Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 June 2026. Downloaded on 6/25/2026 8:08:27 AM.

(cc)

ROYAL SOCIETY

Environmental Science: .~
. “OF CHEMISTRY

Atmospheres

View Article Online

View Journal

W) Checkfor updates Impact of domestic and commercial combustion
activities on women's personal exposure to PM, 5 in
Abidjan (Cote d’lvoire)

Marie Yapo, {2 *2 Cathy Liousse,? Sylvain Gnamien, {2® Thierno Doumbia,?
Jean-Francois Léon,? Marine Scandella,© Sylvia Becerra,© Nicolas Brou,”
Coulibaly M'begnan,? Stéphane Ahoua,® Maria Dias Alves,? Eric Gardrat,?
Isabella Annesi-Maesano,® Ayenon Junior Yapo® and Véronique Yoboug®

Cite this: DOI: 10.1039/d6ea00027d

Few studies have been carried out on personal exposure to fine particles linked to combustion activities in
West Africa, despite the high concentrations that have been measured and the health risks they pose. This
study is a part of the APIMAMA (Air Pollution Mitigation Action for Megacities in Africa) interdisciplinary
research project. We focus on the personal exposure to PM,s of three groups of women who are
heavily exposed to domestic and commercial combustion pollution through their daily work in Abidjan,
Cote d'lvoire, specifically in Yopougon. The groups are composed of 30 housewives using wood or
charcoal to cook food for their families or for sale; 29 women and 3 men using wood to produce
charcoal; and 28 women using wood to smoke fish. All participants wore real-time PM, s monitors
during the dry season (November 2022—-March 2023 for housewives and charcoal makers) and the wet
season (July—September 2023 for fish-smoking women) for 15 to 30 days. This study shows alarming
24-h exposure levels: 224.7 (205-245.9) ug m~> for housewives, 251.6 (207.9-306.3) pg m~> for
charcoal makers, and 269.2 (191.7-399.8) ng m~ for fish-smoking women. These results are 15 to 18
times higher than the WHO's 24-hours guideline (15 ng m~3), posing serious health risks. For each group,
the PM, s concentrations and their diurnal variations are closely associated with the reported sources of
exposure identified in the health questionnaires. More specifically, the multivariate analysis highlighted
the significant role of road traffic in the personal exposure of housewives to PM, s, whereas combustion

activities were the dominant contributors for the other two groups. This finding is consistent with the
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Accepted 31st May 2026 quantified impact of combustion activities on daily exposure levels. Cooking activities with wood and

charcoal contribute to 29% + 10% of the housewives' total daily exposure, while charcoal making and
fish smoking account for 31% + 8% to 41% + 13% and 18% + 16% to 71% + 18%, respectively, of the total
rsc.li/esatmospheres daily exposure of the charcoal makers and fish-smoking women.

DOI: 10.1039/d6ea00027d

Environmental significance

This study shows that women conducting domestic and commercial activities that generate pollution, as well as those living in poor neighbourhoods in Abidjan
are exposed to high concentrations of PM, s, well above the WHO-recommended daily limits and the atmospheric concentrations previously measured in these
neighbourhoods. Four main sources of pollution (wood and charcoal combustion, traffic, indirect sources, and use of mosquito coils and repellents) were
identified from the questionnaires completed by participants as being responsible for this situation. An estimation of their respective contribution to personal
PM, 5 exposure among women shows that combustion activities are the primary source for charcoal-making women and fish-smoking women. This finding can
be generalized to women in West Africa with similar living conditions and practices and can help inform strategies aimed at reducing the impact of these
activities.
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premature deaths each year, according to the World Health
Organization (WHO).

Studies have identified four major anthropogenic sources of
particulate pollution in the major cities of West Africa.’® The
first is domestic and commercial fires as well as the open
burning of waste. The main sources of energy in African
households are solid fuels such as charcoal, agricultural resi-
dues and wood.” In sub-Saharan Africa, these biofuels account
for around 80% of total energy consumption.® Access to less
polluting energies, such as gas or electricity, is limited because
they are more expensive, and the use of wood and charcoal is
also culturally based. Indeed, many people still continue to use
wood or charcoal to cook dishes that require slow cooking or
that are believed to have a better flavor than when cooked with
gas. The other two major sources of emissions in West African
cities are road traffic, characterized by vehicles that are often
very old, and the agri-food and chemical industries. Studies
have shown that Africa could become the leading emitter of
anthropogenic pollutants from these 4 types of sources by 2030
if no reduction measures are implemented.® In addition, it
should be noted that most West African cities are affected by
more distant sources, especially during the dry season (e.g.
desert dust from the Sahel and Sahara regions and particulate
matter from savannah fires).

Faced with this cocktail of anthropogenic and natural sour-
ces, several scientific projects have been examining the effects
of certain sources on gaseous pollution®** and particulate
pollution®****? in urban West African areas and human health
for the past decade. In terms of particulate pollution, these
projects have shown that the concentrations of particulate
pollutants at source sites and urban sites are 3 to 15 times
higher than the levels recommended by the WHO, with strong
spatial variations closely linked to the standard of living of the
populations. The highest concentrations have been found in the
most deprived neighborhoods. Carbonaceous aerosols and
desert dust are the main components of the aerosols studied. In
terms of health issues, some studies have examined the link
between high indoor and outdoor concentrations of particulate
pollutants and some respiratory symptoms among vulnerable
populations (e.g. children).**>* Owing to all these projects,
particulate matter pollution and its health effects are fairly well
documented in Abidjan, particularly in the Yopougon
commune. However, it should also be noted that the highest
concentrations observed in the study by Xu et al* (15 times
higher than the WHO guidelines) were obtained at the source
site during personal exposure measurements of two women
using wood for smoking meat.

Therefore, domestic and professional activities (food
smoking and wood manufacturing) linked to the use of wood
fires and charcoal are likely to be one of the main sources of fine
particulate matter pollution, affecting those who engage in
them.>**” Women living in the cities of West Africa are the main
victims, as they play an important role in these activities.

However, very little research has been conducted on their
personal exposure to particulate pollution in relation to each of
their combustion activities.
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Furthermore, Becerra et al.”® have shown that air pollution is
part of a range of hazards faced by people on a daily basis, and
that it is linked to poverty and/or social hierarchy; consequently,
the most socially vulnerable people are also those most
vulnerable to air pollution.

It is against this backdrop, and in response to the health
emergency caused by rapid population growth, that the API-
MAMA project (Air Pollution Mitigation Actions for Megacities
in Africa, ANR 2022-2026) was established. APIMAMA aims to
develop solutions to reduce air pollution and associated health
and social risks in African megacities through an interdisci-
plinary, participatory approach that enables participants to take
ownership of the environmental health issues addressed by the
project. One of the objectives of this project is to study three
vulnerable groups of women living in precarious neighbor-
hoods in the commune of Yopougon in Abidjan and involved in
polluting domestic and commercial activities (cooking, char-
coal making and fish smoking). This part includes measure-
ments of individual exposure to particulate pollution for each of
the participants, sociological interviews and health tests,*
before and after the introduction of improved cooking tech-
niques and practices, i.e. those designed to reduce the partic-
ulate pollution inhaled.

The work presented here shows first the results of
measurements of personal exposure to fine particles (PM, s) for
each of the women studied while they used traditional tools and
practices in their domestic and commercial activities, corre-
sponding to the situation before the introduction of improved
technology and practices. Secondly, this study examines the
relationship between these results and the polluting sources to
which women are exposed, based on analyses of health ques-
tionnaires. Finally, this paper quantifies the contribution of
domestic and commercial combustion activities to total daily
personal exposure.

2 Materials and methods

A pilot group composed of researchers, local and national
decision-makers and women's representatives from various
neighborhoods of Abidjan was established to monitor the
development and progress of the studies conducted as part of
the project.

The first meeting of this group allowed for the selection of
the measurement sites, women representatives within the pilot
group, and measurement periods.

2.1. Description of study sites and selection of participants

Abidjan is the main pilot city for the APIMAMA project, and
Yopougon is the commune selected to implement the study
protocol described herein.

Yopougon is densely populated with 1571 065 inhabitants
and a population density of 9568 inhabitants per km?>3® The
population is low to middle income. The three combustion
sources studied (cooking, charcoal making and fish smoking)
are present in Yopougon and are mainly carried out by women.
Therefore, our study covers three measurement sites (Fig. 1) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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* ® Measurement sites

Fig. 1 Location of measurement areas: (a) zoomed view of the three
measurement sites in the commune of Yopougon (https://
www.openstreetmap.fr/), and (b) city of Abidjan and its communes.**

three groups of female participants with distinct socio—-profes-
sional activities:

(1) Yao Sehi, a neighborhood in Yopougon, was selected for
the study of personal exposure to domestic fires (housewives'
group) and to fish smoking carried out in the neighborhoods
(fish-smoking group). It is important to note that the “house-
wives” group is made up of participants who, for the most part,
conduct professional activities in the neighborhood, including
restaurant owners and sellers of crisps, bread, rubber, clothes,
medicines, etc. Yao Sehi is a precarious neighborhood charac-
terized by unpaved roads and a lack of adequate infrastructure
for household waste and wastewater management.** This
neighborhood is densely populated with a low-income pop-
ulation and was recently divided in two for the construction of
a bridge known as the Fourth Bridge (currently under
construction). The cooking fuels most commonly used for
domestic and commercial activities in this population are
charcoal and wood. Gas is also used in combustion activities
and all these energy sources are used interchangeably depend-
ing on their efficiency and cost-effectiveness, as well as the types
of dishes and/or cooking times.

(2) The charcoal production site is located next to Cité Ado
neighborhood. Cité Ado is close to the civil prison on the
N'dotré road (Fig. 1). This area is sparsely populated and adjoins
a forest. Informal charcoal making using recovered wood (from
sawmills, pruning carried out by Abidjan town councils, etc.)
take place there. The land occupied by wood stocks and char-
coal millstones was a wasteland unsuitable for urban develop-
ment and once far from residential areas. However, due to
demographic pressure, new buildings are now being con-
structed on the edge of the charcoal making site, leading to
conflicts between local residents and charcoal makers.

(3) Yopougon santé site regroups the “Fatou Sylla” fish-
smoking site and Abobodoumé market. These sites (Fatou
Sylla and Abobodoumé market) are located in the villages of
Yopougon santé and Abobodoumé, which belong to the
communes of Yopougon and Attécoubé, respectively. The pop-
ulation of these villages is predominantly low-income and
engages in many informal activities, including fish smoking to
meet their daily needs. This activity has come into being thanks
to the proximity of these villages to the Ebrié lagoon. The fuel
used for smoking is rubber wood. It is important to note that
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previous studies have shown that particulate emissions asso-
ciated with its combustion are very high compared with other
types of wood (iroko, redwood, etc.).>® Working conditions are
difficult: smoking on traditional ovens is usually carried out
under lean-tos or in confined spaces that trap smoke.

The protocol specified that 30 participants should be
selected from each site. For the groups of housewives' and fish-
smoking groups, this selection within the same neighborhood
is associated with a 15% margin of error, according to Danieli
et al.** However, for charcoal makers, the study targets a specific
practice that is illegal in the city and therefore difficult to
quantify.

One of the roles of the women's representatives in the pilot
group was to provide a list of people for each site, the selection
criterion being their use of charcoal and/or wood for domestic
and commercial activities.

In total, we selected 31 housewives and 5 fish-smoking
women in Yao Sehi. In Yopougon Santé, 23 fish-smoking
women, and, in Cité Ado, 30 women and 3 men involved in
charcoal production were selected.

While women were the primary social category targeted by
the study, 3 men were included in the charcoal production
group due to their work in setting up and monitoring the
charcoal-making millstones, which meant that they spent a lot
of time at the Cité Ado site. Men on the site are generally
employed by women who run the business.

2.2. Measurement protocols and materials deployed

Before each measurement campaign, meetings were held with
all the participants in the same group to present the APIMAMA
study protocol, including physicochemical measurements and
health questionnaires.

In terms of physicochemical measurements, two types of
portable equipment were used: (1) optical sensors to measure
fine particles (PM, s5) in real time, which were worn on the arms
by all the people in each group, and (2) filtration systems to
study the mass and chemical composition of the aerosol, as well
as its oxidizing potential (Fig. 2).

The filtration system was attached to the clothing at chest
level and close to the breathing zone. All sensors were worn

Fig. 2 Photographs of measuring instruments worn by the partici-
pants in this study: (a) a housewife at Yao Sehi, (b) a charcoal-making
woman at Cité Ado and (c) a fish-smoking woman at Yopougon Santé.
Source: photos S. Chastanet, OMP (Observatoire Midi-Pyrénées).
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continuously and were only removed briefly, remaining in the
same microenvironment as the participant (kitchen, bedroom,
workplace, etc.) during activities such as bathing, sleeping,
charging the battery, or performing sudden movements (e.g.,
preparing certain dishes, throwing earth for charcoal produc-
tion, using public transport during rush hour, etc.).

The measurement campaigns were carried out during
periods when exposure to pollution is expected to be at its
highest: in the dry season from 22 November to 22 December
2022 and from 14 to 28 March 2023 for housewives and charcoal
makers, respectively, and in the wet season for fish-smoking
women (from 18 to 31 July 2023 at Yao Sehi and from 01
August to 01 September 2023 at Yopougon Santé). In fact, it is
during the wet season that the activity of fish smoking is most
intense.

2.2.1. Portable filtration system. The filtration system
consisted of a portable PEM system (personal environmental
monitor*®) that included a battery-powered SKC pump (SKC
Inc., Fullerton, CA, USA) drawing air at a rate of 4 L min™",
a cylindrical stainless-steel cut-off head removing particles
larger than 2.5 pm in diameter from the air stream, and
a cassette containing a 37-mm quartz fiber filter (Fig. 2a). A
gravimetric method is used to determine the mass concentra-
tion of aerosol collected.

This method has been validated and used by several
projects.* For each study group, flow rates were verified at the
beginning and end of each sampling event. Sampling times
were recorded both manually (laboratory notebook) and directly
(on the pumps).

This device was worn by 3 participants at each site (4 at Cité
Ado site) for 15 days. The filters were changed every 24 h.

The results obtained with the filtration system were used in
the present study solely as a reference method for assessing
PM, s mass concentrations. Analysis of the chemical composi-
tion of the aerosol and its oxidizing potential, also carried out
on these filters, will be the subject of another study.

2.2.2. Portable optical sensors

2.2.2.1 Sensor description. We used low-cost GAIA APIMAMA
sensors (https://agicn.org/gaia/apimama/). These sensors were
custom-designed by the manufacturer for the project and
include a GPS module and two sensors (PMS 5003), enabling us
to obtain spatiotemporal concentrations of PM, 5 over two-
minute intervals. GAIA APIMAMA is an optical sensor that
uses the principle of light scattering.®® According to a study on
the evaluation of low-cost Plantower sensors (PMS 5003 and
PMS 1003), they cover a concentration range from 6 to around
1000 pg m 2. These sensors were designed to be lightweight,
easy to wear and battery-powered, requiring no internet
connection for start-up, operation and data retrieval. They can
collect data for up to one week.

2.2.2.2 Measurement protocol. During the various
campaigns, which lasted one month for housewives and fish-
smoking women and 15 days for charcoal makers, the sensors
were worn on the arm of all participants (Fig. 2). The
measurement protocol devised with the participants was as
follows: the sensor was worn at all times, except during specific
periods (see above) when they place it nearby. Data was
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collected twice a week. Before the sensors were used on a site,
they were checked to ensure that they were working properly.

2.2.2.3 Sensor calibration. Low-cost measuring devices must
be calibrated against reference instruments.*® Calibration is
a challenging process because the measurements performed
using low-cost optical sensors depend on operating conditions
(relative humidity, temperature, and particle mass concentra-
tion), as well as on the characteristics of the aerosols being
measured (aerosol composition, particle size distribution, and
hygroscopicity). These characteristics are closely linked to the
emission source.’””* Several studies on calibrating low-cost
sensors in tropical areas use models that take into account
meteorological  conditions (temperature and relative
humidity).”® Other studies compare measurements obtained
using low-cost optical sensors with the PM, 5 mass measured on
filters in parallel (see, for example, Gnamien et al.*®).

In this study, due to the lack of real-time meteorological
data, we used the latter option to evaluate and correct the
measurements of PM, s concentrations obtained from the
optical sensors. To do this, we used the daily filters (14 filters)
worn by three or four participants in each group (10 participants
in all, i.e. 138 filters in total) and collected with the filtration
system. We then determined the PM, 5 concentrations recorded
by the optical sensors for the same measurement periods as
those of the filtration system experiments and compared the
values obtained with the two sampling methods. The compar-
ison was performed separately for each group. Indeed, aerosol
characteristics, including chemical composition, size and
hygroscopicity, are expected to differ among the groups because
they are influenced by different emission sources. The results of
the comparison show a significant correlation between the data
obtained from the two measuring instruments (housewives: y =
5.5x, R = 0.8, p < 10~ '°, see Fig. S1; charcoal makers: y = 7.04x,
R> = 0.8, p <107'°, see Fig. S2; and fish-smoking women: y =
5.03x, R*> = 0.8, p < 107 '°, see Fig. S3). We applied these
correction factors (5.5, 7 and 5) to the optical sensor data to
obtain the adjusted PM, s mass concentrations for all partici-
pants. It is worth noting that these correction factors are higher
than the values reported in the literature, which could be
explained by (1) the ambient relative humidity levels measured
in the field of around 90%, which are higher than those in
previous studies and (2) the aerosol composition, which was
dominated by combustion-derived organic aerosol. Indeed,
previous studies (e.g. Zhang et al.*') show that organic carbon
(OC) plays a significant role in increasing the aerosol liquid
water content (ALWC) during biomass combustion, which
affects the aerosol optical properties when the relative humidity
exceeds 60%. This would explain the underestimation of PM, 5
by the PMS5003 sensor and the need for higher correction
factors than those in the literature. Moreover, the higher values
(7) obtained for charcoal makers may also be explained by the
chemical composition of the combustion aerosol, which is
affected by the presence of ground ash that is resuspended (see
Fig. 2b).

2.2.3. Ambient PM,
Ambient PM, s concentrations were measured weekly from
November 2022 to April 2026 in Yao Sehi (see Section 2.1 (1)) to

concentration measurement.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characterize ambient pollution in Yopougon using the INDAAF
ambient air-pumping technique (Djossou et al.** and Gnamien
et al."®).

Briefly, the sampling system consisted of a mini Partisol
sampling impactor for PM, s operating at a flow rate of 5
L min~*, an NILU online filter holder, a KNF pump with a flow
rate of 9 L min " (N89 KNE-K version 220 V), a Cole Palmer ball
flow meter with a micrometric valve (flow range adjustable from
0 to 10 L min~', accuracy +5%) and a GALLUS-type G4 gas
meter (accuracy of £0.01 m?®). The air was sampled for 15 min
every hour, leading to a total volume of sampled air of about
12.6 m® per week. The particles were collected on 47-mm quartz
fibre filters for gravimetric measurements.

The sampling system was installed more than 2 m above the
ground, on the roof of the house of Yao Sehi's chief. Similar to
the portable filtration system, flow rates were verified at the
beginning and end of each sampling event, and sampling times
were recorded manually in a laboratory notebook.

2.2.4. Health questionnaire. All APIMAMA researchers
contributed to the development of the health questionnaire,
which was based on existing instruments and adapted to the
conditions of our study.*>* In this questionnaire, administered
at the beginning of each measurement campaign, all 92
participants in the study were invited to provide personal
information on their occupation, living conditions, health, and
perception of pollution. In this study, we focused particularly on
the information on their activities, general lifestyle habits,
culinary habits and fuels used, nature of their job, workplace
and working hours, and commuting mode and duration.
Moreover, participants were asked questions about their daily
activities during the data collection to better understand the
results of the different physicochemical instruments presented
below.

2.3. Data analysis

In this study, all PM, 5 values below 6 ug m > were removed
from the raw values, which are continuous, real-time data with
a time step of 2 min.** With this threshold, a total of 2%, 8% and
9% of the data were excluded for housewives, charcoal makers
and fish-smoking women, respectively. Then, for each day of
valid measurements, we calculated the daily geometric mean
PM, ;5 concentration to determine the personal exposure of each
participant to PM, 5. A day was considered valid when at least
50% of the measurements were available (i.e., more than 360
measurements per day), well distributed over the 24-h
sampling. Under these conditions, we excluded 17%, 31% and
30% of the data for housewives, charcoal makers and fish-
smoking women, respectively.

As a result, we retained 90 participants who met our criteria
and had valid data (30 housewives, 32 charcoal makers, and 28
fish-smoking women), out of the 92 initially equipped. Data
were anonymized according to the study groups. Thus, the
identifier YSIO1 designates the first participant (01) from the
housewives' group of Yao Sehi (YS) for phase I of the study. The
identifier DL was used for all fish-smoking women, while CA
was used for charcoal makers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3.1. Establishment of an individual code linked to
impacting pollution sources. Due to the diversity of the data,
each participant was assigned a three-term code based on the
responses from the health questionnaire, summarizing the
sources of pollution to which they were exposed during a typical
week.

The first term of the code (ranging from 1 to 9) characterizes
the combustion sources related to the participants’ professional
activities.

For housewives, it corresponds to the cooking source and is
calculated using eqn (1), as follows:

Cooking source = v x Z t, x EF, 1)
re{ijk}

where r represents the fuel used (wood, charcoal or gas); ¢. the
cooking and water heating time depending on the fuel used and
obtained from the menus prepared by each participant during
a typical week; EF, the emission factor of the fuel used repre-
sentative of the particle emissions associated with different
fuels;*® and v a ventilation coefficient derived from the charac-
teristics of the cooking location (e.g., near a door, in the yard,
and in the house) and the presence of a window in the home.

For charcoal makers and fish-smoking women, the first term
corresponds to combustion source and is calculated using eqn
(2), as follows:

Combustion source = ¢ x EF (2)

where EF represents the emission factor of the fuel used (mixed
wood for charcoal production and rubber wood for fish
smoking) according to Keita et al.** and ¢ the activity time, which
is the number of exposure hours per day multiplied by the
number of workdays in the week that participants devote either
to charcoal production for charcoal makers or fish-smoking
activities for fish-smoking women.

For the following, we assumed that the number 9 represents
the highest value for the various combustion sources (cooking,
fish smoking and charcoal making), and using the rule of three,
we deduced the corresponding numbers for all calculated
values.

The second term of the code (ranging from A to D) indicates
the relative importance of road traffic as a pollution source for
all participants. We observed that some groups of women (CA
and DL) work at sites different from their residences, while
those residing at the same site (YS) sometimes engage in
activities elsewhere. The participants generally use communal
taxis, commonly called wor6-wor6, and minivans (gbaka) for
transportation. It was important for us to include road traffic in
this analysis because it is one of the anthropogenic sources of
air pollution to which the participants are exposed. It is evalu-
ated according to eqn (3), as follows:

Road traffic source = ¢ x EF; (3)

where i represents the type of fuel used (gasoline or diesel
depending on the transport); EF; the emission factor according
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Table 1 Description of the codes related to the combustion sources impacting women

Position  Type Meaning Description

1 Number YS: Cooking From 1 to 9 with 1 being low
CA: Charcoal making
DL: Fish smoking

2 Letter Road traffic From A to D, with A being low

3 Number For YS: fan, incense, tobacco, traffic, and construction road From 1 to 9 with 1 being low
For CA and DL: cooking, fan, tobacco, traffic, incense, and fish smoking at home

4 Lowercase letter  Use of mosquito-repellent coils m

to Keita et al.;** and ¢ the daily commute time and/or travel time
required for participants to get to their workplace.

Letter A is assigned to low intensity of road traffic exposure, B
to moderate intensity, C to high intensity, and D to very high
intensity.

The third term of the code (ranging from 1 to 9) characterizes
the indirect sources to which participants are exposed. For
housewives (YS), this refers to the use of incense, exposure to
tobacco smoke, and the presence of vehicles near their dwelling
(traffic). Additionally, it is worth noting the presence of major
construction work in Yopougon for the construction of a bridge
(the Fourth Bridge of the city of Abidjan) connecting Yopougon
to the administrative district (Plateau). These construction
works may have affected the participants of the Yao Sehi group
who live near the construction site, especially due to emissions
from vehicles (traffic and construction dust).

For charcoal makers and fish-smoking women, the “cook-
ing” item (presented in the previous section) is added to the
indirect exposure sources listed for housewives. It should be
noted that the “construction site” item used for YS is replaced
here by the proximity of participants' homes to a neighborhood
fish-smoking site.

To digitize the responses obtained for each item, we used
a binary system (positive response to the question about the
item = 1 and negative = 0). For charcoal makers and fish-
smoking women, the “cooking” item is scored out of 4, and
the other indirect sources are scored out of 5 to obtain the third
term of our code, ranging from 1 to 9. We then summed the
values of each item, and using the rule of three, we determined
the third term, considering that the highest sum corresponded
to the number 9.

The fourth term of the code characterizes the ‘mosquito’ coil
combustion source, which refers to the mosquito-repellent coils
that people burn in their homes for protection.*® As the indoor
combustion of these coils is highly polluting, we deemed it
important to mention this source.

Table 1 provides a summary of the
implementation.

Finally, to determine the level of exposure to all sources (LES)
for each woman, we summed the values assigned to each term
in the source code. To do this, we assigned a value of 9 to traffic
source code D, and using the rule of three, determined the
corresponding value for the other source codes (4, B, and C).
Similarly, we assigned a value of 9 when a woman used
a ‘mosquito’ coil and a value of 0 when she did not.

source code

Environ. Sci.. Atmos.

2.3.2. Contribution of domestic and commercial combus-
tion activities to total daily personal exposure. Total daily
personal exposure (DPEy) was calculated using the equations
defined by He et al.*” and Sidibe et al.*®

DPET = DPECA + DPEO (4)

where DPEc, and DPE, are the daily personal exposure related
to combustion activities and other activities, respectively.

DPECA = (CCA X tCA)/24 (5)
DPEO = (CO X lo)/24 (6)

where Cca (Co) is the personal exposure to PM, s measured
during the combustion activity (during other activities) and ¢ca
(to) is the time spent on the combustion activity (on other
activities) in hours, with the total time being 24 hours. To
determine C¢, (and Cop), we calculated the arithmetic mean of
hourly concentrations during the combustion activity period
(and during other activities) for each participant. The data used
to determine DPEc, and DPE were based on observed activity
schedules and questionnaire responses.

Finally, the contribution (% CA) of each combustion activity
to the total daily personal exposure of the different participant
groups (housewives, charcoal makers, and fish-smoking
women) was calculated as follows:

% CA =100 x DPECA/DPET [7)

3 Results and discussion

3.1. Housewives

3.1.1. Personal exposure to PM, 5. Fig. 3a shows the varia-
tion in personal exposure to PM, 5 for each participant on valid
days during the measurement period (November 22 to
December 22 2022). We note that both this variation and the
mean value differ from one participant to another. This could
be explained by the various activities and practices of the
participants. First, there is the frequency of cooking activities
(several times a day, once a day, every other day, etc.) and the
characteristics of how they are carried out, for example, in
kitchens with varying degrees of ventilation (doors and
mosquito nets instead of windows) located either inside or
outside the house. Second, although all the participants are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mean daily personal exposure to PM, 5 for each participant: (a)
housewives; (b) charcoal makers; and (c) fish-smoking women. The
box represents the variation in personal exposure to PM; s during the
valid days of the measurement period; the red triangle in the box is the
mean PM, s concentration and the red line is the WHO recommended
daily limit (15 pg m=>).

housewives who cook with charcoal and/or wood, some of them
also run businesses such as restaurants, food stalls, and
clothing shops. These participants were either based in the Yao
Sehi neighborhood or worked as street vendors and thus
exposed to road traffic. In addition, we note that some partici-
pants used incense, mosquito repellents and fans, which may
also contribute to these variations in personal exposure to
PM, .

As presented in Fig. 3a, the mean PM, 5 daily exposure of the
women ranges from 178.6 + 33.7 to 399 + 167 ug m >, which is
12 to 27 times higher than the WHO recommended daily limit
(15 pg m ). It is also worth noting that these values are 4 to 8
times higher than the ambient PM, 5 concentration measured
in Yao Sehi, Yopougon during the same measurement period
(47.9 pg m™?). This ambient value is of the same order of
magnitude as the most recent level measured in the Yao Sehi
neighborhood by Gnamien et al.*® in 2019. To better understand
the variation in participants’ personal exposure to PM, 5, we
used data from the questionnaire, which provides information
on their lifestyles, practices and activities.

3.1.2. Relationship between daily personal exposure of
women and the polluting source to which they are exposed
represented by the source code. First, we aimed to establish
a link among the reported sources to which women were
exposed (LES number, see Section 2.3.1) and their measured
personal exposure to PM, s.

As shown in Fig. 4a, which presents LES number as a func-
tion of PM, 5 personal exposure measured for the housewives,
the PM, s concentration increases as the source intensity
increases. Also, there is a strong correlation between the two
datasets (y = 0.06x, R> = 0.9, p-value < 10~ '°). Therefore, there is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Correlation between level of exposure to all the sources (LES)
and measured PM, s personal exposure for: (a) housewives; (b) char-
coal makers and (c) fish-smoking women.

overall consistency between the measured data and the data
obtained from the health questionnaire.

Here, we examine the relative contribution of the various
sources in the code to the measured PM, 5 levels. Fig. 5a shows
the source code plotted as a function of PM, 5 concentration for
the housewives. The source code is sorted in ascending order of
combustion activity (the first term in the code is sorted from
lowest to highest). We present the same graph in the Appendix,
firstly with the source code ranked in ascending order based on
road traffic (Fig. S4a, the second term of the source code is
ranked from lowest to highest). Secondly, with the source code
ranked in ascending order based on indirect sources (Fig. S5a,
the third term of the source code is ranked from lowest to
highest).

In Fig. 5a, the highest concentrations are observed for YSI14,
YSIO5 and YSI20 (399 + 167, 369.4 + 142.6 and 302.7 + 81.2 ug
m™?), corresponding to codes 3D7, 9B4, and 3B5m, respectively
(Table S1). The high PM, 5 concentration measured for YSI14
can be explained by the traffic source (see term D of the code)
and indirect sources (use of incense, a fan, and exposure to
tobacco smoke; see term 7). Regarding the concentration for
YSIO5, the code indicates a high value for cooking source (see
term 9). This seems correct, as this participant prepared dishes
throughout the day for sale, mainly using wood as the cooking
fuel. For the concentration obtained for YSI20, the code indi-
cates the use of mosquito coils to protect against mosquitoes at
night (see term m), and the tests conducted on the combustion
of mosquito coils used by the participants confirm high particle
emissions. In contrast, the relatively low concentration of 178.6
+ 33.7 ug m > observed for YSI0O3 can be explained by the low

Environ. Sci.. Atmos.
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Fig. 5 Representation of the mean daily personal exposure to PM, 5 of each participant according to the polluting source to which they are
exposed represented by the source code: (a) housewives; (b) charcoal makers; and (c) fish-smoking women.

contribution from a cooking source (see term 1 of code 1C4).
The terms 3 and B of code 3B7 also indicate a low impact from
cooking and traffic sources for participant YSI29 (184.6 + 41.9
ng m~). The participants YSI03 and YSI31 have the same code
(1C4) but different concentrations (178.6 + 33.7 and 247.5 +
54.5 pug m~ >, respectively). The sociological interviews con-
ducted alongside this study can explain this observation in
some cases. Some participants are aware of their exposure to
smoke and adopt certain practices, such as ventilating their
homes, which help reduce their exposure to PM, 5. This could
explain why, with similar source codes, personal exposure to
PM, s may vary. Investigations are ongoing with sociologists
from the APIMAMA project to correlate source codes and
perceptions of pollution in data analysis.

For housewives, Fig. 5a and the figures in the Appendix
(Fig. S4a and S5a) show no covariance between the source code
represented by each of these terms and PM, s levels. This
suggests that all sources contribute to the PM, 5 levels. To test
this hypothesis, we used a multivariate linear regression model,
in which the independent variables are x; (cooking activity), x,
(road traffic), x; (indirect sources) and x, (use of mosquito
coils). To use this model, we assigned equal weight to each
variable. As previously shown, we evaluated road traffic and the
use of mosquito coils on a scale of 1 to 9, similar to combustion
activities and indirect sources. We finally found that road traffic
is the primary contributor to the PM, ;5 levels measured among
housewives, followed by indirect sources and mosquito coil use,
according to the following equation:

y = 12.2x; + 20.3x, + 14.8x3 + 10.3x4; B> = 0.9;
p-value (x1) = 0.06, p-value (x,) = 0.0003,
p-value (x3) = 0.02 and p-value (x4) = 0.02.

Environ. Sci.. Atmos.

For the remainder of the analysis, and despite the previous
result, we only considered the first term of the source code,
focusing on combustion activities.

3.1.3. Grouping of participants according to their cooking
combustion activity. Table 2 shows the cooking source score
(the first digit of the source code, see Section 2.3.1), allowing the
housewives to be grouped into 3 subgroups: G1, G2 and G3.

Thus, participants who obtained scores of 1, and 2 and 3 for
the cooking source constitute subgroups G1, and G2, respec-
tively. When this score is between 4 and 9, the housewives form
the G3 subgroup.

The median daily personal exposure to PM, 5 in G1, G2 and
G3is219.7 (201.8-229.1), 228.1 (214.2-263.8) and 231.7 (210.7-
246.5) ug m°, respectively. As indicated by the p-values, the
median daily personal exposure of the subgroups does not
statistically differ (statistical significance set at p <0.05; p = 0.23
for G1 and G2, 0.89 for G2 and G3 and 0.20 for G1 and G3).
However, the concentration shows an increasing trend across
exposure groups (G1 < G2 < G3).

3.2. Charcoal makers

3.2.1. Personal exposure to PM, ;. Fig. 3b presents the
mean daily personal exposure to PM, s for each charcoal-
making participant. Although all participants in this group
engaged in the same activity, we noted differences between the
measured values. Several factors may explain this observation.
First, the scale of charcoal making activity varies among
participants. For example, wood supply capacity varies from one
charcoal-making woman to another, ranging from once
a month to daily. Second, some participants are more involved
in the delivery of charcoal than in charcoal making process. In
addition, their homes are located in the vicinity of the Cité Ado
site, ranging from a 5 min-walk to an hour by public transport.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Median daily personal exposure to PM; 5 of subgroups (G1, G2 and G3) of each group studied (housewives, charcoal makers and fish-

smoking women)

Study group Sub-group Score n Median PM, 5 (IQR) (ug m ™)
Housewives G1 1 12 219.7 (201.87229.1)

G2 2-3 9 228.1 (214.2-263.8)

G3 4-9 9 231.7 (210.7-246.5)
Charcoal makers G1 2-3 10 214.3 (204.0-244.5)

G2 4-5 16 245.4 (209.9-273.0)

G3 6-9 6 373.3 (327.0-434.7)
Fish-smoking women G1 1 9 159.9 (137.0-198.8)

G2 2-3 13 293.1 (233.2-283.3)

G3 4-9 6 700.1 (447.5-836.3)

Finally, as in the case of housewives, the frequency and char-
acteristics of cooking, as well as the use of incense, mosquito
repellents and fans, vary from one participant to another. It is
interesting to note that the personal exposure to PM, 5 of the
men in this group is similar to that of women.

The mean daily personal exposure values range from 155.7 +
34.7 t0 501.8 + 76.4 g m > (Table S2), which are 10 to 33 times
higher than the WHO recommended daily limit. It should also
be noted that the ambient concentrations measured in Yopou-
gon during the same measurement period (from March 14 to
28, 2023) is 23.1 ug m~>. This value is 7 to 22 times lower than
the personal exposure levels and in the same order of magni-
tude as that observed in the Cité Ado neighborhood.*®

3.2.2. Relationship between the daily personal exposure of
participants and the polluting source to which they are exposed
represented by the source code. As with the group of house-
wives, we first aimed to establish a relationship between all the
reported sources to which women were exposed (LES) and their
measured personal exposure to PM, 5. Fig. 4b shows that there
is a strong correlation between the level of exposure to all the
sources (LES) and PM, 5 (y = 0.06x, R> = 0.9, p-value < 10~ '°). As
previously observed for the housewives, the measured data and
the data obtained from the health questionnaire for charcoal
makers are consistent.

G1 represents the least exposed participants, G2 indicates
moderately exposed participants and G3 indicates highly
exposed participants. Score is the first term of the source code
(domestic and commercial combustion activity) and n the
participant number in each sub-group. Median PM, ;5 is the
median of participants' personal exposure in the subgroup, and
IQR the interquartile range (Q1-Q3).

Second, we examined the relative contribution of the various
sources in the code to the measured PM, 5 levels (Fig. 5b, S4b and
S5b). The highest concentrations were observed for CAI17, CAIO6,
and CAI16 (Fig. 5b; 501.8 + 76.4, 445.8 + 117.5, and 401.4 4 233.6
ng m~3), corresponding to codes 9A1, 7C6, and 7C4, respectively
(see Table S2). The mean PM, s concentration measured for
CAI17 can be explained by the significant contribution of the
charcoal making source (see term 9). Indeed, the participant lives
5 min on foot from the measurement site, and thus she spent
more time carrying out her activity. Regarding the concentrations
for CAI06 and CAI16, the codes indicate a combination of sour-
ces: charcoal making, traffic, and indirect sources (see 7C6 and

© 2026 The Author(s). Published by the Royal Society of Chemistry

7C4, respectively). Although both participants live 30 min on foot
from the measurement site, CAI06 used incense and was exposed
to tobacco smoke, whereas CAI16 is not exposed to any of these
sources and cooks mostly with gas. We also note that the low
concentration of 155.7 & 34.7 ug m > observed for CAI10 can be
explained by the low contribution of the charcoal making and
road traffic sources (see terms 4 and A in code 4A7, respectively).
Terms 3 in code 3C3 also indicate a low intensity of charcoal
production and indirect sources for participant CAI24 (162.2 +
44.8 pg m3).

For charcoal makers, Fig. 5b and the figures in the Appendix
(Fig. S4b and S5b) show a covariance between the source code
classified solely based on the first term and PM, 5 levels. This
suggests that charcoal making activity is the main contributor
to the measured PM, 5 levels. To verify this hypothesis, we used
a multivariate linear regression model in which independent
variables were x; (charcoal making activity), x, (road traffic), x;
(indirect sources) and x, (use of mosquito coils), assigning
equal weight to each variable. We finally found that charcoal
making activity is the primary contributor to the PM, 5 levels
measured among charcoal makers, followed by the use of
mosquito coil, according to the following equation:

y =43.3x; + 5.4x, + 6.4x3 + 16.3x4; R =0.9;
p-value (x;) < 0.0001, p-value (x;) = 0.2,
p-value (x3) = 0.2 and p-value (x4) = 0.0002.

For the remainder of the analysis, we only considered the
first term of the source code.

3.2.3. Grouping of participants according to their charcoal
making activity. Here, we divided the participants into three
subgroups (G1, G2, and G3) based on their charcoal making
activity, as indicated by the first digit of the source code. Tables
2 and S2 (in the Appendix) present the methodology used to
establish the subgroups and the distribution of participants
within them: participants who obtained scores of 2 and 3 and of
4 and 5 constitute subgroups G1 and G2, respectively. When
their score is between 6 and 9, the participants are included in
the G3 subgroup.

The median daily personal exposure to PM, 5 in G1, G2 and
G3 is 214.3 (204.0-244.5), 245.4 (209.9-273.0) and 373.3 (327.0-
434.7) pg m?, respectively. Subgroups G1 and G2 are not

Environ. Sci.. Atmos.
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statistically different (p = 0.65), whereas subgroup G3 differs
statistically from G1 and G2 (p = 0.01 for G3 and G1 and 0.02 for
G3 and G2). The median personal exposure to PM, 5 in G3 is 1.7
times higher than G1 and 1.5 times higher than G2. These
differences highlight the importance of occupational exposure
to fine particulate matter related to charcoal making activity.

3.3. Fish-smoking women

3.3.1. Personal exposure to PM, 5. Fig. 3c shows the mean
daily personal exposure of each fish-smoking participant. The
differences observed between the participants may be explained
by the fact that they are involved to varying degrees in fish
smoking. The amount of fish smoked per day varies consider-
ably from one woman to another, ranging from 2 to 22 boxes of
fish (i.e., 40 to 440 kg, with each box weighing an average of 20
kg). This involvement also depends on the participant's status
within the fish-smoking group. Participants were either
contract workers or oven owners. Contract workers spend their
days smoking fish and work for oven owners. Some oven owners
also spend the whole day smoking the fish sold by fish traders.
Others, however, hire contract workers to help them smoke fish
and devote more time to buying and selling their own goods.
Finally, as with the other groups studied, the variation in
personal exposure to PM, s may also be due to the frequency
and characteristics of cooking, as well as the use of incense,
mosquito repellents and fans, which also vary from participant
to participant. It is important to note, that in the group of fish-
smoking women, (1) 23 participants performed their activity at
smoking sites near the lagoon (Yopougon Santé and
Abobodoumé, where more than 50 women work), and (2) 5
other participants were selected from the Yao Sehi site to study
the impact of fish smoking in neighborhoods and markets. This
practice is widespread in West African cities, where small
groups of women (5 to 10 people) carry out their activities in
residential areas, which may affect their health and that of
nearby residents, as shown in the study by Coulibaly et al.*® 1t
should be noted that the concentrations measured in (1) and (2)
are in the same order of magnitude.

The mean daily personal exposure to PM, 5 in this group
ranges from 107.9 + 44.5 to 1128.5 & 970.0 ug m ™ (Table S3),
which is 7 to 75 times higher than the WHO recommended daily
limit. Furthermore, these personal concentrations values are 2
to 21 times higher than the ambient concentration (53.6 pg
m ) measured in Yopougon during the same measurement
period. This concentration is consistent with that reported by
Gnamien."®

3.3.2. Relationship between the daily personal exposure of
participants and the polluting source to which they are exposed
represented by the source code. Similar to the two previous
study groups, we aimed to establish a relationship between all
the reported sources impacting women (LES) and the measured
personal exposure to PM, s. Fig. 4c shows that there is a strong
correlation between LES and PM, 5 (y = 0.03x, R* = 0.8 and p-
value < 10~°). Therefore, there is also good consistency between
the measured data and the data obtained from the health
questionnaire.
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Here, we examined the relative contribution of the various
sources in the codes to the measured PM, s levels. As shown in
Fig. 5c, the highest concentrations are observed for DLI21,
DLI15 and DLI26 (1128.5 £+ 970.0, 843.6 £+ 550.8 and 814.4 +
639.0 pg m~*), corresponding to codes 9B3, 6C1, and 6B4,
respectively (Table S3). The mean PM,s concentration
measured for DLI21 can be explained by the strong contribution
of the fish-smoking source (see term 9). Indeed, this participant
spends day and night smoking fish (21 h day '), resting very
little during the day. Regarding the concentration measured for
DLI15, the code indicates the importance of fish-smoking and
the road traffic sources (see terms 6 and C, respectively). This
participant also spends the night at the smoking site during the
week and travels long distances to return home on weekends.
Participant code DLI26 indicates the same intensity for the fish-
smoking activity as DLI15, but with a higher indirect pollution
source and a lower traffic source intensity, which may explain
the measured concentration. We also note that the low
concentration of 107.9 + 44.5 ug m > observed for DLI25 can be
explained by the low contribution of fish-smoking, road traffic,
and indirect sources (cooking and using a fan, see code 1A3).
The causes identified for DLI25 are the same as those for
participant DLI0O9 (116.7 & 34.9 pg m™ ), with the only differ-
ence being that DLI09 did not use a fan (see 1A2).

Participants DLI03 and DLI07 have the same code (2B4) but
different concentrations (271.0 £+ 143.2 and 221.3 + 80.4 pg
m 3, respectively). This is the same for participants DLI22 and
DLI25 with code 1A3 and concentrations of 170.2 + 82.8 and
107.9 + 44.5 ug m >, respectively. As mentioned earlier, some
participants are aware of their exposure to smoke and adopt
certain practices that help reduce their exposure to PM, 5.>® As
a result, they have lower concentrations.

For the fish-smoking women, Fig. 5c and the figures in the
Appendix (Fig. S4c and S5c) show a covariance between the
source code classified solely based on the first term and PM, 5
levels. This suggests that fish-smoking activities mainly
contribute to the observed PM, 5 levels. To verify this hypoth-
esis, we used a multivariate linear regression model in which
the independent variables were x; (charcoal making activity), x,
(road traffic), x3 (indirect sources) and x, (use of mosquito coils)
and we assigned equal weight to each variable. We finally found
that fish-smoking activity is the primary contributor to the
PM, ;5 levels measured among the fish-smoking women, fol-
lowed by the use of mosquito coils, as well as road traffic and
indirect sources according to the following equation:

y = 117.3x; + 16.6x, — 13.7x3 + 16.3x4; R*> = 0.94;
p-value (x;) < 0.0001, p-value (x;) = 0.003,
p-value (x3) = 0.01 and p-value (x4) < 0.0001.

For the remainder of the analysis, we considered only the
first term of the source code.

3.3.3. Grouping of participants according to their fish-
smoking activity. Considering the relative importance of fish-
smoking activity, as indicated by the first digit of the source
code, participants were grouped into 3 sub-groups: G1, G2 and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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G3 (Table S3). As shown in Table 2, participants who obtained
scores of 1, and 2 and 3 constitute subgroups G1 and G2,
respectively. When this score is between 4 and 9, the fish-
smoking women are included in the G3 subgroup.

The median daily personal exposure to PM, 5 in G1, G2 and
G3 is 159.9 (137.0-198.8), 293.1 (233.2-283.3) and 700.1 (447.5—
836.3) ng m >, respectively. These values are statistically
different (p < 0.05). PM, 5 personal exposure in G3 is 4.4 times
higher than G1 and 2.4 times higher than G2. G2 personal
exposure to PM, 5 is 1.8 times higher than G1. It is important to
highlight that the G3 subgroup is composed of oven owners
who spend the whole day (and night for some) smoking fish for
several people. G2 mainly consists of participants who work
with contract workers but on their own goods only, whereas
oven owners who just supervise the fish cooking process form
the G1 subgroup. The large differences in the median concen-
trations across the 3 subgroups highlight the importance of
occupational status in measuring exposure to fine particulate
matter.

3.4. Comparison of results

3.4.1. Comparison of results between study groups.
Comparing the results obtained for the three different groups of
women may prove challenging, as the experimental campaigns
did not take place during the same time of the year. Therefore,
seasonal variations in meteorology and regional aerosol trans-
port are expected to impact PM, 5 personal exposure.

It should be noted that the measurement campaigns took
place in November 2022, March 2023, and July-August 2023 for
housewives, charcoal makers and fish-smoking women,
respectively. In terms of meteorological conditions, no signifi-
cant differences were observed between these. Specifically,
mean temperatures were 27.7 °C, 28.6 °C and 26.3 °C (https://
www.infoclimat.fr/climatologie/annee/2023/abidjan/valeurs/
65578.html), and the relative humidity values were 90%, 89%
and 97% (https://metar-taf.com/fr/climate/abidjan) for the
housewives, charcoal makers and fish-smoking women
campaigns, respectively. With regard to regional variations in
aerosol transport, primarily linked to the transport of desert
dust, the ambient concentrations measured in Yopougon
showed no significant differences across the three monitoring
campaigns. In fact, due to the regional transport of desert
dust, ambient PM, 5 concentrations during the dry season are
expected to be higher than those during the wet season.
However, this is not the case in our study: the ambient PM, 5
levels are comparable (47.9 pg m~> and 23.1 pg m> during
dry season for housewives and charcoal makers, respectively,
and 53.6 ug m*® during the wet season for fish-smoking
women). For these two reasons, we consider it possible to
compare the levels of personal exposure to PM, 5 obtained by
the study groups without taking into account the different
seasons in which the measurements were performed.

Personal exposure to PM,s; among housewives, charcoal
makers and fish-smoking women was assessed by calculating
the median daily exposure to PM, 5 for all participants in each
group, which is 224.7 (205-254.9), 251.6 (207.9-306.3) and 269.2
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(191.7-399.8) ug m 3, respectively (Table 3). The values for the
group of housewives and those for the group of women who
smoke fish (p = 0.02) differ significantly, unlike those observed
between the values for the group of charcoal makers and the
other two groups (p = 0.07 for charcoal makers vs. housewives
and p = 0.11 for charcoal makers vs. women who smoke fish).
Despite this, the PM, 5 concentrations increase in the order of
housewives < charcoal makers < fish-smoking women, and the
concentration for fish-smoking women is 1.2 times higher than
that for housewives. As expected, charcoal makers and fish-
smoking women exhibit higher concentrations than house-
wives because they engage in occupational activities that
generate pollution. Also, the fish-smoking women remain close
to the oven to monitor the cooking process, while charcoal
makers sometimes move away from the smoke because they
have sheds near their kilns. Furthermore, it is important to note
that the wood (rubber wood) burned by fish-smoking women
emits more particles than the wood burned by charcoal makers.

3.4.2. Comparison of results with the literature. Table 3
presents a comparison of our results with the literature in terms
of personal exposure to PM, 5. It is important to mention here
that the values in the literature have been grouped according to
their levels for easier reading (4 values are below 100 pg m ™3, B
values are between 100-200 pg m >, C values are between 200-
500 pg m* and D values are above 500 ug m ).

The first focus is on the personal exposure to PM,; of
housewives using charcoal as cooking fuel.

Firstly, we note that the value for the housewives' group is
higher than those for group A (ref. 27) and C (ref. 24). This
discrepancy may be due to the differences in measurement
periods among the studies. Indeed, the measurements in rural
areas of central Ghana* and in Rwanda® were conducted
during the wet season (from July to December 2007 and from
October 2021 to March 2022, respectively), while our measure-
ments of participants using charcoal were conducted during the
dry season. Outdoor particle pollution is lower during the wet
season due to atmospheric rain deposition, which may explain
the lower personal exposure levels found in the studies by Ish-
igaki et al.>* and Van Vliet et al.”” Furthermore, this difference
can also be explained by the participants’ practices. Among the
housewives studied here, some use both charcoal and wood,
leading to higher personal exposure to PM,; (e.g., YSIO5).
Finally, the concentrations reported in the literature were
measured at a rural site in Ghana, whereas our study was con-
ducted in an urban setting with a higher population density.””
Also, as pointed out in the study by Sidibe et al.,* rural residents
travel less for their daily activities than urban residents.
Therefore, they are less exposed to outdoor pollution, such as
that caused by traffic, than the housewives in Abidjan, who, as
demonstrated earlier, are strongly affected by this source.

Secondly, our main value is lower than that reported for
group D (ref. 26), which is expected. Indeed, this study focuses
on the personal exposure of a single participant, a secondary
school teacher living in Njombe (Tanzania) who cooks in a room
adjacent to the main living area, with the windows closed and
the door slightly open.
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Table 3 Range of personal PM, 5 exposure associated with wood and/or
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charcoal use reported in the literature from studies published between

2011 and 2024. The values obtained in this work are included for comparison

Range Concentration of PM, 5 Fuel used Sampling period Study area Ref.
A(<100) pgm™>® 61 pugm > Wood September 2012 China (Rural Sichuan)  Shan et al.>°
45 ug m > Wood June 2017 to September  China Shupler et al.”*
2019
89 ug m—’ Wood June 2017 to September  India Shupler et al.**
2019
39 ug m > Wood June 2017 to September  Chile and Colombia Shupler et al.”*
2019
44.6 pg m—3 Charcoal July to December 2007  Ghana Van Vliet et al.*’
B (100-200) pg ~ 115.7 ugm > Wood February to June 2016 Uganda Okello et al.*®
m~® 119.9 pg m > Wood July to September 2016  Ethiopia Okello et al.”®
114 pgm? Wood August to September Sri Lanka (Anagi Stove) ~ Chartier et al.””
141.9 pg m> Wood July to December 2007  Ghana Van Vliet et al.*’
153 pgm? Wood June 2017 to September ~ Tanzania and Zimbabwe Shupler et al.”!
2019
148 pg m Wood June 2017 to September ~ Bangladesh and Pakistan Shupler et al.>*
2019
C (200-500) pg 249 pg m Wood Dec. 2013 to Nov. 2016  Indian EIf et al.>®
m~? 293.1+79.2ugm™>  Wood Sept. 4 to 21 2016 China (Nanliu Village,  Xu et al.>*
Hw3)
201 pg m? Wood Aug. to Sept Sri Lanka (traditional Chartier et al.”*
stove)
265 pugm~’ Wood Oct. 2021 to March 2022 Rwanda Ishigaki et al.**
289 ug m Wood Aug. 2008 to Feb. 2009 and China (Xuanwei and Hu et al.>
March to June 2009 Fuyuan)
205 pg m? Charcoal Oct. 2021 to March 2022 Rwanda Ishigaki et al.*
304.6 = 284.5 igm™>  Wood April to June 2016 Cote d’Ivoire (Yopougon) Xu et al.'® (wet season)

224.7 (205-245.9) g Charcoal and Nov. to Dec.
m? wood
251.6 (207.9-306.3) pg  Wood March 2023
m73
269.2 (191.7-399.8) pg  Wood July to Sept.
m73

D (>500) pg m® 541.14 pgm > Wood
1574 + 287 pgm™> Wood March 2007
588 ug m > Charcoal Feb. 2007

The second focus is on the exposure to PM, 5 of people when
wood is used as a fuel. As shown in Table 3, the concentrations
for charcoal makers (251.6 pg m™ ) and fish-smoking women
(269.2 pg m™?) in our study using wood are higher than those
reported in the literature for groups A (PM, 5 < 100 pg m ™) and
B (100 < PM, 5 < 200 pg m’3), comparable to those reported for
group C (200 < PM, 5 < 500 ug m~?), and lower than those re-
ported for group D (PM,_5 > 500 pug m3).

The literature data from groups A and B concern individuals
who mainly use wood for cooking activities, with a shorter daily
exposure time compared to the occupational exposure studied
in our work.

In groups C and D, the majority of studies were conducted in
Asia (71%) and during the cold season. Wood is used not only
for cooking but also for heating, which can result in higher
personal exposure to PM, 5.>> We note that the very high values
obtained by Titcombe and Simcik*® refer to the exposure of
a person living in Uwemba (Tanzania) under very precarious
conditions, cooking traditionally on an open wood fire with
three large stones used to hold the pot. However, it is worth
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2022 Cote d’Ivoire (Yopougon) This work (housewives)

Cote d’Ivoire (Yopougon) This work (charcoal makers)

2023 Cote d’Ivoire (Yopougon) This work (fish-smoking
women)

Johnston et al.>®
Titcombe and Simeik*®

Titcombe and Simcik*®

Nepal
Tanzania (Uwemba)
Tanzania (Njombe)

noting that the personal exposure to PM, 5 of some participants
in the fish-smoking group (e.g., DLI21, DLI15, DLI26, etc.) is of
the same order of magnitude as those in group D.

Finally, the comparison between the fish-smoking women
group with Xu et al.* shows similarities terms of the targeted
population, the measurement site (Yopougon, Abidjan), the use
of rubber wood for occupational activity, the season (wet
season) and the practices (use of charcoal and gas by partici-
pants for cooking at home, cleaning daily, etc.). However, the
personal exposure to PM, 5 obtained by Xu et al.™ is 1.1 times
higher than the values in our study (Table 3). This difference
could be explained by the difference in population sizes and
measurement time. Indeed, only two participants were involved
in their study during a 3-days measurement period (from July 5
to 7)," while our study included 28 participants over a one-
month measurement period (from August 1 to September 1).
Another explanation could be the difference in particle emis-
sions based on the type of food being smoked (fish in our study
vs. meat in the study by Xu et al.*®). It would be interesting to
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validate this hypothesis with the measurement of emission
factors for different smoked foods.

To conclude, the personal exposure to PM, s measured in
this study is in agreement with those found in the literature.

3.5. Contribution of domestic and commercial combustion
activities to personal exposure to PM, 5

3.5.1. Daily profiles of personal exposure of study groups.
Fig. 6 presents the daily profiles of personal exposure to PM, 5 of
the three subgroups (G1, G2, and G3) of the (a) housewives, (b)
charcoal makers and (c) fish-smoking women groups. Note that
these profiles were obtained by calculating the median of the
daily profiles of each participant comprising the subgroups.
These results are consistent with the statistical analyses previ-
ously described. Indeed, the three subgroups within the
housewives’ group exhibit similar daily profiles (Fig. 6a). For the
charcoal makers, subgroups G1 and G2 exhibit similar profiles,
while that of G3 is different (Fig. 6b). In contrast, the three
subgroups within the fish-smoking women group exhibit
different profiles (Fig. 6¢). In Fig. 6a (housewives' group), high
concentrations of PM, 5 can be observed at 7 am and from 5 to 9
pm. The morning peak is certainly due to water heating for
bathing and contact with road traffic. From 5 to 9 pm, the high
concentrations could be explained by cooking activities carried
out in the evening at various times by the participants in this
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Fig. 6 Daily personal PM, 5 exposure profiles of the three subgroups
(G1, G2, and G3) within (a) housewives, (b) charcoal makers and (c)
fish-smoking women groups.
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group. This observation is in agreement with a previous study,
which also showed a large evening peak in domestic activities.*

The daily profiles of the charcoal makers group also exhibit
two peaks but at different times (Fig. 6b): one between 6 am to 7
am and another between 10 am to 6 pm, which can be explained
by exposure to road traffic and charcoal making activity,
respectively. Indeed, charcoal makers mostly use “wor6-woro”
and “gbakas” (shared taxis and buses, respectively) to travel to
their work site (morning peak) and work between 10 am and 6
pm (diurnal peak). We observed that the diurnal peaks of PM, 5
concentrations in G3 are higher than those in G1 and G2, which
is consistent with our previous results. G3 consists of partici-
pants whose charcoal-making activities are more intensive than
those of the other two groups (G1 and G2).

With regard to the fish-smoking women group (Fig. 6c), we
observed high concentrations throughout the day, which can be
attributed to their fish-smoking activity. It can be observed that
subgroup G3 has very high concentrations during this period
compared to the profile of G2, which has high concentrations
compared to profile G1. As previously mentioned in Section
3.3.3, G3 consists of participants with very high levels of fish-
smoking activity, while G2 comprises participants with lower
levels of this activity and G1 consists of participants less
involved in fish-smoking activity. This finding highlights the
appropriateness of selecting subgroups G1, G2, and G3 for the
fish-smoking women group by demonstrating the significance
of fish-smoking activity on diurnal variations in personal
exposure to PM, s.

Fig. 7 presents a comparison of the daily profiles of personal
PM, 5 exposure for the three groups studied. Each profile was
obtained by calculating the median of the profiles of all the
participants in the group. This result is consistent with our
previous findings as it clearly shows similar variations in
concentrations of fish-smoking women and charcoal makers,
with higher concentrations during the day (from 11 am to 5 pm)
than for the housewives who remain at home. Furthermore,
during this period, the concentration for the fish-smoking
women is higher than that for the charcoal makers. This can
be explained by the points mentioned above (Section 3.4.1). In
summary, the time spent exposed to smoke and the fuel used
differ for these two groups.

We also note that all groups exhibit high personal PM, 5
exposure between 6 and 7 am, with higher values for housewives
and lower values for fish-smoking women. There are several
reasons that may explain the significance of this morning peak
among housewives, including housework, which generally takes
place after waking up and exposure to traffic when they take
their children to school or go to the market. Also, most of the
fish-smoking women live close to the smoking site and walk
there through narrow alleys.

From 5 to 9 pm, we observed a peak due to cooking activities
in the housewives' group, whereas for the other two profes-
sional groups, the concentrations tended first to decrease from
6 to 8 pm, and then increase from 8 to 10 pm. The concentration
variations from 6 to 8 pm could be due to participants returning
home. Indeed, for most of them, the workday ends at 5 pm.
After this time, participants return home and engage in cooking
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Fig. 7 Comparison of the mean daily profiles of personal PM,s
exposure of the three study groups (housewives, charcoal makers and
fish-smoking women).

activities at around 9 pm. It is important to note that the health
questionnaire revealed that employed women cook every other
day, while housewives cook every day.

These results show that domestic and commercial combus-
tion activities do not have the same impact on the daily personal
exposure profiles of the different groups and subgroups. In this
context, we aimed to quantify the contribution of domestic and
commercial combustion activities to the total daily exposure of
participants.

3.5.2. Quantification of the impact of domestic and
commercial combustion activities on daily personal exposure to
PM, ;. As explained in Section 2.3.2, the contribution of
domestic cooking (for the housewives' group and its subgroups)
and commercial combustion activities (for charcoal makers and
fish-smoking women groups and their subgroups) to total daily
PM, 5 exposure was calculated as follows:

% CA =100 x DPEcA/DPEt

where DPEc, is the daily personal exposure linked to the
domestic or combustion activities of the women and DPE their
total daily personal exposure. DPEy is the sum of DPEg, and
DPE,, representing the daily personal exposure linked to other
activities than domestic and commercial activities.

Table S4 presents the DPE,, DPE, and DPE; values for the
different groups and subgroups. It is interesting to mention that
DPE, for the fish-smoking group (316 ug m > per day) is 3
times higher than those of the housewives (82 ug m > per day)
and charcoal makers (113 ug m 2 per day) groups. It should also
be noted that the differences in DPE¢, values for groups G1, G2,
and G3 are very significant for the fish-smoking women. A
comparison with data in the literature shows that the total daily
personal PM, 5 exposure of the housewives group (282.4 & 100.4
ug m~> per day) and its subgroups falls within the range of
values obtained by Sidibe et al.*® (432 ug m > per day) and Van
Vliet et al.?” (128.50 pg m > per day). The value found in Bamako
(Mali) for the “Cook” group, consisting of 3 people is 1.5 times
higher than that in our study.*® The activities of these individ-
uals include food preparation, dishwashing and house clean-
ing, shopping, and the use of charcoal and wood as fuels. The
differences between our results and those of Sidibe et al.*® could
be explained by the fact that the individuals studied used
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incense and insecticides at night, whereas only some partici-
pants in our group of 30 women use them, which has a signifi-
cant impact on total daily personal exposure. Furthermore, we
observed that DPE strongly depends on the use of charcoal and
wood, with higher exposure occurring when wood is used. In the
housewives' group in our study, only 16% of participants used
wood, whereas a higher proportion of participants in the
“Cook” group used wood. This difference may explain the lower
values in our study. The value found in Ghana is 2.2 times lower
than that in our study.? This is consistent with the explanations
given in the previous paragraph regarding the differences in
personal exposure between our study and that of Van Vliet
et al”

Fig. 8 presents the relative contribution of domestic or
commercial combustion activities to the total daily personal
exposure (% CA, eqn (7)) for all the groups and their subgroups.
The results presented in Fig. 8 confirm our previous findings.
Cooking activities have a lower impact on total daily personal
exposure than charcoal making, which in turn has a lower
impact than fish smoking. We note that cooking activities
contribute on average to 29% =+ 10% to DPEr for housewives
(Table S4). For charcoal makers and fish-smoking women,
combustion activities contribute 31% =+ 11% to 41% + 13% and
18% + 16% to 71% =+ 18%, respectively, depending on the
subgroups.

The fact that the contribution of domestic combustion
activities (cooking) and charcoal making activity is less than
half of DPEr among housewives and charcoal makers indicates
that other pollution sources (road traffic, use of mosquito coils
and indirect sources) contribute more to their DPEy. However, it
is important to highlight that these other sources of pollution
have a greater impact on housewives than on the charcoal
makers group, as previously shown by multivariate analysis.

On the other hand, the 62% + 17% and 71% + 18%
contributions of combustion activities to the DPE} of subgroups
G2 (G2-DLI) and G3 (G3-DLI), respectively, of the fish-smoking
women group, highlight the significant role played by the
occupational activities of this group in their exposure to
particulate pollution.

. Ys1 ]
S\ 1
G3-YSI T
G2-YSI [ |
G1-YsI ! !

0% 10% 20% 30 % 40 % 50 % 60 % 70 % 80 %

T—

Relative importance in % of domestic or commercial combustion activities
on total daily women personal exposures
Fig. 8 Contribution of domestic and commercial combustion activi-
ties to total daily personal exposure of study groups and their
subgroups (for housewives: YSI, G1-YSI, G2-YSI and G3-YSI, for
charcoal makers: CAl, G1-CAl, G2-CAl and G3-CAl and for fish-
smoking women, DLI, G1-DLI, G2-DLI and G3-DLI).
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Therefore, we can conclude that commercial combustion
activities have a significant impact on the total daily personal
exposure of women.

4 Conclusion

Our main findings show that the median daily personal PM, 5
exposure among women is 15, 17 and 18 times higher than the
WHO recommended limit for the housewives, charcoal makers
and fish-smoking women, respectively. Looking at the profes-
sional subgroups in detail, these values vary from 14 to 25 and
from 11 to 47 depending on the intensity of the occupational
activity of charcoal makers and fish-smoking women, respec-
tively. By analyzing each participant's questionnaire responses,
we were able to determine both the level of exposure to all
sources to which the women were exposed and the contribution
of each source. This innovative study demonstrates that (1)
there is a correlation between personal PM, s exposure in
women and the identified sources, (2) traffic makes a significant
contribution to the personal PM, 5 exposure of housewives, and
(3) occupational activities make a significant contribution to the
personal PM, 5 exposure of charcoal makers and fish-smoking
women.

This is an alarming situation and a real public health issue
for women in Abidjan, but also for all women in West African
cities who engage in similar practices. It is important to recall
that smoking practices, whether for fish or meat, are very
common in West Africa. These practices use traditional ovens
and are often carried out under lean-tos or in confined spaces
that trap smoke, frequently using highly polluting wood such as
rubber wood.

These results highlight the fact that reducing women
personal PM, 5 exposure is now a necessity. We observed in our
study that cooking activities represent, on average, 29% of the
total daily personal exposure of housewives. This suggests that
the use of improved cookstoves could have a significant impact
on reducing PM, 5 exposure among housewives.

The use of improved stoves combined with less polluting
wood (instead of traditional stoves and rubber wood) could have
an even more significant impact on PM, 5 exposure among fish-
smoking women, since 71% =+ 18% of their exposure is related
to occupational activities. However, reducing women's personal
exposure is a complex and long-term process. Even if technical
solutions exist, they will inevitably have an impact on domestic
and commercial practices, and women will be the first to
implement these changes. These changes will also affect rela-
tionships between different communities (professionals,
customers, stakeholders, etc.). Therefore, these changes should
be addressed in a holistic manner that goes beyond exposure
reduction and technical control measures, requiring close
collaboration between participating associations and stake-
holders, as well as an interdisciplinary scientific approach. This
is the plan for the next phase of the APIMAMA project, which
will involve the introduction of improved cooking techniques
and tools in the study groups. This will allow us to assess their
impact on the personal PM, 5 exposure of women across the
different groups.
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