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Indoor air pollution presents a significant global health risk, yet the influence
of outdoor air pollution and meteorological factors on indoor air quality is not
well understood. This study investigates these impacts in 88 naturally ventilated
households across urban, suburban, and industrial areas, with no indoor smoking
or cooking. Air quality measurements were continuously recorded for 24 h a
day over six consecutive days during the wet season. The findings reveal that
the outdoor PM2.5 levels consistently exceeded indoor levels, with weekday
concentrations higher than on weekends. Specifically, urban PM2.5 levels
averaged 34.8 μg/m³ outdoors and 31 μg/m³ indoors on weekdays, compared
to 33.1 μg/m³ outdoors and 31.5 μg/m³ indoors on weekends. Indoor CO2 levels
were notably higher, peaking at 525.7 ppm in urban areas on weekdays and
576.9 ppm on weekends, driven by increased occupancy and poor ventilation,
particularly in suburban areas (880.4 ppm on weekdays and 807.5 ppm on
weekends). The average indoor/outdoor (I/O) ratio for PM2.5 was 0.94, indicating
that indoor concentrations are about 94%of outdoor levels, signifying significant
infiltration of outdoor pollution. In contrast, the I/O ratio for CO2 was 1.47,
suggesting indoor levels were 47% higher due to limited ventilation and indoor
sources. This study concludes that outdoor air pollution and meteorological
factors significantly affect indoor air quality in Kigali, Rwanda, highlighting the
need for effective management of both outdoor pollution sources and indoor
conditions.

KEYWORDS

indoor air quality, outdoor air pollution, meteorological influence, PM2.5 infiltration,
exogenous factors

1 Introduction

Air pollution is one of themost significant environmental challenges posing severe risks
to public health, contributing to climate change and accelerating ecosystem degradation
(Singh and Singh, 2022; Akasha et al., 2023). The situation is critical in developing
nations where poor outdoor air quality is responsible for nearly 3,000,000 deaths
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each year, with about 3,000 of these occurring in Rwanda (WHO,
2010). Indoor air pollution, on the other hand, contributes to an
estimated 3.2 million fatalities each year, including over 237,000
deaths of children under five in 2020 (WHO, 2023). Globally, the
cumulative impact of both outdoor and indoor air pollution is
linked to 6.7 million premature deaths annually (WHO, 2023).
Despite the implementation of air pollution control measures,
80% of the 7.3 billion individuals exposed to unsafe annual
average PM2.5 concentrations reside in low- and middle-income
countries, with sub-Sahara Africa notably experiencing a higher
prevalence (Rentschler and Leonova, 2023).

Research indicates that people in urban areas spend about
85%–90% of their time indoors (Abhijeet et al., 2021). A previous
study revealed that Californians spend 87% of their time indoors,
7% in enclosed transit, and 6% outdoors (Jenkins et al., 1992).
For the most vulnerable groups, such as the elderly, pregnant
women, individuals with lung or heart conditions, and children,
this can reach up to 100% (Mannucci and Franchini, 2017).
This extended indoor exposure can lead to various health issues,
including respiratory problems, immune system-related allergies,
cancer, reproductive effects, skin and mucous membrane issues in
the eyes, nose, and throat, sensory and nervous system effects,
cardiovascular problems, and systemic effects on the liver, kidneys,
and gastrointestinal system (Liu et al., 2018; Van Tran et al., 2020).

Several factors significantly contribute to the air quality inside a
building, including emission sources, building layouts, ventilation,
and environmental conditions (Mendoza et al., 2021; Shehab et al.,
2021). Additionally, physical parameters such as RH, temperature,
and outdoor air pollution are essential factors that should not be
ignored (Abdel-Salam, 2021a; Ferguson et al., 2020). A recent study
conducted by Bekierski and Kostyrko. (2021) indicated that other
factors, including the age of the building, type of housing, number
of floors, number of windows, and use of air conditioning can
influence ventilation patterns and infiltration factors in homes. For
example, in a study investigating the interactions and contributions
of factors influencing indoor PM2.5 in six office buildings in Beijing,
Li et al. (2023) revealed that outdoor PM2.5 accounted for nearly
50% of indoor PM2.5 levels, with additional contributions from
periodic factors (16.34%), meteorological factors (11.89%), and
indoor environment conditions (16.26%). The study emphasized
that while opening windows increased infiltration, it only slightly
reduced indoor PM2.5 levels under certain conditions. Key factors
influencing these interactions includes wind direction, temperature,
and relative humidity. In a study examining the infiltration of various
outdoor pollutants in 49 homes in Hong Kong, Hossain et al.
(2021) found that PM2.5 has the highest infiltration factor (0.75)
compared to NO2 (0.53) and O3 (0.47). Ventilation practices were
found to account for 48% of PM2.5 infiltration variability, and air
purifiers contributed to a reduction of 8%–9%. In a study examining
the key factors influencing PM2.5 levels in rural Zimbabwe, the
authors found that cooking indoors and using mixed biomass fuels
were strongly associated with higher PM2.5 concentrations (Muteti-
Fana et al., 2023). In the research conducted in Kampala, Uganda,
natural ventilation was found to have a strong correlation with
improved indoor air quality and health, particularly in low-income
housing, suggesting its importance for health and sustainability
(Kajjoba et al., 2024).The study assessing indoor air pollution in 246
homes in eThekwini municipality, South Africa, identified housing

type, fuel use, and road proximity as key contributors to elevated
pollution levels (Jafta et al., 2017).

Indoor carbon dioxide (CO2) concentrations are influenced by
a range of factors, including human activity and environmental
conditions. It is primarily generated by human respiration and
combustion processes. Therefore, factors like occupant density
and combustion-related indoor activities significantly influence
indoor CO2 concentrations (Abdel-Salam, 2015). Increased air
tightness, often employed to minimize energy consumption and
shield against outdoor air pollution, can lead to higher indoor CO2
concentrations (Gall et al., 2016). However, poor ventilation coupled
with high occupancy and activities such as smoking and cooking
are responsible for elevated indoor CO2 levels exceeding 1000 ppm
(Boor et al., 2017). Notably, exposure to CO2 concentrations has
been associated with adverse health effects (Zhang et al., 2017).

The effects of outdoor air pollution on indoor air quality
have been widely studied. Research has specifically focused on
the impact of traffic-related air pollution on indoor air quality
in naturally ventilated buildings (Nihar et al., 2023; Tong et al.,
2016). Studies conducted in high-rise buildings in South Korea
and China have explored this issue (Fu et al., 2022; Kang et al.,
2021). Similarly, (Fu et al., 2022), examined the influence of PM2.5
levels on indoor air quality in a 12-story building, approximately
63 m tall. More recent studies on outdoor air pollution’s effects on
indoor air quality have been conducted in multistory buildings in
developed cities with advanced infrastructure and regulations, such
as Shanghai, Shenyang (Fu et al., 2022; Huang et al., 2018; Kang et al.,
2021). The results indicate a significant difference in indoor
particle concentrations between higher and lower floors in high-rise
buildings.These researches were conducted inmultistory residential
buildings, considering seasonal variations, air infiltration, and
atmospheric meteorological conditions. However, the majority of
this literature has focused on developed cities, and similar studies are
scarce in developing countries, particularly in sub-Saharan Africa
(Duan and Jiang, 2021; Odo et al., 2022).

This gap in research is significant given the region’s unique
challenges, including relaxed air quality regulations, reliance on
outdated polluting machinery and vehicles, subsidies for fossil
fuels, and widespread use of solid fuels for indoor cooking.
Additional factors such as congested urban transport systems,
rapid industrialization, and slash-and-burn agricultural practices
exacerbate air pollution levels (Agbo et al., 2021; Khan et al.,
2024; Rentschler and Leonova, 2023). Furthermore, inadequate
public awareness and limited access to clean energy alternatives
leave vulnerable populations disproportionately exposed to high
pollution levels. In Africa, PM2.5 primarily originates from traffic
emissions, industrial activities, natural sources such as Saharan
dust, biomass burning, poor waste management, and widespread
use of diesel-powered vehicles, many of which lack particulate
filters and are poorly maintained (Naidja et al., 2018; Safo-
Adu et al., 2023). Additionally, substandard infrastructure and
low-quality fuels intensify traffic-related pollution (Kumar et al.,
2021). These factors create a significant public health concern,
particularly for communities with limited access to cleaner
alternatives.

Extensive research is needed to understand how outdoor air
pollution and weather conditions affect indoor air quality in
residential buildings in developing countries. This study examines
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the influence of outdoor air pollution on indoor air quality in
single-family, low-density homes with a specific focus on sub-
Saharan Africa, particularly Rwanda. It identifies key pollutants of
concern, examines variations in indoor air quality across different
residential settings, and evaluates the role of substandard building
materials in worsening health risks. Furthermore, it analyzes how
meteorological factors, such as temperature and relative humidity,
interact with outdoor air pollution to affect indoor air quality,
considering both daily and weekly fluctuations. Understanding
these interactions is essential for designing effective interventions
and policies to address indoor air quality concerns in developing
countries like Rwanda.

2 Materials and methods

2.1 Description of the study area

The study was conducted in Kigali (Figure 1), Rwanda’s capital,
at 1.9579°S and 30.1127°E. Kigali, with a population of 1,517,168,
covers 730 km2, resulting in a population density of approximately
2,078 people/Km2. Most households in Rwanda (60%) use sun-
dried bricks for wall construction. Charcoal is the primary cooking
energy source for 58% of Kigali households, whereas gas is used
by 20% (NISR, 2023). In the transportation sector, Kigali had over
30,000 vehicles in 2020 (Rwanda Utilities Regulatory Authority,
2022), and 81% of public transport bus fleets were 20 years old
or less, with which the average age for buses was reported to
be 13 years (REMA, 2018). Most secondary roads in Kigali are
unpaved (City of Kigali, 2022). Typically, air pollution in the city
is primarily due to emissions from road traffic, domestic sources,
and industry (REMA, 2018).

Kigali receives 950 mm of rain annually, with stable
temperatures ranging from 26°C–27°C during the day to 15°C–16°C
at night (Rwanda Meteorology Agency). Population movement
from the countryside to Kigali has been increasing. The city has
tropical wet and dry seasons, with an annual average temperature
of 20.50°C (Sirisena, 2018). The primary rainy season occurs from
March toMay,while dry spells happen fromSeptember toDecember
and January to February. The long dry period runs from early June
to August. Kigali features urban residential areas, suburban zones
with rural characteristics, and industrial zones close to residential
areas. Industries in these zones produce hazardous pollutants,
particularly affecting nearby households. Due to this, this research
was focused on PM2.5 and CO2 exposure in urban, industrial, and
suburban zones.

2.2 Household characteristics

As indicated in Figure 1 and Table 1, this study sampled 88
households in Kigali, distributed across urban (40), suburban (37),
and industrial (11) areas. All homes were single-family, situated
within 200 m of a road, with industrial zone homes less than
250 m from industrial facilities. Suburban homes were closest
to the main road with moderate traffic. The homes varied by
age: twelve were less than 5 years old, thirty-eight were 6 to
10 years old, twenty-nine were below 15 years, and nine were

over 20 years old. All houses used natural ventilation through
window openings.

More than half of the households (45.45%) were in urban areas,
42.05% in suburban areas, and 12.50% in industrial zones, reflecting
different environmental and pollution exposures. Most households
(57%) had lived in their current homes for 1–5 years, indicating
new occupancy. About a third (33%) stayed for 6–10 years, with
fewer for longer durations. The buildings’ ages mainly were between
6–10 years (43%) and 11–15 years (33%).The smaller numbers were
1–5 (14%) or 21–25 years old (10%). All households use natural
ventilation by opening windows, which is significant for indoor air
quality as it influences pollutant levels. Amajority of households had
3–4 windows (62%), with a smaller portion having 1–2 windows
(33%) or 5–6 windows (5%). None reported indoor smoking or
cooking, which helps maintain indoor air quality and reduces
health risks.

During the sampling period, homes were occupied by non-
smoking residents, and no indoor cooking occurred. Windows
were open during the day but closed at night. Urban roads were
congested, especially in the morning and evening, with heavy traffic
and little greenery. Industrial areas had older homes on crowded
streets with less outdoor activity, while suburban areas were less
congested. The study ensured a neutral air pollution source by
avoiding smoking and indoor cooking. Additional variables like
wall and floor materials, the number of residents, light sources, and
income were evaluated but excluded due to lack of variability.

2.3 PM2.5 and CO2 monitoring

Indoor and outdoor PM2.5, CO2, andmeteorological parameters
(RH and temperature) weremeasured using the QAir Air Visual Pro
during the wet season fromMarch toMay 2024, over six consecutive
days (Thursday to Tuesday) in selected houses, covering both
weekdays and weekends. No data were collected on Wednesdays as
this was the day allocated for relocating the monitoring instruments
to different houses. All measurements were recorded continuously
for 24 h with a 5-min resolution. 88 samples were collected from
urban, suburban, and industrial zones, encompassing 40, 37, and 11
households, respectively. Indoormeasurements were taken in rooms
used less frequently whenever possible to capture indoor pollutants
from outdoor sources rather than from an indoor personal cloud.
Outdoor instruments were positioned at least 0.6 m above the
ground and 3 m away from the nearest exterior wall of the houses.

2.4 Validation setup

The sensor was placed in an environment similar to that of
an air quality monitoring station to validate its measurements.
This setup prevents the effects of a changing environment that
mobile sensors often experience. Consequently, a comparison with
a reference instrument was conducted in the Nyarugenge District.
Two sensors, with IP addresses 192.168.2.13 and 192.168.2.26, were
studied. They were installed next to a reference instrument from the
state air quality monitoring network at the meteorological station.
This validation study occurred from mid-January 2024 to the end
of February 2024. The sensors were placed adjacent to the reference
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FIGURE 1
Locations of sampling sites (urban, suburban, and industrial zones) in Kigali, Rwanda.

station and were not covered to ensure they experienced the same
climatic conditions and allowed for proper air circulation.

Two sensors were placed adjacent to a meteorological station,
and measurements were taken over 1 week to compare the
data quality of low-cost sensor readings to that of high-quality
meteorological station observations.The goal was to develop outlier-
aware pre-processing algorithms to improve data quality while
maintaining extreme-value information.

2.5 Validation with reference station

Figure 2 illustrates the validation measurement campaign,
showing the correlations between reference data and Air Visual Pro
data for PM2.5, CO2, RH, and temperature. The scatter plot shows a
strong positive linear relationship between the PM2.5 measurements
from the Air Visual Pro sensor and the reference data. The high R-
value (0.94) indicates that the Air Visual Pro sensor provides PM2.5
readings that closely match the reference data, demonstrating its
reliability for PM2.5 measurements. The scatter plot for CO2 shows
a moderate positive linear relationship between the Air Visual Pro
sensor readings and the reference data. The correlation coefficient
(0.70) suggests a reasonable but less robust agreement compared to
PM2.5, indicating that while the sensor provides valuable data, it may
not be as accurate for CO2 measurements.

The RH scatter plot demonstrates a solid positive linear
relationship between the Air Visual Pro sensor readings and the
reference data. The extremely high R-value (0.98) signifies that the
sensor’s RHmeasurements are almost identical to the reference data,
showcasing excellent performance in measuring RH. The scatter

plot for temperature shows a moderate positive linear relationship
between the Air Visual Pro sensor readings and the reference data.
The correlation coefficient (0.73) indicates a good measurement,
though it is not as strong as that for PM2.5 or RH. This suggests that
the Air Visual Pro sensor provides reasonably accurate temperature
readings but with room for improvement.

2.6 Statistical analysis

The experiment was repeated four times, and all statistical
analyseswere performedusing IBMSPSS Statistics 27.0.Descriptive,
time series and correlation analyses were conducted on real-time
PM2.5 and CO2 concentrations recorded from three locations.
Non-parametric statistical analyses were used to determine
the relationships between indoor and outdoor air pollutant
concentrations and also between PM2.5 and meteorological
parameters. Python libraries were utilized to develop scripts for data
evaluation and manipulation. Graphs were created using Origin 22.

3 Results and discussion

3.1 Temporal variations in PM2.5 and CO2

As indicated in Figure 3A, during weekdays, higher
concentrations of PM2.5 were observed between 06:00 and 08:00.
Another significant increase in PM2.5 levels occurred between 18:00
and 20:00. The peaks in the morning and evening on weekdays can
be attributed to rush hour traffic, increased industrial activities, and
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TABLE 1 Main characteristics of the buildings for the sampled
households.

Household characteristics Number Proportion (%)

Number of households surveyed site
type

88 (100%)

Urban 40 (45.45%)

Suburban 37 (42.05%)

Industrial Zone 11 (12.50%)

Duration stayed in this
house (Years)

1–5 50 (57%)

6–10 30 (33%)

11–15 4 (5%)

16–20 4 (5%)

Age of the building (Years)

1–5 12 (14%)

6–10 38 (43%)

11–15 29 (33%)

16–20 0 (0%)

21–25 9 (10%)

Mode of Ventilation

Natural (Window Opening) 88 (100%)

Air-Conditioning 0 (0%)

Number of windows

1–2 28 (33%)

3–4 56 (62%)

5–6 4 (5%)

Smoking Indoors

Yes 0 (0%)

No 88 (100%)

Cooking indoors

No 88 (100%)

Yes 0 (0%)

other human activities that contribute to higher PM2.5 emissions.
The lowest PM2.5 concentration appeared between 14:00 and 16:00.
Both indoor and outdoor environments showed similar patterns of
PM2.5 variation, although the absolute values may differ.

During weekends (Figure 3B), unlike weekdays, there was a
fluctuation between 06:00 and 08:00 in the morning peak. The
absence of a morning peak was due to the reduced road traffic and
industrial activities. PM2.5 levels were at a high peak between 19:00
and 21:00 due to various factors, such as atmospheric stability, as the
temperature drops at night and the atmosphere traps car emissions,

PM2.5, and other pollutants in the home and near the ground level.
There was a continuous decrease from 21:00 to 23:00. Both indoor
and outdoor environments showed similar trends, with variations
in concentration levels. The drop in PM2.5 levels in the afternoon
may be due to atmospheric dispersion and reduced human activities
during this period.The evening peak and earlymorning rise in PM2.5
levels can be attributed to industrial activities and other contributing
sources. These observations are consistent with the previous studies
(Kumar et al., 2019; Nagendra et al., 2018). Weekdays exhibited
higher PM2.5 concentrations thanweekends due to increased human
activities and road traffic,which are the primary contributors to daily
PM2.5 levels in urban areas. In addition, the weekend reduction of all
government institutions and many private businesses significantly
reduces business activities and vehicle traffic, leading to fewer work-
related operations and less road congestion than on weekdays.

Figure 3C shows that indoor CO2 levels rose between 02:00
and 06:00 during weekdays. There was another rise in CO2 levels
between 18:00 and 22:00. Higher indoor CO2 levels in the morning
and evening suggest increased occupancy and building activities
during these times. Outdoor CO2 levels were consistently lower
than indoors throughout the day. On weekends (Figure 3D), like
weekdays, indoor CO2 levels rise between 02:00 and 06:00. CO2
levels also increased between 18:00 and 21:00. Minimal variation
was observed in outdoor CO2 levels. Indoor CO2 concentrations on
weekends were higher than on weekdays, possibly due to increased
indoor activities and prolonged indoor stays (Gao et al., 2018).
Notably, outdoor CO2 levels were minimal due to natural air
circulation, dilution effect, photosynthesis, open space, and lower
density of CO2 source.

As presented in Figure 4A, during weekdays, PM2.5 levels
showed distinct diurnal variations with peaks and troughs at specific
times. A slight increase in PM2.5 concentration is observed between
06:00 and 08:00, likely due to increased human activities such
as commuting and industrial operations. There was a noticeable
decrease in PM2.5 levels between 14:00 and 16:00. This can be
attributed to higher wind speeds and solar radiation during the
day, leading to the dispersion and photochemical breakdown of
pollutants. A significant cumulative increase in PM2.5 concentration
is seen between 21:00 and 22:00. This is due to the stabilization
of the atmosphere at night and reduced dispersion, along with
possible emissions from evening activities. In addition, the increases
in PM2.5 concentrations during evening and night hours align with
previous studies, indicating that atmospheric stability and inversion
conditions lead to pollutant build-up. During weekends (Figure 4B),
similar to weekdays, there were some variations in peak timings and
levels of PM 2.5. A slight increase was seen in the early morning
hours. A decrease was observed around midday. There was an
increase in PM2.5 concentrations in the evening, peaking around
22:00. However, the levels were slightly lower than on weekdays.
The findings align closely with the results of previous studies
(Dahari et al., 2020; Ibe et al., 2020; Javed et al., 2021). This was
caused by the build-up of particles under inversion conditions and
the stability of the atmosphere at night. Additionally, the increase
in PM2.5 in suburban areas may be attributed to transboundary
pollution, which contributes to the concentration of PM2.5.

As indicated in Figure 4C, indoor CO2 levels remained
consistently higher during weekdays than outdoor levels throughout
the day. The indoor CO2 levels peaked at around 900 ppm early
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FIGURE 2
Correlations between reference and Air Visual Pro data for PM2.5, CO2, RH, and temperature.

FIGURE 3
Diurnal variations of PM2.5 on weekdays (A), PM2.5 on weekends (B), CO2 on weekdays (C), and CO2 on weekends (D) in the urban zone.

in the morning (04:00 to 06:00), coinciding with peak human
activity indoors. The outdoor CO2 levels peaked at around 6:00
and 20:00. There was a general decrease in CO2 levels during the
day due to ventilation and dispersion. As depicted in Figure 4D,
during weekends, there was a similar trend to weekdays, but with
slightly higher maximum levels, peaking at around 10:00 to 16:00.

Outdoor CO2 levels lowered during this time but peaked at about
5:00 ppm. The higher indoor CO2 concentrations on weekends
can be attributed to more extended periods of indoor activity and
reduced ventilation compared to weekdays (Zhang et al., 2017).

As depicted in Figure 5A, the average PM2.5 concentration on
weekdays showed a clear diurnal pattern. PM2.5 levels were relatively
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FIGURE 4
Diurnal variations of PM2.5 on weekdays (A), PM2.5 on weekends (B), CO2 on weekdays (C), and CO2 on weekends (D) in the suburban zone.

high in the morning (06:00 to 08:00), likely due to industrial
activities and traffic. The concentration decreased and reached a
minimum in the late afternoon (14:00 to 16:00). There was a
significant increase in PM2.5 levels starting from 17:00, peaking at
approximately 19:00. The peak PM2.5 concentration on weekdays
was around 70 μg/m³ outdoors and 65.3 μg/m³ indoors. As shown in
Figure 5B, similar diurnal patterns were observed during weekends
with some variations. PM2.5 concentrations increased in the
evening, peaking at around 20:00. The peak values were higher
on weekends, with outdoor levels reaching approximately 90 μg/m³
and indoor levels around 83 μg/m³. The minimum concentrations
were observed in the late afternoon (14:00 to 16:00), similar to
weekdays.High evening andnighttimePM2.5 levels can be attributed
to industrial processes, emissions, and reduced dispersion due
to stable atmospheric conditions. During weekdays (Figure 5C),
indoor CO2 peaks at 23:00, whereas outdoor CO2 levels peak
at around 4:00 in the morning. The highest concentrations were
generally observed in the late evening and early morning, likely
due to reduced ventilation and human activity indoors. As shown
in Figure 5D, during weekends, indoor CO2 concentrations were
slightly higher than on weekdays, peaking at 00:00. Outdoor CO2
levels were lower on weekends, peaking at around 14:00. The
overall pattern indicates higher CO2 levels indoors compared to
outdoors, consistent with the presence of human activities and
reduced ventilation (Palareti et al., 2016; Zhang et al., 2017).

3.2 Indoor and outdoor concentrations of
PM2.5 and CO2 at different locations

As seen in Figure 6A, the mean PM2.5 concentrations in
urban sites were 34.8 μg/m³ and 31 μg/m³ on weekdays and were
about 33.1 μg/m³ and 31.5 μg/m³ on the weekends in outdoor

and indoors, respectively. The PM2.5 concentration on weekdays
was higher than on weekends in urban areas. These observations
support the findings for other major cities. For example, in prior
research (DeGaetano and Doherty, 2004) in New York, PM2.5 levels
were significantly lower on weekends and consistently high on
weekdays due to human activity. The mean PM2.5 concentrations in
suburban sites were around 24.2 μg/m³ and 23.7 μg/m³ on weekdays
and were around 28.9 μg/m³ and 28.7 μg/m³ during weekend in
outdoor and indoors, respectively. However, for suburban and
industrial areas, the recorded weekend PM2.5 concentrations were
higher than those on weekdays, consistent with previous studies
(Heydari et al., 2019; Yao et al., 2015). This is because households
in industrial sites are commonly exposed to industrial activities
that emit pollutants, and trucks that typically operate around these
sites can increase the fine particle levels. Both weekdays showed
higher PM2.5 concentrations within industrial zones than urban
and suburban sites. The outdoor concentrations were consistently
higher than the indoor concentrations for each studied location,
which is consistent with other studies in which indoor fine particle
concentrationswere significantly lower than outdoor concentrations
(Kaewrat et al., 2021; Nadali et al., 2020).

As depicted in Figure 6B, the mean CO2 concentrations in
urban sites were 402.0 ppm and 525.7 ppm during weekdays,
and they were about 393.1 ppm and 576.9 ppm on the weekends
within outdoor and indoor environments, respectively. The mean
CO2 concentrations in sub-urban sites were around 435.7 ppm
and 880.4 ppm during weekdays and were about 440.1 ppm and
807.5 ppm during weekends in outdoor and indoor environments,
respectively. The mean CO2 concentrations in industrial zones
were around 489.8 ppm and 522.9 ppm during weekdays and
were about 472.4 ppm and 542.8 ppm during weekends. The
highest CO2 concentrations, indoors and outdoors, compared to
urban and industrial sites could be due to poor ventilation and
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FIGURE 5
Diurnal variations of PM2.5 on weekdays (A), PM2.5 on weekends (B), CO2 on weekdays (C), and CO2 on weekends (D) in the industrial zone.

FIGURE 6
Variations in PM2.5 (A) and CO2 (B) on weekdays and weekends at the different sites.

increased human occupancy (Niu et al., 2024). This is similar
to the study highlighting that indoor CO2 concentrations can
significantly exceed outdoors due to inadequate ventilation and high
occupancy (Chen and Hsiao, 2015).

3.3 Indoor/outdoor pollutant ratios

Table 2 represents the indoor-to-outdoor (I/O) ratios of PM2.5
and CO2 concentrations in urban, suburban, and industrial zones
during weekdays and weekends. The I/O ratio was calculated based

on the average hourly concentrations. On weekdays, the ratios of
PM2.5 levels in the urban, suburban, and industrial areas were 0.89,
0.97, and 0.91, respectively. On weekends, the average I/O ratios
for PM2.5 in the urban, suburban, and industrial sites were 0.95,
0.99, and 0.92, respectively. These findings show that the PM2.5
I/O ratios below 1 across all areas indicate significant outdoor
influence on indoor PM2.5 levels, which is consistent with the
results of the previous study (Taushiba et al., 2023). Therefore,
effective strategies to improve indoor air quality should prioritize
the reduction of outdoor PM2.5 emissions, particularly in urban and
industrial regions (Liu and Zhang, 2019).
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TABLE 2 Indoor/outdoor ratios on weekdays and weekends in the different locations.

Weekdays Weekends

Indoor Outdoor I/O ratio Indoor Outdoor I/O ratio

Urban

PM2.5 31.1 34.8 0.89 31.5 33.1 0.95

CO2 525.7 402.0 1.30 576.9 393.1 1.46

Suburban

PM2.5 23.7 24.2 0.97 28.7 28.9 0.99

CO2 880.4 435.7 2.02 807.5 440.1 1.83

Industrial Zone

PM2.5 40.0 43.6 0.91 42.4 45.9 0.92

CO2 522.9 489.8 1.06 542.8 472.4 1.14

On weekdays, CO2 ratios were 1.30 for the urban area, 2.02 for
the suburban area, and 1.06 for the industrial area. On weekends,
CO2 ratios at the urban, suburban, and industrial sites, the average
I/O ratios were 1.46, 1.83, and 1.14, respectively. The slightly
higher CO2 I/O ratios above 1 on weekends may indicate increased
indoor activity or poorer ventilation compared to weekdays. The
higher I/O ratios were typically observed during weekends due
to increased indoor occupancy, when human activity is higher,
or when ventilation is poorer (Stamp et al., 2022). This was
particularly evident in residential settings where people spend more
time indoors during weekends. This study suggests that effective
ventilation systems are crucial for mitigating indoor CO2 levels and
maintaining healthy indoor environments.

On weekdays, the ratios of PM2.5 levels in the urban, suburban,
and industrial areas were 0.89, 0.97, and 0.91, respectively. For CO2,
the ratios were 1.30 for the urban areas, 2.02 for suburban areas,
and 1.06 for the industrial regions, respectively. On weekends, the
average I/O ratios for PM2.5 for the urban, suburban, and industrial
sites were 0.95, 0.99, and 0.92, respectively. For CO2 at the urban,
suburban, and industrial sites, the average I/O ratios were 1.46, 1.83,
and 1.14, respectively.

The I/O ratio for PM2.5 was below 1. The average I/O ratios for
all sites were less than one on weekdays and weekends. This differs
from the CO2 ratio, which exceeds 1 for all sites. I/O ratios less than
1 imply that outdoor air significantly influenced the households'
PM2.5 indoor air quality. As a result, changes in outdoor PM2.5
concentrationsmay considerably impact indoor PM concentrations.
The lower I/O ratios for PM2.5 indicate that outdoor air affects
indoor concentration. PM2.5 is attributable to vehicle emissions
from nearby congested roads, which enter the indoor environment
of residences and increase concentration. These findings were
consistent with those of a previous study (Oosterlee et al., 1996).
Similar results were also observed (Sahu and Gurjar, 2019). They
assessed indoor PM levels with an outdoor origin using empirical
data andmodeling.The findings revealed that the indoor proportion

of outdoor particles could range from 0.05 to over 0.9 but not
more than 1.

The I/O ratios for CO2 were above 1.0, which indicates higher
sources of indoor CO2 and inadequate ventilation in homes (Abdel-
Salam, 2021b; Kalimeri et al., 2016). These results suggest that
proper heating, ventilation, and air conditioning are necessary
to provide sufficient natural airflow for increased indoor CO2
concentrations. Indoor pollutant concentrations can be decreased,
and indoor air quality (IAQ) can be improved by adequate
ventilation (Diapouli et al., 2008; Villanueva et al., 2021; WHO,
2010). These findings suggest that indoor air quality is affected by
indoor infiltration of outdoor pollutants (Kumar et al., 2019). Several
factors, such as site type, day of the week, and pollution sources, can
substantially impact the I/O ratio.

The I/O ratios show that the impact of indoor and outdoor
sources on indoor air quality varies based on location and pollutants.
PM2.5 I/O ratios were typically less than 1 in industrial and urban
locations but near 1 in suburban areas, indicating that outdoor air
had a higher impact on indoor air quality for PM2.5. However, the
CO2 ratio was more significant than one, indicating that indoor
sources contribute more to CO2 levels than outdoor air. These
findings are critical for understanding indoor air quality, especially
in environments with poor ventilation, where CO2 can accumulate
and potentially affect occupants’ comfort and cognitive function
(Huyen et al., 2024; Mendell et al., 2024).

3.4 Influence of meteorological conditions
and outdoor pollution on indoor air quality

As detailed in Table 3, a significant negative correlation exists
between indoor PM2.5 concentrations and temperature across
various locations, including urban, suburban, and industrial
zones. The strongest negative correlation is observed in suburban
areas during weekdays (−0.787∗∗), indicating that indoor PM2.5
levels significantly increase as temperature decreases. This pattern
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TABLE 3 The correlation between indoor PM2.5 and temperature, RH,
and outdoor PM2.5 in three locations was analyzed.

Day Location Indoor
PM2.5 vs.
temp

Indoor
PM2.5 vs.
RH

Indoor
PM2.5 vs.
Outdoor
PM2.5

Weekday

Urban −0.754∗∗ 0.781∗∗ 0.991∗∗

Suburban −0.787∗∗ 0.864∗∗ 0.980∗∗

Industrial
Zone

−0.625∗ 0.664∗ 0.990∗∗

Weekend

Urban −0.744∗∗ 0.683∗ 0.957∗∗

Suburban −0.679∗ 0.695∗ 0.853∗∗

Industrial
Zone

−0.466 0.535∗ 0.714∗∗

∗Moderate correlation: 0.5 < r < 0.7;∗∗strong correlation: r ≥ 0.7.

persists during weekends, particularly in urban (−0.744∗∗)
and suburban (−0.679∗) areas, suggesting that temperature
consistently influences indoor PM2.5 concentrations regardless of
the day or location. Similar findings were reported by Das et al.
(2021) andKliengchuay et al. (2021).The strong negative correlation
between temperature and indoor PM2.5 suggests that lower
temperatures, likely due to reduced ventilation and closed windows,
can trap pollutants indoors.

A notable positive correlation was observed between indoor
PM2.5 and RH, especially pronounced in suburban areas during
weekdays (0.864∗∗). Urban areas exhibit a positive correlation
(0.683∗) on weekends, though slightly weaker than weekdays. These
findings indicate that higher RH levels are associated with increased
indoor PM2.5 concentrations, suggesting that RH plays a significant
role in exacerbating indoor air pollution, possibly due to the
hygroscopic growth of particles.The results of this study correspond
to those of (Gao et al., 2019; Guo et al., 2017; Wang et al., 2021).

The relationship between indoor and outdoor PM2.5 was
strongly positive, with correlation coefficients nearing 1.000 inmany
cases, particularly in urban areas during weekdays (0.991∗∗). This
strong correlation implies that outdoor levels heavily influence
indoor PM2.5 concentrations. Even in industrial zones during
weekends, the correlation remained strong (0.714∗∗), highlighting
the pervasive impact of outdoor PM2.5 on indoor air quality
across different environments and timeframes. These results are
consistent with the results obtained from the study conducted by
(Jeong et al., 2019; Meier et al., 2015)This indicates that outdoor
air pollution is the main contributor to poor indoor air quality,
suggesting that managing outdoor pollution sources and indoor
conditions, especially meteorological factors, can improve indoor
air quality.

As presented in Table 4, the age of the building shows varying
correlations with other factors. It has amoderate positive correlation
with site type (r = 0.615) and a robust correlation with the number of
windows (r = 0.944), suggesting that older buildings may have more
windows, which could impact ventilation. However, the correlation

between building age and PM2.5 concentrations is moderate (r =
0.470), indicating that although there is a relationship, it may not
be the primary factor influencing PM2.5 levels.

Next, the site type appears to have a negligible correlation
with PM2.5 concentrations, as evidenced by a very low correlation
coefficient (r = 0.001). This suggests that different site types
(e.g., residential, industrial) do not significantly impact indoor
PM2.5 concentrations. However, site type has moderate to strong
correlations with other building characteristics, such as building
age (r = 0.615) and the number of windows (r = 0.913). This
indicates that the overall impact on PM2.5 concentrations depends
more on these interconnected factors than the site type alone
(Wan et al., 2022; Yu, 2023).

Ventilation, another critical factor, shows a moderate
correlation with PM2.5 concentrations (r = 0.447) and has
moderate correlations with other building characteristics,
such as site type (r = 0.414) and the number of windows
(r = 0.449). These moderate correlations suggest that while
ventilation plays a role in indoor PM2.5 levels, other factors
may also influence indoor air quality. The relationship between
ventilation and building age (r = 0.137) is weak; this does
not imply that newer buildings consistently offer better
ventilation. The effectiveness of ventilation is more closely
linked to specific design choices, regulatory compliance, and
ongoing maintenance practices than to the building’s age alone
(Aguilera Benito et al., 2021; Thirunagari et al., 2023).

The number of windows in a building, which is very strongly
correlated with the age of the building (r = 0.944) and site type
(r = 0.913), shows a weak correlation with PM2.5 concentrations
(r = 0.166). This weak correlation suggests that simply having
more windows does not significantly affect indoor particulate
levels. This finding indicates that other factors, such as orientation,
size, and glazing quality of windows, could contribute to the
effectiveness of natural ventilation. These elements can be more
critical than the age of the building itself in maintaining healthy
indoor environments (Guo et al., 2022).

4 Study limitation

This study has several key limitations. Firstly, the process
of monitoring exposure to household air pollution requires
extensive and specific requirements, as a result, our study
relied on portable monitors, with data collected from a small
sample size during the rainy season and in a limited number
of households. These limitations restrict the generalizability
of the findings to the broader populations, other seasons, or
areas with diverse socio-economic conditions or housing types.
To enhance representativeness, future studies should include
a larger, more diverse sample of households, with diverse
lifestyles and detailed demographic, are necessary to improve
representativeness and provide reliable pollution exposure
data. Additionally, this study did not include mixed-effects
or multivariate analyses, which would have helped account
for variations across households and environments. Future
research should address this gap by incorporating advanced
analytical methods.
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TABLE 4 Correlations between building characteristics and PM2.5 concentrations for the selected sites.

Age of building Site type Ventilation Number of windows PM2.5

Age of Building 1

Site Type 0.615 1

Ventilation 0.137 0.414 1

Number of windows 0.944 0.913 0.449 1

PM2.5 0.470 0.001 0.447 0.166 1

5 Conclusion

This research showcases the possibility of exploring howoutdoor
air pollution influences indoor air quality in naturally ventilated
single-family and low-density residential buildings across different
locations in Rwanda using affordable portable devices. The study
monitored 88 households during the wet season, representing three
distinct location types. The findings revealed that PM2.5 levels
were notably higher during peak traffic hours and at night, with
urban areas showing elevated PM2.5 levels on weekdays, while
suburban and industrial sites had higher levels during weekends.
The indoor/outdoor ratios for PM2.5 consistently remained below
1, highlighting the significant influence of outdoor air on indoor
PM2.5 levels. Furthermore, CO2 concentrations were consistently
higher indoors across all locations, with the highest levels observed
in suburban areas during weekends, likely due to increased
occupancy and reduced ventilation. The study also found that
RH positively correlated with higher indoor PM2.5 concentrations,
especially onweekdays in suburban areas, while temperature showed
a negative correlation, particularly in suburban sites. The study’s
strength lies in its comprehensive coverage of various locations
and simultaneous measurements of indoor and outdoor air quality,
but it is limited by its focus on a single season, suggesting the
need for further research across multiple seasons to understand
the variability in indoor air quality better. These findings are
essential for developing strategies to effectively manage outdoor
pollution sources and indoor conditions to improve air quality
in Kigali. This study provides scientific evidence that can support
in formulating source control policies and encourage changes in
behavior to address environmental and health challenges. The
following recommendations are essential for developing long-term
solutions to tackle urbanization and environmental challenges, as
well as mitigating health impacts:

1. The majority of industrial and commercial activities should
be restricted to designated areas away from heavily populated
residential zones to minimize pollution levels. In addition,
measures like improving fuel quality, encouraging public
transportation, and limiting the import of outdated vehicles
should be implemented to decrease emissions and enhance
air quality.

2. This study focuses only on Kigali, Rwanda. Its findings could
have broader relevance for other parts of the country and
similar regions in developing nations. Further studies are

recommended in locationswith distinct environmental, urban,
and demographic conditions, as well as varying climates
or levels of development. Additionally, research should
also investigate how factors like precipitation and extreme
temperature-humidity conditions interact and influence
air quality.
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