.4.2 | Non-Carcinogenic Health Risk

3.4.21 | HQ (PM,s: Monsoon and Post-Monsoon). The
non-carcinogenic health risk associated with PM,; exposure,
expressed as the Hazard Quotient (HQ), showed notable differ-
ences across seasons and indoor environments (Exhibit 12).

During the monsoon, AC environments recorded a mean HQ
of 2.07, with a standard deviation of 0.65, indicating moderate
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EXHIBIT 12 |
PM, 5 exposure by indoor environment.

Descriptive statistics of hazard quotient (HQ) for

Seasons Environment Mean HQ SD

Monsoon AC 2.07 0.65

Non-AC 4.02 1.03

Post AC 491 1.34

Monsoon Non-AC 7.79 0.78
EXHIBIT 13 | Descriptive statistics of Hazard Quotient (HQ) for

PM;, exposure by indoor environment.

Seasons Environment Mean HQ SD
Monsoon AC 0.76 0.17

Non-AC 1.53 0.38
Post AC 1.67 0.47
Monsoon Non-AC 2.78 0.28

variation across sampling locations. Non-AC environments pre-
sented a higher mean HQ of 4.02 (SD = 1.03), reflecting elevated
potential risk due to reduced air filtration and ventilation. In
the post-monsoon season, HQ values increased markedly. AC
environments exhibited a mean HQ of 4.91 (SD = 1.34), while
non-AC settings showed the highest potential risk, with a mean
HQ of 7.79 (SD = 0.78). Maximum HQ values reached 7.07 in
AC and 9.30 in non-AC environments, highlighting substantial
exposure differences between indoor conditions.

3.4.2.2 | HQ (PM,,: Monsoon and Post-Monsoon). The
non-carcinogenic risk associated with PM,, exposure, measured
as the Hazard Quotient (HQ), was generally lower than that
for PM,, but demonstrated clear seasonal and environmental
differences (Exhibit 13).

During the monsoon, AC environments exhibited a mean HQ of
0.76 with a standard deviation of 0.17, indicating relatively low
health risk. Non-AC settings, however, showed nearly double the
mean HQ at 1.53 (SD = 0.38), highlighting the influence of indoor
ventilation and air-conditioning on pollutant accumulation. Post-
monsoon HQ values increased across all environments. In AC
conditions, the mean HQ rose to 1.67 (SD = 0.47), whereas non-AC
environments presented the highest potential risk, with a mean
HQ of 2.78 (SD = 0.28). Maximum values reached 2.49 in AC
and 3.21in non-AC environments, emphasizing elevated exposure
levels during the post-monsoon season.

4 | Discussion

The findings of this study illuminate a troubling portrait of
IAQ in Mymensingh City, Bangladesh, where both AC and
Non-AC environments harbor distinct yet severe pollution chal-
lenges. By contextualizing these results within the broader
scientific discourse and regional studies, this discussion syn-
thesizes how the observed trends align with or challenge

existing literature while underscoring the urgency of localized
interventions.

Non-AC environments, reliant on natural ventilation, exhibited
significantly higher PM,, PM,, and PM,, concentrations, with
post-monsoon PM,; levels in Non-AC rooms exceeding WHO
guidelines by 8 times (Exhibit 4). This aligns with studies in
Dhaka (Yasmin et al. 2024) and Lahore (Nimra et al. 2021),
where reliance on natural ventilation in urban areas led to indoor
PM levels reflecting outdoor pollution. For instance, Nahian
et al. (2024) reported average PM, ; concentrations of 121 ug/m?
in Dhaka households, nearly double to this study’s Non-AC
monsoon averages (67.21 ug/m?). The seasonal spike in particulate
matter during post-monsoon months correlates with reduced
rainfall and increased resuspension of road dust, construction
activities, and biomass burning, a pattern documented in Khulna
by Saju et al. (2023).

AC systems reduced PM infiltration by 25%-49% during the
monsoon season and approximately 33%-43% during the post-
monsoon season, which closely aligns with Montgomery et al.
(2015), who found mechanical ventilation lowered PM,; by
approximately 42% in Canadian offices. However, even AC rooms
in Mymensingh exceeded WHO PM, s limits by approximately
2.6 times during post-monsoon, underscoring the limitations
of filtration in regions with extreme ambient PM pollution.
This contrasts with the findings of Zaki and Bari (2022) in
Malaysian schools, where AC systems maintained PM, ; below
10 ug/m?, highlighting the role of outdoor air quality in dictating
TIAQ.

AC environments paradoxically harbored higher TVOC and
HCHO levels (Exhibit 5). This aligns with the seminal study
in Singapore by Wong and Huang (2004), where AC bed-
rooms had 46% higher formaldehyde than naturally ventilated
spaces due to sealed environments trapping emissions from
furniture and cleaning agents. Similarly, Suwanaruang (2023)
identified AC-dependent shopping malls in Thailand as TVOC
hotspots (0.99 mg/m?), driven by poor ventilation and chemical
off-gassing. In Mymensingh, the widespread use of low-cost
composite wood products in urban buildings, a consequence
of rapid, unregulated construction, use of lower-quality wall
paints, and certain cleaning products likely exacerbates TVOC
and HCHO levels. The post-monsoon surge in TVOCs (749 pug/m?
in AC rooms) aligns with Kalia et al. (2024), who attributed
midday TVOC peaks in Indian apartments to temperature-driven
emissions from paints and adhesives.

Neither AC nor Non-AC environments met the WHO guidelines
for PM,;, PM,,, or HCHO. While PM,, levels rarely exceeded
the BNAAQS threshold of 150 ug/m?, there are no national
standards in Bangladesh for PM, or TVOCs. This regulatory
gap, also highlighted by Pavel et al. (2020) in Dhaka, leaves
these pollutants unregulated. To put things into perspective, PM,;
levels in Non-AC rooms in Mymensingh averaged 89.32 pg/m?3,
strikingly similar to outdoor PM, levels in Khulna City (143
+ 45.05 pg/m®) (Saju et al., 2023). Despite this, Bangladesh
lacks policies specifically addressing ultrafine particles. Without
proper regulations, these invisible pollutants continue to pose
serious health risks, especially in densely populated urban areas
where poor infrastructure exacerbates air quality issues.
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The correlation analysis (Exhibit 7) showed that temperature had
a positive effect on PM levels but a negative effect on HCHO.
These results align with Belias and Licina (2022), who found that
when temperatures rise by 5°C, PM, infiltration increases by
10%-15% in naturally ventilated spaces. In the Non-AC rooms of
Mymensingh city, where afternoon temperatures reached 34°C,
this likely caused more PM to be stirred up from the floors and
brought in from outside. This is consistent with Cho et al. (2021),
who found that high temperatures lead to about 15% more PM
particles clumping together. On the other hand, AC rooms with
cooler temperatures (24-26°C) may have reduced PM movement
but increased HCHO emissions. This happens because materials
like plywood release more formaldehyde in cooler, less ventilated
spaces (Wiglusz et al. 2002).

Humidity had only a weak connection with PM levels (r = —0.09
to 0.04) but showed a moderate negative relationship with TVOCs
(r = —=0.32) and HCHO (r = —0.46). This supports the findings
of Zhou et al. (2019), who reported that humidity above 70%
can increase VOC emissions from damp materials by 20%-50%.
During the monsoon season in Mymensingh City, humidity levels
reached 85%-99%, which may have helped reduce TVOC levels
in Non-AC rooms by making pollutants settle faster. However,
AC systems, which lower indoor humidity to 50%-60%, may have
accidentally created the perfect conditions for VOC buildup.

The PMF source apportionment analysis provided further insight
into pollutant origins and interactions. AC rooms typically
exhibited distinct source separation, with particulate-dominated,
TVOC-dominated, and HCHO-dominated factors corresponding
to outdoor infiltration, indoor activities, and emissions from
building materials, respectively (Exhibit 8a, 8c). Non-AC envi-
ronments, in contrast, showed more mixed source profiles,
reflecting overlapping contributions from outdoor infiltration,
indoor chemical sources, and resuspension processes (Exhibit 8b,
8d). Post-monsoon conditions intensified the complexity of
indoor sources, particularly in Non-AC rooms, where high
PM, and HCHO loadings indicated a combined effect of ultra-
fine particles and formaldehyde emissions. These interactions
highlight that ventilation type not only influences pollutant
concentrations but also modulates the relative contribution
of different sources under varying seasonal and microclimatic
conditions.

Children faced the highest Excess Lifetime Cancer Risk (ELCR)
from PM, (5.16E-03), PM,, (2.7E-03), and HCHO (8.75E-06),
exceeding the safety limits set by the USEPA (Exhibits 3, 9, and
10). Although variations between AC and non-AC environments
were observed, the risks in both settings remained significantly
higher than recommended thresholds set by the health authori-
ties. These risks were even higher than those reported in Tehran
(Yunesian et al. 2019) and in Ardebil (Rostami et al. 2019),
where the ELCR for PM, s reached a maximum of 3.06E-04, but
closely aligns with Pavel et al. (2020). High-risk zones (e.g., SP5-
SP28) were mostly clustered in the central business district of
Mymensingh city (supplementary data), where traffic pollution
and commercial activities contribute heavily to poor air quality.
A similar pattern was observed in Khulna by Saju et al. (2023),
highlighting how urban centers with high human activity tend to
have greater pollution-related health risks.

The hazard quotient (HQ) analysis reveals that PM,; expo-
sure in Mymensingh’s indoor environments poses severe non-
carcinogenic health risks, with values consistently exceeding safe
thresholds across all studied settings. In Non-AC rooms during
the post-monsoon season, HQ values reached alarming levels
of 9.30 (Exhibit 11), indicating that daily PM,s exposure was
9.3 times higher than the reference dose (RfD) established by
health authorities. Even in AC environments, where mechan-
ical filtration provided partial protection, HQ values remained
elevated at 7.07, indicating substantial risk. For PM,,, risks
were comparatively lower but still exceeded unity, the threshold
for potential adverse effects. Non-AC environments showed the
greatest risk, with mean HQ values of 1.53 in the monsoon and
2.78 in the post-monsoon, while AC settings recorded lower but
still concerning means of 0.76 and 1.67, respectively (Exhibit 12).
These findings align with recent studies in comparable Asian
urban environments. Saju et al. (2023) reported similar HQ
elevations (20.13 for PM, 5 and 8.3 for PM,,) in Khulna city, while
Pavel et al. (2020) found lower but still concerning HQ values
(2.11) in Dhaka city. Yunesian et al. (2019) reported similar HQ
elevations (6.3 for PM, ;) in Tehran residences.

The particularly high HQ values in Mymensingh households
reflect the city’s unique combination of high ambient pollution
and prevalent use of natural ventilation, creating a perfect storm
for indoor particulate accumulation.

5 | Conclusion

Indoor air pollution has become a major public health con-
cern in Bangladesh due to rapid urbanization, industrialization,
and increasing human exposure to harmful pollutants. The
present findings demonstrate that indoor air pollution is strongly
influenced by ventilation type, seasonal variation, and indoor
microclimatic conditions. Non-AC environments consistently
experienced higher concentrations of particulate matter, particu-
larly during the post-monsoon season, whereas AC environments
showed greater accumulation of formaldehyde and TVOCs,
reflecting the effect of limited air exchange in mechanically
ventilated spaces. Most measured pollutants exceeded the rec-
ommended WHO guideline values, indicating that IAQ remains
a significant environmental and public health concern. The
correlation analysis revealed strong positive relationships among
PM,, PM,;, and PM,,, suggesting common emission sources
and similar transport mechanisms. Temperature showed pos-
itive associations with particulate matter, while formaldehyde
and TVOCs were more closely associated with cooler and less
ventilated indoor conditions. These findings demonstrate that
seasonal meteorological conditions and indoor environmental
characteristics play an important role in shaping pollutant
concentrations.

Source apportionment further showed that IAQ is controlled by
multiple emission sources rather than a single dominant fac-
tor. Outdoor particle infiltration, indoor resuspension, building
materials, furniture, and household activities all contributed to
the observed pollution patterns, although their relative impor-
tance varied between AC and Non-AC environments and across
seasons. This highlights the complex interaction between indoor
activities, building characteristics, and outdoor pollution.
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The health risk assessment indicates that particulate matter
poses the greatest public health concern, particularly for children
in Non-AC environments, where both carcinogenic and non-
carcinogenic risks were highest. Although AC environments
reduced exposure to particulate matter, elevated formaldehyde
and TVOC concentrations indicate that mechanical cooling alone
cannot ensure healthy indoor air. Adequate ventilation, regular
maintenance of air-conditioning systems, and effective source
control are equally important for reducing exposure to harmful
pollutants. The differential risk profiles between AC and Non-AC
environments present a complex public health challenge. While
AC spaces showed lower PM-related risks, their elevated VOC
and HCHO concentrations may contribute to different health
outcomes, including neurological effects and sensory irritation.

While this study provides important insights into IAQ in
Mymensingh City, several limitations exist. The cross-sectional
design and short monitoring period capture only seasonal trends,
and the lack of particulate matter speciation limits identification
of specific sources. Behavioral factors and occupancy patterns
were not fully assessed, and the small sample size restricts gen-
eralizability. Future studies should include longer-term, multi-
season monitoring, chemical analysis of pollutants, and broader
surveys across other urban areas to improve understanding and
applicability (Hossain et al., 2025). Supporting Information

Acknowledgment

The authors would like to sincerely thank everyone who supported
this research. Special appreciation goes to the local authorities and
community members in Mymensingh city for their kind cooperation
during the fieldwork. The authors are also grateful to their colleagues
for helping with data collection, mapping, and health risk analysis.
Finally, the authors would like to thank the editor and reviewers for their
thoughtful comments and suggestions, which helped improve the quality
of this paper.

Funding

The author(s) declare that no financial support was received for the
research, authorship and/or publication of this article.

Conflicts of Interest

The author(s) declare that there is no conflict of interest regarding the
publication of this paper and have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Al Disclosure Statement

To enhance linguistic clarity and readability, the author used Al-assisted
tools including QuillBot and Grammarly for grammar correction and
language refinement, and Perplexity and Consensus for literature
exploration and reference identification support. All manuscript text
was written in the author’s own words. These tools were not used for
study design, data analysis, scientific interpretation, or the formulation
of results and conclusions. All analyses, interpretations, and scholarly

judgments presented in this manuscript were conducted independently
by the authors, who collectively takes full responsibility for the scientific
content, accuracy, and integrity of the work.

References

Abdul Jabbar, S., L. Tul Qadar, S. Ghafoor, et al. 2022. “Air Quality,
Pollution and Sustainability Trends in South Asia: A Population-Based
Study.” International Journal of Environmental Research and Public
Health 19, no. 12: 7534. https://doi.org/10.3390/ijerph19127534.

Alam, M. S., and S. M. Haque. 2019. “Understanding Spatial Variations in
Earthquake Vulnerabilities of Residential Neighborhoods of Mymensingh
City, Bangladesh: An AHP-GIS Integrated Index-Based Approach.” Nat-
ural Hazards and Earth System Sciences Discussions 31-36: 1-23. https://
doi.org/10.5194/nhess-2019-237.

Aziz, N., and F. Nilufar. 2019. “Effects of Growth on Urban Morphology
and Land use Pattern in Mymensingh: A Historic Town of Bangladesh.”
Nakhara: Journal of Environmental Design and Planning 16: 53-68.
https://doi.org/10.54028/NJ2019165368.

Begum, S., and T. Ahmed. 2023. “Citizens’ Assessment of the Munici-
pal Services Provided by Mymensingh City Corporation.” International
Review of Social Sciences Research 3, no. 4: 1-25. https://doi.org/10.53378/
353020.

Belias, E., and D. Licina. 2022. “Outdoor PM2.5> Air Filtration: Optimis-
ing Indoor Air Quality and Energy.” Buildings and Cities 3, no. 1: 186.
https://doi.org/10.5334/bc.153.

Brown, S. G., S. Eberly, P. Paatero, and G. A. Norris. 2015. “Methods
for Estimating Uncertainty in PMF Solutions: Examples With Ambient
air and Water Quality Data and Guidance on Reporting PMF Results.”
Science of The Total Environment 518-519: 626-635. https://doi.org/10.
1016/j.scitotenv.2015.01.022.

Bu, X., Z. Xie, J. Liu, et al. 2021. “Global PM2.5-Attributable Health
Burden From 1990 to 2017: Estimates From the Global Burden of Disease
Study 2017.” Environmental Research 197: 111123. https://doi.org/10.1016/j.
envres.2021.111123.

Chen, X,, F. Li, C. Liu, J. Yang, J. Zhang, and C. Peng. 2017. “Monitoring,
Human Health Risk Assessment and Optimized Management for Typical
Pollutants in Indoor air From Random Families of University Staff,
Wubhan City, China.” Sustainability 9, no. 7: 1115. https://doi.org/10.3390/
su9071115.

Cho, S., G. Lee, D. Park, and M. Kim. 2021. “Study on Characteris-
tics of Particulate Matter Resuspension in School Classroom Through
Experiments Using a Simulation Chamber: Influence of Humidity.”
International Journal of Environmental Research and Public Health 18, no.
6: 2856. https://doi.org/10.3390/ijerph18062856.

Danek, T., E. Weglinska, and M. Zareba. 2022. “The Influence of
Meteorological Factors and Terrain on Air Pollution Concentration and
Migration: A Geostatistical Case Study From Krakow, Poland.” Scientific
Reports 12, no. 1: 11050. https://doi.org/10.1038/s41598-022-15160-3.

D’Antonio, P. 2021. “Combatting IAQ and Health Concerns: There Are
Many Ways to Improve Indoor Air Quality in Buildings and to Address
COVID-19 Fears.” Consulting Specifying Engineer 58, no. 2: 14-20.

Dimitroulopoulou, S., M. R. Dudzinska, L. Gunnarsen, et al. 2023. “Indoor
Air Quality Guidelines From Across the World: An Appraisal Consid-
ering Energy Saving, Health, Productivity, and Comfort.” Environment
International 178: 108127. https://doi.org/10.1016/j.envint.2023.108127.

Golap, A., P. Sarma, and M. Akturuzzaman. 2017. “Land use Changing
Pattern Detection and Analysis in Mymensingh District: A GIS Analysis.”
International Journal of Science and Research 7, no. 1: 340-346.

Gonzalez-Martin, J., N. J. R. Kraakman, C. Pérez, R. Lebrero, and R.
Munoz. 2021. “A State—of-the-Art Review on Indoor Air Pollution and
Strategies for Indoor Air Pollution Control.” Chemosphere 262: 128376.
https://doi.org/10.1016/j.chemosphere.2020.128376.

Environmental Quality Management, 2026

15 0f 17


https://doi.org/10.3390/ijerph19127534
https://doi.org/10.5194/nhess-2019-237
https://doi.org/10.54028/NJ2019165368
https://doi.org/10.53378/353020
https://doi.org/10.5334/bc.153
https://doi.org/10.1016/j.scitotenv.2015.01.022
https://doi.org/10.1016/j.envres.2021.111123
https://doi.org/10.3390/su9071115
https://doi.org/10.3390/ijerph18062856
https://doi.org/10.1038/s41598-022-15160-3
https://doi.org/10.1016/j.envint.2023.108127
https://doi.org/10.1016/j.chemosphere.2020.128376

Hasnat, G. N. T., M.d. A. Kabir, and M.d. A. Hossain. 2018. “Major Envi-
ronmental Issues and Problems of South Asia, Particularly Bangladesh.”
In Handbook of Environmental Materials Management, edited by C.
M. Hussain, 1-40. Springer International Publishing. https://doi.org/10.
1007/978-3-319-58538-3_7-1.

Hori, M. 2020. “Total Volatile Organic Compound (TVOC) as Index of
Indoor air Quality and its Measuring and Evaluation.” Journal of the
Human-Environment System 23, no. 1: 1-11. https://doi.org/10.1618/jhes.
23.1.

Hossain, M., H. Zakir, M. Rahman, and M. Islam. 2015. “Toxic Metallic
Contamination in Wastewater of Some Industrial Areas of Mymensingh
Town, Bangladesh.” Advances in Architecture, City and Environment 1: 7-
13.

Hossain, M.d. M., M.d. T. Islam, S. K. Sikder, et al. 2025. “The Urban
Environment in South Asia: Studying the Ambient Air Quality in a
Mid-Sized City in Bangladesh.” Frontiers in Sustainable Cities 7: 1497768.
https://doi.org/10.3389/frsc.2025.1497768.

Islam, S., I. Tarik, M. K. Islam, M. H. Kabir, S. M. Sajib, and A. Bhadra.
2024. “Air Pollution and Health Hazards: A Narrative Review From the
Bangladesh Perspective.” Bangabandhu Sheikh Mujib Medical College
Journal 3, no. 2: 101-106. https://doi.org/10.3329/bsmmc;j.v3i2.75908.

Ji, W.,, C. Chen, and B. Zhao. 2021. “A Comparative Study of the
Effects of Ventilation-Purification Strategies on Air Quality and Energy
Consumption in Beijing, China.” Building Simulation 14, no. 3: 813-825.
https://doi.org/10.1007/512273-020-0694-2.

Jung, C., G. El Samanoudy, and N. Alqgassimi. 2024. “Indoor Air Quality
in Educational Institutions: A Comparative Study of VOCs and Bacterial
Contaminants in Dubai Schools.” Frontiers in Built Environment 10:
1478681. https://doi.org/10.3389/fbuil.2024.1478681.

Kabir, M. H., M. H. Rashid, and Q. Wang. 2022. “Estimation of Pollution
Levels and Assessment of Human Health Risks From Potentially Toxic
Metals in Road Dust in Mymensingh City of Bangladesh.” Processes 10,
no. 12: 2474. https://doi.org/10.3390/pr10122474.

Kalia, S., N. Mishra, and P. Ghose. 2024. “Indoor Air Quality Assessment
of an Existing Apartment Located in Indian Tropical City, Bhubaneswar.”
Journal of Air Pollution and Health 9: 383-402. https://doi.org/10.18502/
japh.v9i3.16681.

Kausar, A., I. Ahmad, T. Zhu, and H. Shahzad. 2023. “Impact of Indoor
air Pollution in Pakistan—Causes and Management.” Pollutants 3, no. 2:
293-319. https://doi.org/10.3390/pollutants3020021.

Kaushik, A. K., M. Arif, M. M. G. Syal, et al. 2022. “Effect of Indoor Envi-
ronment on Occupant air Comfort and productivity in Office Buildings:
A Response Surface Analysis Approach.” Sustainability 14, no. 23: Article
15719. https://doi.org/10.3390/sul42315719.

Khan, Z. 2024. Significant Fine Dust in the Air of Rajshahi City
Corporation.

Khoshakhlagh, A. H., M. Mohammadzadeh, S. S. Manafi, F. Yousefian,
and A. Gruszecka-Kosowska. 2023. “Inhalational Exposure to Formalde-
hyde, Carcinogenic, and Non-Carcinogenic Risk Assessment: A System-
atic Review.” Environmental Pollution 331:121854. https://doi.org/10.1016/
j-envpol.2023.121854.

La Torre, G., T. Vitello, R. A. Cocchiara, and C. Della Rocca. 2023.
“Relationship Between Formaldehyde Exposure, Respiratory Irritant
Effects and Cancers: A Review of Reviews.” Public Health 218: 186-196.
https://doi.org/10.1016/j.puhe.2023.03.009.

Lekinwala, N. L., and M. Bhushan. 2022. “Generalised non-Negative
Matrix Factorisation for air Pollution Source Apportionment.” Science
of The Total Environment 839: 156294. https://doi.org/10.1016/].scitotenv.
2022.156294.

Maung, T. Z., J. E. Bishop, E. Holt, A. M. Turner, and C. Pfrang. 2022.
“Indoor air Pollution and the Health of Vulnerable Groups: A Systematic
Review Focused on Particulate Matter (PM), Volatile Organic Compounds
(VOCs) and Their Effects on Children and People With Pre-Existing Lung

Disease.” International Journal of Environmental Research and Public
Health 19, no. 14:8752. https://doi.org/10.3390/ijerph19148752.

Meciarova, L., S. Vil¢ekova, E. Kridlova Burdova, and J. Kiselak. 2017.
“Factors Effecting the Total Volatile Organic Compound (TVOC) Concen-
trations in Slovak Households.” International Journal of Environmental
Research and Public Health 14, no. 12: 1443. https://doi.org/10.3390/
ijerph14121443.

Mehrizi, E., H. Biglari, R. Amiri, et al. 2017. “Determine the Important
Heavy Metals in air Dust of Zahedan.” Iran Pollution Research 36: 474-480.

Mohammed, M. O. A., W. W. Song, W. L. Ma, et al. 2015. “Trends
in Indoor-Outdoor PM2.5 Research: A Systematic Review of Studies
Conducted During the Last Decade (2003-2013).” Atmospheric Pollution
Research 6, no. 5: 893-903. https://doi.org/10.5094/APR.2015.099.

Montgomery, J. F., S. Storey, and K. Bartlett. 2015. “Comparison of the
Indoor Air Quality in an Office Operating With Natural or Mechanical
Ventilation Using Short-Term Intensive Pollutant Monitoring.” Indoor
and Built Environment 24, no. 6: 777-787. https://doi.org/10.1177/1420326 X
14530999.

Nagpal, A., and G. Gabrani. 2019. “Python for Data Analytics, Scientific
and Technical Applications.” In 2019 Amity International Conference on
Artificial Intelligence (AICAI), 140-145. https://doi.org/10.1109/AICAL
2019.8701341.

Nahar, M., M. Khan, and S.k. A. Ahmad. 2016. “Indoor air Pollutants
and Respiratory Problems Among Dhaka City Dwellers.” Archives of
Community Medicine and Public Health 2: 032-036. https://doi.org/10.
17352/2455-5479.000014.

Nahian, S., S. Roy, T. R. Choudhury, B. A. Begum, and A. Salam. 2024.
“Indoor Particulate Matter Exposure and Correlation of PM2.5 With Lung
Efficacy and SpO2 Level of Dhaka City Dwellers.” Air Quality, Atmosphere
& Health 17, no. 11: 2515-2528. https://doi.org/10.1007/s11869-024-01586-3.

Nihar, K., A. Nutkiewicz, and R. K. Jain. 2023. “Natural Ventilation Versus
Air Pollution: Assessing the Impact of Outdoor Pollution on Natural
Ventilation Potential in Informal Settlements in India.” Environmental
Research: Infrastructure and Sustainability 3, no. 2: 025002. https://doi.
0rg/10.1088/2634-4505/acc88f.

Nimra, A., Z. Ali, Z. Ahmad Nasir, S. Tyrrel, and S. Sidra. 2021. “Char-
acterization of Indoor air Quality in Relation to Ventilation Practices in
Hospitals of Lahore, Pakistan.” Sains Malaysiana 50, no. 6: 1609-1620.
https://doi.org/10.17576/jsm-2021-5006- 09.

Ostrowski, J. G., and J. Menyhart. 2020. “Statistical Analysis of Machinery
Variance by Python.” Acta Polytechnica Hungarica 17, no. 5: 151-168.
https://doi.org/10.12700/APH.17.5.2020.5.8.

Palmisani, J., A. Di Gilio, M. Viana, G. De Gennaro, and A. Ferro. 2021.
“Indoor Air Quality Evaluation in Oncology Units at Two European
Hospitals: Low-Cost Sensors for TVOCs, PM2.5 and CO2 Real-Time
Monitoring.” Building and Environment 205: 108237. https://doi.org/10.
1016/j.buildenv.2021.108237.

Pavel, R. S., M. Tarannum, S. U. Zaman, F. Jeba, and A. Salam. 2020.
“Health Risk Assessment of High-Level Particulate Matter Exposure in
Different Environments in Mega City Dhaka, Bangladesh.” Bangladesh
Journal of Scientific Research 2: 78-87.

Piasecki, M., M. Kozicki, S. Firlag, A. Goljan, and K. Kostyrko. 2018.
“The Approach of Including TVOCs Concentration in the Indoor Envi-
ronmental Quality Model (IEQ)—Case Studies of BREEAM Certified
Office Buildings.” Sustainability 10, no. 11: 3902. https://doi.org/10.3390/
sul0113902.

Rahman, M. H., M. H. Islam, and M. N. Neema. 2022. “GIS-Based
Compactness Measurement of Urban Form at Neighborhood Scale: The
Case of Dhaka, Bangladesh.” Journal of Urban Management 11, no. 1: 6-22.
https://doi.org/10.1016/j.jum.2021.08.005.

Rathbone, C.J., D. Bousiotis, O. G. Rose, and F. D. Pope. 2025. “Using Low-
Cost Sensors to Assess Common air Pollution Sources Across Multiple
Residences.” Scientific Reports 15, no. 1: 1803. https://doi.org/10.1038/
$41598-025-85985-1.

16 of 17

Environmental Quality Management, 2026


https://doi.org/10.1007/978-3-319-58538-3_7-1
https://doi.org/10.1618/jhes.23.1
https://doi.org/10.3389/frsc.2025.1497768
https://doi.org/10.3329/bsmmcj.v3i2.75908
https://doi.org/10.1007/s12273-020-0694-2
https://doi.org/10.3389/fbuil.2024.1478681
https://doi.org/10.3390/pr10122474
https://doi.org/10.18502/japh.v9i3.16681
https://doi.org/10.3390/pollutants3020021
https://doi.org/10.3390/su142315719
https://doi.org/10.1016/j.envpol.2023.121854
https://doi.org/10.1016/j.puhe.2023.03.009
https://doi.org/10.1016/j.scitotenv.2022.156294
https://doi.org/10.3390/ijerph19148752
https://doi.org/10.3390/ijerph14121443
https://doi.org/10.5094/APR.2015.099
https://doi.org/10.1177/1420326%D714530999
https://doi.org/10.1109/AICAI.2019.8701341
https://doi.org/10.17352/2455-5479.000014
https://doi.org/10.1007/s11869-024-01586-3
https://doi.org/10.1088/2634-4505/acc88f
https://doi.org/10.17576/jsm-2021-5006-09
https://doi.org/10.12700/APH.17.5.2020.5.8
https://doi.org/10.1016/j.buildenv.2021.108237
https://doi.org/10.3390/su10113902
https://doi.org/10.1016/j.jum.2021.08.005
https://doi.org/10.1038/s41598-025-85985-1

Roberts, B. M., R. Kasei, S. N. Codjoe, et al. 2022. Comparing indoor
air quality in naturally ventilated and air-conditioned hospitals in the
tropics. https://repository.lboro.ac.uk/articles/conference_contribution/
Comparing indoor_air_quality_in_naturally_ventilated_and_air-
conditioned_hospitals_in_the_tropics/21168115/1.

Rostami, R., A. Zarei, B. Saranjam, et al. 2019. “Exposure and Risk
Assessment of PAHs in Indoor Air of Waterpipe Cafés in Ardebil, Iran.”
Building and Environment 155: 47-57. https://doi.org/10.1016/j.buildenv.
2019.03.031.

Saeedi, M., B. Malekmohammadi, and S. Tajalli. 2024. “Interaction
of Benzene, Toluene, Ethylbenzene, and Xylene With Human’s Body:
Insights Into Characteristics, Sources and Health Risks.” Journal of Haz-
ardous Materials Advances 16: 100459. https://doi.org/10.1016/j.hazadv.
2024.100459.

Sahoo, K., A. K. Samal, J. Pramanik, and S. K. Pani. 2019. “Exploratory
Data Analysis Using Python.” International Journal of Innovative Tech-
nology and Exploring Engineering 8, no. 12: 4727-4735. https://doi.org/10.
35940/ijitee.L3591.1081219.

Saju, J. A, Q. H. Bari, K. A. B. M. Mohiuddin, and V. Strezov. 2023.
“Measurement of Ambient Particulate Matter (PM1.0, PM2.5 and PM10)
in Khulna City of Bangladesh and Their Implications for Human Health.”
Environmental Systems Research 12, no. 1: 42. https://doi.org/10.1186/
$40068-023-00327-2.

Sakunkoo, P., T. Thonglua, S. Sangkham, et al. 2022. “Human Health Risk
Assessment of PM2.5-Bound Heavy Metal of Anthropogenic Sources in
the Khon Kaen Province of Northeast Thailand.” Heliyon 8, no. 6: €09572.
https://doi.org/10.1016/j.heliyon.2022.09572.

Salthammer, T. 2022. “TVOC—Revisited.” Environment International 167:
107440. https://doi.org/10.1016/j.envint.2022.107440.

Scerri, M. M., A. Genga, S. Iacobellis, et al. 2019. “Investigating the
Plausibility of a PMF Source Apportionment Solution Derived Using
a Small Dataset: A Case Study From a Receptor in a Rural Site in
Apulia—South East Italy.” Chemosphere 236: 124376. https://doi.org/10.
1016/j.chemosphere.2019.124376.

Siddique, A., M. Y. M. Al-Shamlan, H. E. Al-Romaihi, and H. A.
Khwaja. 2023. “Beyond the Outdoors: Indoor Air Quality Guidelines and
Standards—Challenges, Inequalities, and the Path Forward.” Reviews on
Environmental Health 40, no. 1: 21-35. https://doi.org/10.1515/reveh-2023-
0150.

Sidibe, A., Y. Sakamoto, K. Murano, et al. 2022. “Chemical Characteriza-
tion and Health Risk Assessment of Particulate Matter From Household
Activities in Bamako, Mali, Western Sub-Saharan Africa.” Atmosphere 13,
no. 8: 1290. https://doi.org/10.3390/atmos13081290.

Suwanaruang, T. 2023. “Assessment of Indoor and Outdoor Formalde-
hyde, Total Volatile Organic Compounds (TVOC), and Particulate Matter
(PM2.5, and PM10) Levels in Kalasin, Thailand.” FIOOOResearch 12: 1533.
https://doi.org/10.12688/f1000research.140015.1.

Tham, K. W. 2016. “Indoor Air Quality and Its Effects on Humans—A
Review of Challenges and Developments in the Last 30 Years.” Energy
and Buildings 130: 637-650. https://doi.org/10.1016/j.enbuild.2016.08.071.

Tran, V. V., D. Park, and Y. C. Lee. 2020. “Indoor air Pollution, Related
Human Diseases, and Recent Trends in the Control and Improvement of
Indoor air Quality.” International Journal of Environmental Research and
Public Health 17, no. 8: 2927. https://doi.org/10.3390/ijerph17082927.

Tuomi, T., and S. Vainiotalo. 2016. “The Guideline and Target Values for
Total Volatile Organic Compound Concentrations in Industrial Indoor
Environments in Finland.” Indoor and Built Environment 25, no. 2:
424-434. https://doi.org/10.1177/1420326x14554270.

USEPA. 2015. Why Indoor Air Quality is Important to Schools [Overviews
and  Factsheets].  https://www.epa.gov/iaq-schools/why-indoor-air-
quality-important-schools.

WHO. 2024. Household air pollution. World Health Organization.
https://www.who.int/news-room/fact-sheets/detail/household-air-
pollution-and-health.

Wiglusz, R., E. Sitko, G. Nikel, I. Jarnuszkiewicz, and B. Igielska. 2002.
“The Effect of Temperature on the Emission of Formaldehyde and Volatile
Organic Compounds (VOCs) From Laminate Flooring—Case Study.”
Building and Environment 37, no. 1: 41-44. https://doi.org/10.1016/S0360-
1323(00)00091-3.

Wolkoff, P., and G. D. Nielsen. 2010. “Non-Cancer Effects of Formalde-
hyde and Relevance for Setting an Indoor Air Guideline.” Environment
International 36, no. 7: 788-799. https://doi.org/10.1016/j.envint.2010.05.
012.

Wong, N. H., and B. Huang. 2004. “Comparative Study of the Indoor
Air Quality of Naturally Ventilated and Air-conditioned Bedrooms of
Residential Buildings in Singapore.” Building and Environment 39, no. 9:
1115-1123. https://doi.org/10.1016/j.buildenv.2004.01.024.

Yarmohammadi, H., E. Hamidvand, D. Abdollahzadeh, et al. 2016.
“Measuring Concentration of Welding Fumes in Respiratory Zones of
Welders: An Ergo-Toxicological Approach.” Research Journal of Medical
Sciences 10, no. 3: 111-115.

Yasmin, A., I. Ahmed, M. Haider, M.d. K. Hossain, M. A. Motalib, and
M.d. S. Hossain. 2024. “Characterizing Indoor Air Quality and Identifying
Factors Influencing Air Quality at Home Microenvironment in Dhaka
city.” Indoor Environments 1, no. 4: 100056. https://doi.org/10.1016/j.
indenv.2024.100056.

Yudin, A. 2021. “Data analysis With Pandas.” In Basic Python for Data
Management, Finance, and Marketing: Advance Your Career by Learning
the Most Powerful Analytical Tool, edited by A. Yudin, 93-150. Apress.
https://doi.org/10.1007/978-1-4842-7189-6_3.

Yunesian, M., R. Rostami, A. Zarei, M. Fazlzadeh, and H. Janjani. 2019.
“Exposure to High Levels of PM2.5 and PM10 in the Metropolis of Tehran
and the Associated Health Risks During 2016-2017.” Microchemical
Journal 150: 104174. https://doi.org/10.1016/j.microc.2019.104174.

Zaki, M. N. N. K., and A. N. A. Bari. 2022. “A Study on the Indoor
Air Quality (IAQ) at Primary School in Industrial Area: A Case Study
to Sekolah Kebangsaan Pasir Gudang 3(SKPG3).” IOP Conference Series:
Earth and Environmental Science 1067, no. 1: 012010. https://doi.org/10.
1088/1755-1315/1067/1/012010.

Zhang, X., X. Li, Z. Wang, G. Deng, and Z. Wang. 2020. “Exposure Level
and Influential Factors of HCHO, BTX and TVOC From the Interior
Redecoration of Residences.” Building and Environment 168: 106494.
https://doi.org/10.1016/j.buildenv.2019.106494.

Zhou, S., H. Liu, Y. Ding, and Y. Wu. 2019. “The Effects of Temperature and
Humidity on the VOC Emission Rate From Dry Building Materials.” IOP
Conference Series: Materials Science and Engineering 609, no. 4: 042001.
https://doi.org/10.1088/1757-899X/609/4/042001.

Zulkipli, N. S., S. Z. Satari, and W. N. S. W. Yusoff. 2020. “Descriptive
Analysis of Circular Data With Outliers Using Python Programming
Language.” Data Analytics and Applied Mathematics (DAAM) 1: 31-36.
https://doi.org/10.15282/daam.v1i01.5085.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting information: tqem70435-sup-0001-FigureS1-S10.docx

Environmental Quality Management, 2026

17 of 17


https://repository.lboro.ac.uk/articles/conference_contribution/Comparing_indoor_air_quality_in_naturally_ventilated_and_air-conditioned_hospitals_in_the_tropics/21168115/1
https://doi.org/10.1016/j.buildenv.2019.03.031
https://doi.org/10.1016/j.hazadv.2024.100459
https://doi.org/10.35940/ijitee.L3591.1081219
https://doi.org/10.1186/s40068-023-00327-2
https://doi.org/10.1016/j.heliyon.2022.e09572
https://doi.org/10.1016/j.envint.2022.107440
https://doi.org/10.1016/j.chemosphere.2019.124376
https://doi.org/10.1515/reveh-2023-0150
https://doi.org/10.3390/atmos13081290
https://doi.org/10.12688/f1000research.140015.1
https://doi.org/10.1016/j.enbuild.2016.08.071
https://doi.org/10.3390/ijerph17082927
https://doi.org/10.1177/1420326%D714554270
https://www.epa.gov/iaq-schools/why-indoor-air-quality-important-schools
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-health
https://doi.org/10.1016/S0360-1323(00)00091-3
https://doi.org/10.1016/j.envint.2010.05.012
https://doi.org/10.1016/j.buildenv.2004.01.024
https://doi.org/10.1016/j.indenv.2024.100056
https://doi.org/10.1007/978-1-4842-7189-6_3
https://doi.org/10.1016/j.microc.2019.104174
https://doi.org/10.1088/1755-1315/1067/1/012010
https://doi.org/10.1016/j.buildenv.2019.106494
https://doi.org/10.1088/1757-899X/609/4/042001
https://doi.org/10.15282/daam.v1i01.5085

	Indoor Air Quality and Associated Public Health Impact in AC and Non-AC Environments: A Case Study on Mymensingh, Bangladesh
	1 | Introduction
	2 | Materials and Methods
	2.1 | Study Area and Site Selection
	2.2 | Sampling Design
	2.3 | Measured Parameters and Monitoring Equipment
	2.4 | Statistical Analysis
	2.4.1 | Data Preparation
	2.4.2 | Descriptive Statistics
	2.4.3 | Comparative Analysis
	2.4.4 | Correlation Analysis

	2.5 | Source Apportionment Analysis
	2.6 | Public Health Risk Assessment
	2.6.1 | Exposure Assessment
	2.6.2 | Non-Carcinogenic Risk Assessment
	2.6.3 | Carcinogenic Risk Assessment


	3 | Results
	3.1 | Pollutant Concentration in AC and Non-AC Environments
	3.1.1 | Particulate Matter (PM1, PM2.5, PM10)
	3.1.2 | Gaseous Pollutants (TVOCs and HCHO)
	3.1.3 | Meteorological Variables (Temperature and Humidity)

	3.2 | Correlation Analysis of IAQ Parameters and Meteorological Variables
	3.3 | Source Apportionment Analysis Using PMF (Positive Matrix Factorization) Model
	3.4 | Public Health Risk Assessment
	3.4.1 | Estimated Lifetime Cancer Risk (ELCR) Analysis
	3.4.2 | Non-Carcinogenic Health Risk


	4 | Discussion
	5 | Conclusion
	Acknowledgment
	Funding
	Conflicts of Interest
	Data Availability Statement
	AI Disclosure Statement
	References
	Supporting Information


