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Abstract: The use of solid fuel, known to emit pollutants which cause damage to human health,
is the primary energy option in Ethiopia. Thus, the aim of this study was to measure the level of
household air pollution by using the 24-h mean concentration of fine particulate matter (PM2.5) in
150 randomly recruited households in rural Butajira, Ethiopia. Data relating to household and cooking
practices were obtained by conducting face-to-face interviews with the mothers. The 24-h mean
(standard deviation) and median PM2.5 concentrations were 410 (220) and 340 µg/m3, respectively.
Households using only traditional stoves and those who did not open the door or a window during
cooking had a significantly higher mean concentration compared with their counterparts. There is a
statistically significant correlation between the mean concentration of PM2.5 and the self-reported
cooking duration. The pollution level was up to 16 times higher than the WHO 24-h guideline limit of
25 µg/m3, thus leaving the mothers and children who spend the most time at the domestic hearth at
risk of the adverse health effects from solid fuel use in Ethiopia. Thus, effective short- and long-term
interventions are urgently needed.

Keywords: solid fuel use; household air pollution; particulate matter (PM2.5); Ethiopia

1. Introduction

The burning of wood and other solid fuels such as crop residues, charcoal and dung
for cooking are major sources of particulate air pollution [1]. The resulting combustion
particles are largely in the fine particulate matter (PM2.5) mode, i.e., with an aerodynamic
diameter less than 2.5 micrometers (µm) [1,2]. The cooking practice on open fires and
inefficient stoves produces high pollutant emissions which account for a large proportion
of damage to human health especially in low- and middle-income countries. The most
vulnerable to these high exposure levels are women and young children as they spend
most of their time near the domestic hearth [1,3–6].

Exposure to household air pollution in adults has been associated with various dis-
eases such as chronic obstructive pulmonary disease (COPD), asthma, cancers of the lungs
and nasopharynx, stroke, ischemic heart diseases and diseases of the eye [1,3,7–10]. It is
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also associated with low birth weight and, of particular concern, acute lower respiratory
infections such as pneumonia among children less than five years of age [1,4,11,12]. In total,
nearly four million premature deaths per year from illnesses attributable to household air
pollution are reported globally [1].

In order to halt the vast range of public health risks associated with household air
pollution, the World Health Organization (WHO) guideline stipulates a PM2.5 concentration
below 10 µg/m3 annual mean and 25 µg/m3 24-h mean for maintaining safe indoor air
quality in low- and middle-income countries [13]. High indoor PM2.5 concentration is still a
problem in various parts of the world [14], far exceeding the given limits in countries where
a large proportion of the population depends on solid fuel use for cooking and heating [15].
Together with the population growth in the Sub-Saharan Africa region [16], the problem of
household air pollution and related health problems, including the negative association
of this with life expectancy in the long term [17], puts Sub-Saharan Africa singularly at a
higher risk, when compared with other parts of the world [12,18].

In Ethiopia, the use of biomass fuel, mainly wood, is the only energy option in nearly
all rural parts of the country. Our previous study showed that respiratory symptoms
were twice as common among mothers in rural Butajira, where biomass fuel is almost
the sole source of energy, when compared with those mothers in Addis Ababa, who were
using cleaner energy sources [19]. Other studies in the country also reported solid fuel
use to be associated with low birth weight [20], acute respiratory infection in younger
children [21,22] and poor asthma control in clinical patients [23].

Gathering evidence on the level of household air pollution in a country with a popula-
tion of over 100 million (80% rural) is vital to estimate the public health impact of this on
respiratory health. The aim was thus to measure the 24-h mean concentration of household
PM2.5 in one rural area of Ethiopia. The findings highlight the burden of household air
pollution for policy-makers but could also be used as a baseline for future interventions.

2. Methods and Materials
2.1. Study Design and Period

A cross-sectional study was conducted during two periods: from August to October
2018 and from January to March 2019. The former period includes a rainy season, while
the latter months are the dry season in the area, thus allowing comparison between
different seasons.

2.2. Study Area and Recruitment of Households

This study was conducted in rural Butajira, at five kebeles (the lowest administrative
unit), namely Dirama, Dobena, Misrak Meskan, Shersherabido and Wurib in the Gurage
zone of the Southern Nations and Nationalities and Peoples Region (SNNPR), which is
situated approximately 136 km south of Addis Ababa at a moderate altitude of 2131 m. The
selected rural kebeles were all included in the Demographic Surveillance System (DSS) of
Addis Ababa University Rural Health Programme [24] considering their proximity to the
district city, Butajira from all directions. Overall, 150 households were included. These were
randomly selected from the five villages which were denoted by unique codes assigned to
them by the DSS office. The recruitment of households from Wurib and Dobena villages
was slightly higher based of the total number of households in these villages.

2.3. Interview Based on Questionnaires

The data collection expert, who has a Masters of Public Health in Environmental
and Occupational Health was trained in the use of the measuring instruments and the
filling out of the questionnaires. He approached the households with guidance from
data enumerators from Addis Ababa University who were residents of the same villages.
Face-to-face interviews were conducted both before and after the PM2.5 measurements; the
questionnaires comprised questions relating to family size, housing characteristics, types
of stove, fuel use and cooking processes, such as cooking duration and frequency. The
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questionnaires also included questions about the weather during the monitoring period
and ventilation activities. None of the household members was a current smoker and all
used chargeable batteries for lighting at night. Thus, there were no additional sources of
household air pollution other than the burning process.

2.4. Quantification and Monitoring of PM2.5

In our study, the Particle and Temperature Sensor (PATS+) instrument was used along
with the Platform for Integrated Cook stove Assessment (PICA) software from Berkeley
Air Monitoring Group [25] to monitor the concentration of PM2.5. PATS+ is a portable,
data-logging, battery-operated instrument measuring real-time particulate matter (PM2.5)
concentrations. PATS+ contains a photometer that responds to an average concentration of
particles and measures a very wide range of particle concentrations with a lower and upper
particulate matter detection limit of 10–20 µg/m3 and 30,000 to 50,000 µg/m3, respectively.
Both initial and end zero-ing was applied before and after each sample measurement
using an air-tight zero-ing box with a high efficiency particulate absorbing (HEPA) filter
according to the manufacturer’s instructions, while one-minute logging intervals were used
to measure PM2.5 concentrations during 24 h. The PATS+ photoelectric signals respond
consistently and predictably to increasing concentrations of particulate matter, thus, are
feasible and affordable for use in rural settings of low-income countries [25].

The particle monitoring instruments were positioned in the cooking area in accor-
dance with the standard placement protocols (criteria are specified in the next section).
Since cooking for the family is usually the responsibility of the mother, the data collector
asked for the mother’s plan for the next 24 h before starting the process of installing the
instrument. Households who had plans to travel or attend any festivity or local holiday
celebration in their neighbourhood were given another appointment. This is because the
cooking processes may not take place and/or unusual cooking practices may occur in
their neighborhood thus increasing the particulate matter concentration in their house
originating in the ambient environment. Fridays were specifically excluded because the
market held in the city on these days is attended by nearly all rural mothers. The measure-
ment starting time varied for practical reasons, but 24-h measures were obtained from all
the households. Peaks in PM2.5 concentrations were checked against the cooking time of
the meals during the data collection period (i.e., cooking activities in the last 24 h were
recorded immediately after the measurement by asking the mother).

2.5. Particulate Matter Data Quality Assurance

The PM2.5 data was collected during two seasons to generate representative measure-
ments. The fourth author (MA), performed the data collection in close collaboration with
the first author (MT). The data collector and field guides explained the procedures to the
mother and the male household heads. They kept a watch on the instruments to avoid
loss of data due to a malfunctions in the field. The following criteria were considered to
ensure the validity of the measurements: a height of 1.5 metres relating to the approximate
breathing zone of a standing woman, unobstructed airflow, location away from doors and
windows to avoid measuring ambient air entering the room, placement at least one metre
away from the edge of an active cooking stove to avoid undue influence of point source and
placement in a safe and dry place. The instruments (n = 3) were zeroed in a zero-ing box for
30 min before and after deployment in their respective households. We did not compare
our findings to gravimetric measurements in this study. A comparison was made between
PM2.5 concentrations determined using PATS+ and gravimetric measurements in kitchens
of families using traditional wood-burning cooking stoves in Guatemala. The resulting
strong linear correlation (R2 > 0.90) [25] indicated that the PATS+ photoelectric signals
correlated well with the gravimetric measurements across the range of particulate matter
concentrations under real-world conditions and that the instrument is sufficiently accurate.
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2.6. Statistical Analysis

The following descriptive statistics were generated: (a) frequency and percentage
for categorical variables and (b) independent sampling t-tests to compare means of two
different groups and checking for significant differences between these means using IBM
SPSS Statistics for Windows, Version 24.0 (IBM Corp., Armonk, NY, USA). When checked
prior to t-test analysis, the data had a tolerable level of skewness (1.1) and the Levene test
did not indicate inequality in the variances or p-values above our selected alpha threshold
of 0.05. Correlation analysis was used to assess existence of possible linear association
or statistical relationships between the 24-h mean concentrations of PM2.5 and reported
cooking duration over the same period.

2.7. Ethical Approval

Ethical approval was obtained from the Institutional Review Board of the College
of Health Sciences of Addis Ababa University, Ethiopia (004/16/SPH). Permission was
obtained to conduct the research and for the installation of the measuring instrument
both from the mother and the male household head. All interviews were conducted
after obtaining informed consent, while anonymity and confidentiality were maintained
throughout the study.

3. Results

Data from 147 households in five villages were included in the analysis. Three of
the 150 households selected were excluded. In one of these three households no cooking
occurred due to unexpected travel of the mother while the other two did not follow their
normal cooking routines. The majority (86%) of the houses were tukul houses (a traditional
circular hut with thatched conical roof) and one third of them had a family size of six and
above. Wood was the only primary fuel used while crop residues alone or together with
animal dung accounted for over 90% of the secondary fuel used during the dry season or
when available. Around 70% of the households used traditional three-clay stoves. The 24-h
mean and median PM2.5 concentration was 410 and 340 µg/m3, respectively (Table 1).

Figure 1 shows the peak concentrations of PM2.5 with 24-h mean 420 µg/m3 on a
representative day from one household in the Wurib village. As shown in the Figure, the
peak concentrations occurred during the usual cooking and meal times in the household
(lunch, dinner and breakfast, respectively) and also matched the activity report provided
by the mother of the household. There are two or more peaks in one cooking duration
indicating the cooking of bread and stew and the preparation of coffee after the meal.

Table 1. Background characteristics and measurements of household particulate matter (PM2.5).

Characteristics Households, n (%)

Villages

Dirama 25 (17)
Dobena 30 (20)

Misrak Meskan 29 (20)
Shersherebedo 26 (18)

Wurib 37 (25)

Type of house Tukul 126 (86)
Tin 21 (14)

Family size Five or less 54 (37)
Six and above 93 (63)

Season (during data
collection)

Rainy (Wet) 65 (44)
Dry 82 (56)

Frequency of cooking in 24 h Three times or less 65 (44)
Four times 82 (56)
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Table 1. Cont.

Characteristics Households, n (%)

Primary fuel type Wood 147 (100)

Type of stove Traditional three-clay stove 100 (68)
Improved/moveable 47 (32)

Secondary fuel type

Crop residue only 72 (49)
Dung only 2 (1)

Crop residue and dung 66 (45)
Charcoal 7 (5)

Duration (minutes) of cooking
in 24 h * Mean (95% CI) 258 (244–273)

PM2.5 (µg/m3) Mean (95% CI) 410 (370–450)
Median (Min-Max) 340 (100–1200)

Geometric mean 360
25th percentile 260
75th percentile 510
95th percentile 850

* Includes coffee preparation.
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Figure 1. Results from a representative household measurement of PM2.5 during 24 h, including cooking events as reported
by the mother and peak PM2.5 concentrations as determined by a Particle and Temperature Sensor (PATS+) instrument
positioned in the cooking area.

3.1. Mean PM2.5 Concentration in Relation to Cooking and Housing Conditions

The mean PM2.5 concentration in the households was very high at 410 µg/m3 ranging
from 100 to 1200 µg/m3. These mean PM2.5 concentrations showed statistically significant
differences by stove type, having the door open during cooking at night and having a
window open during cooking (Table 2). Households using only traditional stoves and
those not keeping the door or a window open had significantly higher mean concentration
compared to their counterparts.
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Table 2. Mean PM2.5 concentration in relation to cooking and housing conditions.

Characteristics (n) Mean PM2.5 in µg/m3 (SD) 95% CI p-Value

Family size Five or less (85) 390 (210) 340–430 0.208
Six or above (62) 440 (230) 380–500

Type of house Tukul house (126) 420 (220) 380–430 0.092
Tin house (21) 330 (210) 240–430

Type of stove Traditional three-clay (100) 440 (240) 390–490 0.009 *
Improved/moveable (47) 340 (140) 300–380

Door opened during
cooking at night

No (52) 470 (240) 400–530 0.017 *
Yes (95) 380 (200) 340–530

Window open during
cooking

No (102) 430 (230) 390–480 0.032 *
Yes (45) 350 (200) 300–410

Cooking frequency Three or less (110) 420 (230) 370–460 0.534
Four times (37) 390 (193) 330–450

Season of the year Rainy/Wet (65) 420 (240) 360–480 0.542
Dry (82) 400 (210) 350–440

SD = Standard deviation * significant at significance level of 0.05.

3.2. Correlation between 24-h Mean PM2.5 and Total Duration of Cooking

The 24-h mean measure of PM2.5 (µg/m3) and self-reported cooking times showed a
positive correlation coefficient of r = 0.49 and a p-value 0.001. This established that longer
cooking times generated more particulate matter (Figure 2).
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4. Discussion

All households in this study had very high levels of household air pollution, higher
than previously measured in Uganda and Ethiopia [6] and other low-income
countries [7,26–29]. The 24-h mean concentration level of PM2.5 was 410 µg/m3 ranging
from 100 to 1200 µg/m3, which is 16 times higher than the limit of 25 µg/m3 recommended
by the WHO 24-h mean air quality guideline. Even the lowest 24-h mean concentration was
four times higher than the guideline limit set by the WHO. Concentrations in the cooking
area similar to that reported in this study has been reported from India [26]. Other studies
from Ethiopia [30]; Ghana [31] and India [32] have also showed high 24-h mean particulate
matter concentrations, comparable with the results from our study. However, it should be
noted that the vast majority of the households in the present study take the form of one-
room dwellings with the cooking area located in the middle and the sleeping area located
directly behind it. Thus, the cooking is carried out directly beside the living space. The
PM2.5 concentration in the dwellings in Ethiopia was also considerably higher compared
with the mean value (160 µg/m3) reported for the living/cooking dwellings in the Indian
study [32]. Other possible reasons for differences in the mean PM2.5 concentrations include
differences in the measuring instruments, the amount and frequency of cooking, the type
of stoves and houses, poor ventilation due to inadequate windows/any other openings
and other cooking procedures.

The high 24-h mean PM2.5 concentration in the current study indicates that there
has been no or little improvement in housing conditions and fuel use in the locality over
nearly two decades [33]. A study of indoor air pollution from households in the same area
between the years 2000 and 2002 found high levels of NO2, another indicator of indoor
air pollution. The current fuel types, wood, crop residues and animal dung, were also the
common fuel types used at that time [33]. There has been a lack of political priority to
provide cleaner energy sources to rural communities. The recent industrial developments
have been monopolising the limited electric power supplies available during the country’s
rapid economic growth. It is also worth considering the problem of household air pollution
and impact of this on the health of the population as referred to in the discussion of the
Grand Ethiopian Renaissance Dam (GERD) which is supposed to relieve Ethiopians’ acute
energy shortage [34]. Wood burning has not only consequences which impact on health but
also a significant negative impact on the environment and economic growth of Sub-Saharan
countries [33,35] and possibly contribute to ambient air pollution [36–38].

The 24-h mean PM2.5 concentration did not show a statistically significant difference
between the wet and the dry seasons in contrast to previous studies reporting the concen-
tration to be higher during wet/rainy seasons [39,40]. This could be linked to the use of
crop residues or animal dung as a fuel source during the dry, post-harvesting season in our
study area, which might result in a higher pollution level due to the combustion process
which is inefficient compared with wood. Both the current finding and our previous
qualitative study in the same area indicated wood as the primary fuel source during the
seasons when crop residues or animal dung were not available [41].

The use of traditional three-clay cooking stoves resulted in significantly higher con-
centrations of particulate emissions compared with locally produced improved cookstoves.
The more complete burning process and combustion using improved cookstoves has the
potential to reduce pollution levels. Evidence from previous studies in different parts of
the world, and Ethiopia, indicate that locally available improved cookstoves had lower
emissions of particulate matter and reduced household air pollution [42–47]. This was
also supported by the participants of our previous qualitative research from the same
community who witnessed that cooking using improved cookstoves reduced the problem
of wood smoke [41]. Some locally available improved cookstoves have been tested and
found to reduce emission of particulate matter by 46% during traditional cooking in the
dwelling [48]. However, other studies did not find statistically significant differences in the
concentration of the particulate matter by the type of stove used in field studies with the
exception of modest improvements in emission levels [49,50]. Use of improved cookstoves
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alone may not effectively reduce the health impacts unless supported by behavioural
interventions as evidenced by a randomized controlled trial in Malawi [51].

Ventilating the cooking area by having the door or any windows open during the active
cooking period showed a statistically significant reduction of the 24-h mean concentration
of PM2.5. Previous studies from different countries reported similar findings of lower
pollution concentrations in houses with adequate ventilation practices and availability
of more doors and windows [52–54]. Optimizing ventilation has been considered as
an important practice for reducing the health risks [14]. The practice of not opening a
window—or if there are no windows—is due to the cultural perception related to security
or a fear of theft in the area as reported in our previous study [41] and might also be related
with the weather conditions [54].

In the current study, the 24-h mean PM2.5 concentration was positively correlated to
the cooking time; the longer the cooking process, the higher emission of particulate matter.
This is consistent with the findings of a study from India [32]. In contrast, there has been
a study from the same region reporting no difference in the level of PM2.5 concentration
based on the time spent on cooking [30]. This difference might be derived from the type of
statistical analysis applied. We have recorded time as a continuous variable rather than a
discrete variable as done in that study.

We did not find any statistically significant difference in the 24-h mean PM2.5 concentra-
tion by family size, type of house, frequency of cooking or season during the measurement.
However, it is important to note that the particulate matter concentration in all the cases
was excessively high. As long as solid fuel and open cooking is used, the health risks, due
to the exposure of PM2.5, are inevitable in the community.

A strength of this study was that it was conducted in both dry and wet seasons; thus,
the problem of household air pollution is a public year-round health issue. A limitation
of the study was not using gravimetric analysis of particulate matter since only optical
measurements were used. However, we followed the protocol and standard operation
procedure to ensure accurate measurement. In addition, a laboratory test of the equipment
to normalize and calibrate their response was done with wood smoke and it has been used
for field measurements by other research groups worldwide [25]. Another limitation was
that the 24-h sampling period per household was conducted only once, thus we were not
able to see variation at the same household level.

5. Conclusions and Recommendation

The 24-h mean PM2.5 concentration was up to 16 times higher than the WHO 24-h
recommended guideline limit. We thus concluded that particularly mothers and children,
who spend the most time at the domestic hearth are at risk of the adverse health effects
of solid fuel combustion in rural Ethiopia. We thus propose that effective short- and
long-term interventions are needed to protect the health of the population in the country,
given the large rural population. We recommend a follow-up study to further evaluate the
magnitude of health effects related to the high exposure to household air pollution in the
locality. We also recommend the implementation of suitable and sustainable strategies to
reduce exposure.
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