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Abstract

A majority of households in sub-Saharan Africa use inefficient biomass stoves in poorly
ventilated kitchens, leading to indoor air pollution. Biomass for cooking can be sustainably
sourced from agricultural residues such as prunings from agroforestry. This study as-
sessed biochar-producing gasifier cookstove performance among 150 households in Embu,
Kwale, and Siaya Counties through household surveys and participatory cooking tests
with 75 households. With the gasifier, carbon monoxide (CO) concentrations were lower
in Embu (5.1 ppm), while carbon dioxide (CO2) and fine particulate matter (PM2.5) were
lower in Kwale, at 588 ppm and 136 µg/m3, respectively. Compared to the three-stone
open fire, reductions in CO and PM2.5 concentrations were highest in Embu, at 82% and
97%, respectively. The biomass-to-char conversion efficiency with the gasifier was 17–18%.
If households consider the produced char as a soil amendment, they could save 24–43% of
fuel compared to the three-stone open fire; if the char is seen as fuel, the potential savings
are 42–65%. Significant differences between the three sites were observed with the gasifier
for gross and net fuel use, and for concentrations of PM2.5 and CO2. Gasifier uptake can
reduce the need for fuel collection and indoor air pollution, with a positive impact on both
the environment and human wellbeing.

Keywords: biochar; charcoal; cooking energy use efficiency; firewood; biochar producing
gasifier cookstove; indoor air pollution

1. Introduction
For the sustenance of people’s lives, energy plays a key role by providing cooked food,

boiled water, and warmth at the most basic level [1]. It is estimated that about 2.4 billion
people worldwide rely on solid fuels to meet their cooking needs [2]. Wood fuel is preferred
for its affordability, availability, and convenience [3]. Cooking with inefficient cookstoves
in kitchens with poor ventilation results in high concentrations of indoor air pollutants [4].
According to WHO, a range of health conditions are associated with household air pollution,
which causes an estimated 3.2 million premature deaths globally every year [2]. When
inefficiently burned, wood is converted into particulate matter, carbon monoxide, free
radicals, and other pollutants, which result in indoor air pollution. These pollutants end
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up in the environment and contribute to outdoor air pollution [5]. It is estimated that the
production and use of firewood and charcoal contributes 2–7% of the global anthropogenic
emissions of greenhouse gases (GHG) [3]. In Kenya, about 75% of households use wood
fuel; it is the primary energy source for 93% of rural households [6]. With 40% of global
agricultural lands having over 10% tree cover [7], there is a huge potential for households
to meet their firewood demand from these trees. For instance, in Murang’a County, over
90% of households source their firewood from multipurpose trees on their farms [8].

Household air pollution from inefficient cooking is a major contributor to the burden
of disease in western Kenya [9]. To improve fuel efficiency and reduce indoor air pollution
in Kenya, various technologies are being introduced. The uptake of improved technologies
in sub-Saharan Africa has remained low despite the region relying mostly on biomass
fuel [10]. This could be attributed to the diverse social, economic, and cultural factors that
influence the adoption of technologies [10,11].

Reaching the Sustainable Development Goal 7 target for universal access to clean
cooking by 2030 is a tremendous challenge and is not on track [2]. Therefore, this calls for
an exploration of innovative and sustainable ways of producing and utilizing household
cooking energy. The integration of users’ needs and preferences during product design
could lead to the increased adoption of developed cooking energy technologies [12–15].
Improved and efficient stoves reduce the amount of biomass burned, consequently lowering
carbon dioxide emissions; when sufficiently advanced, stoves also cut emissions of black
carbon [16]. Gasifier cookstoves generate heat from the burning of gases produced through
the gasification of dry biomass. The heat is used for cooking by rural households in
developing countries, while the biomass is converted to char, a by-product [17]. The char
should be harvested before it burns to ash.

Interest in biochar is growing rapidly due to its potential as a climate change solu-
tion [18] and its ability to improve the fertility of tropical soils [19] and crop yields [20].
Gasifier cookstoves are a resource-efficient way of producing biochar, as the heat released
is used productively. The use of gasifiers has been reported to reduce fuel use and con-
centrations of indoor air pollutants compared to the three-stone open fire [21]. However,
these previous studies lacked regional representation, and thus failed to capture variations
that could arise from differences in the fuels used, the foods cooked, and the behavior of
individual users.

This paper aims to assess variations in pollutant concentrations in cooking areas, en-
ergy use efficiency, and char production rates when gasifier cookstoves are used to prepare
dinner under real conditions in three regions in rural Kenya. The objectives are as follows:
(i) to describe the adoption of gasifier cookstoves three months after they were issued;
(ii) to present the performance of the gasifier cookstoves in terms of fuel use efficiency and
concentrations of indoor air pollutants; and (iii) to compare the gasifier performance in
three agro-ecological regions in Kenya. The results were gathered from household surveys
and participatory cooking tests with the households issued with the gasifiers.

2. Materials and Methods
2.1. Research Design

This paper compares the performance of the biochar-producing Top-Lit Updraft
(TLUD) gasifier cookstove, branded as “GASTOV”, produced by the Kenya Industrial
Research and Development Institute (KIRDI, Nairobi, Kenya) in three counties in Kenya:
Embu, Kwale, and Siaya. Household surveys were carried out with 50 household units at
each of the sites. Participatory cooking tests were conducted to measure concentrations of
gases and particulates, fuel use efficiency, and char production with 25 randomly selected
households at each of the sites. Of these, 5 were randomly selected for comparison of the
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gasifier with the three-stone open fire. The 25 households were selected to participate in
the test to assess variations among these households that could be caused by differences
in: the species of firewood used; users’ behavior (including firewood drying and loading);
and ventilation of the cooking space, which influences the build-up of indoor air pollutants.
The findings from Kwale have already been reported in a study by Gitau et al. [22].

2.2. Study Area

The counties in which the study was carried out include: Embu County in the high-
lands of the central part of Kenya, located about 120 km north east of Nairobi and on the
southeastern side of Mt Kenya, with an elevation of 1350 m above sea level; Kwale County,
located at 4.18◦ South, 39.45◦ East, 323 m above sea level and 33 km south of Mombasa [23];
and Siaya County in the mid-lowlands, located in western Kenya, about 74 km northwest
of Kisumu at an elevation of 1224 m. The three sites, Embu, Siaya and Kwale, were selected
to represent three agro-ecological zones in the country, namely, highlands, lowlands, and
coastal regions, respectively.

Commercial crops grown in Embu include tea (Camellia sinensis), coffee (Coffea), and
macadamia nuts (Macadamia integrifolia). Most households also intercrop Grevillea robusta
with coffee and tea to provide shade, in addition to supplying households with firewood
and timber. The main crops grown in Kwale include cassava (Manihot esculenta), cowpeas
(Vigna unguiculata), and maize (Zea mays), as well as fruit trees such as mango (Mangifera
indica), citrus (Citrus spp.), cashew nut (Anacardium occidentale), coconut (Cocos nucifera),
avocado (Persea americana), and guava (Psidium guajava), either for subsistence or com-
mercial purposes [24]. Non-fruit trees are also grown on farms for construction materials,
with the prunings and off-cuts used as cooking fuel. In Siaya, maize and groundnuts
(Arachis hypogaea) are the major crops grown. Markhamia (Markhamia lutea) and Eucalyptus
(Eucalyptus spp.) trees are grown for wood and the prunings are used as firewood. Fruit
trees grown in the area include avocado, mangoes, and guava.

2.3. Selection of Households and Development of Cooking Schedule

Thirty households were randomly selected at each site from the 50 households with the
gasifier, giving priority to the first 25 to participate in the cooking test; the remaining five
were reserved as replacements. In Siaya and Embu, the selected 25 agreed to participate; in
Kwale, five were replacements. Seven households with unmodified three-stone open fires
willing to participate in both tests were selected from the 25, giving priority to the first five,
with two kept as reserves. All the selected five households at each site agreed to participate.
Selected households were allowed to pick the most suitable dates within the 30-day test
period for each site. For the households cooking with gasifiers and three-stone open fires,
the tests were performed in the same week to reduce variations in the conditions under
which the tests were conducted.

2.4. Cookstoves

A TLUD gasifier cookstove (KIRDI, Nairobi, Kenya) was used in this study (Figure 1).
The three-stone open fire was used for comparison.
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Outer casing Canister Extinguisher 

Combustion chamber 

Canister holder Skirting 

Figure 1. GASTOV gasifier cookstove. Fuel is placed in the canister, which is placed inside the outer
casing, with the combustion chamber and skirting on top. The canister holder is used to lift the
canister. At the end of cooking, the canister is removed and the extinguisher is placed on top to cut
off the oxygen supply.

2.5. Cooking Test

The participatory tests involved households cooking meals of their choice for dinner
under normal conditions to allow for the measurement of concentrations of pollutants in
the cooking area and the amounts of fuel used. At each site, five households repeated the
test with the three-stone open fire, cooking the same type and amount of food with the
same type of fuel in both stoves in the same kitchen, but on different days. Being a portable
stove, the gasifier was lit outside by placing the loaded canister on top of pieces of stones
to prevent the blocking of holes at the base and ensure that airflow is not interfered with.
Kindling, matches, and paper were used to light the gasifier from the top. When firewood
in the canister caught on fire, the canister was returned to the outer casing of the gasifier
inside the kitchen and the upper parts were fixed back. When the firewood turned into
char, it was harvested and cooled (see more description in Figure 1 above). The three-stone
open fire was lit indoors; after cooking, the unburned firewood was withdrawn, quenched,
weighed, and recorded.

The ingredients used to cook the meals and the cooked food were weighed on a top-
loading kitchen scale. The cooking test period was between December 2017 to July 2018,
between December 2017–January 2018 in Embu, April–May 2018 in Kwale; and June–July 2018
in Siaya. Cooking times varied among the households, ranging from 4:07 p.m. to 8:20 p.m.

2.6. Measurement of Gases and Particulate Concentrations

Before the start of the test, no stove was lit in the kitchen for over 3 h. The recording
of CO concentrations was set at every 10 s using the EL-USB-CO Data Logger (DATAQ
Instruments, 603-746-5524) by Lascar Electronics, (Whiteparish, Wiltshire, UK) (Figure 2a);
PM2.5 was recorded with a PATS+ PM meter by Berkeley Air Monitoring Group, (Berkeley,
CA, USA) at intervals of 1 min (Figure 2b) and the Telaire T7001 Carbon Dioxide and
Temperature Monitor by Tempcon Instrumentation, (West Sussex, UK), recorded CO2

concentration once per min (Figure 2c).
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(a) (b) (c) 

Figure 2. (a) EL-USB-CO Data Logger; (b) PATS+ PM Meter; and (c) Telaire T7001 Carbon Dioxide
and Temperature Monitor.

The pieces of equipment (Figure 2a–c) were hung at 1.5 m above and 1 m to the
side of the cookstove in the cooking area, to simulate the cook’s position when cooking
(Figure 3a,b). To capture the concentrations in the cooking area when no stove was lit,
equipment was hung at least 50 min before the start of each test. The recording continued
for an additional 50 min after the cooking to record the period required for the cooking
area to clear.

 
(a) (b) 

Figure 3. (a) Cooking with a gasifier; and (b) cooking with a three-stone open fire.

The PM2.5, CO and CO2 data were downloaded using PICA, EasyLog ESB, Ver. 7.2.0.0
and HOBO software Version 3.7.13, respectively. The time period during which the concen-
trations were considered was from when the stove was well-lit and moved into the kitchen
until the end of charring for the gasifier, and from when the fuel was well-lit until when
the fire was put out after food was ready, for the three-stone open fire.

The recorded concentrations were compared with set guidelines. PM2.5 was compared
with World Health Organization (WHO) air-quality guidelines for 24 h, which should
not exceed 25 µg/m3 (not to be exceeded for more than 3 days per year) [25]. Exposure
to CO should be below 30 ppm (equivalent to 35 mg/m3 using a conversion factor of
1 mg/m3 = 0.873 ppm at 25 ◦C) [26]. CO2 was compared to the set permissible exposure
limit (PEL) by the Occupational Safety and Health Administration, which is an average of
5000 ppm over an 8 h workday [27].

2.7. Description of the Kitchen/Cooking Area

Cooking area ventilation features were measured and recorded. The position of the
cooking area relative to the main building was also noted. The state of doors and windows
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in the cooking areas was also recorded without any interference. For the cooking areas with
doors and windows, their states, i.e., whether opened or closed while cooking, as decided
by the cook, were recorded.

2.8. Combustion Properties

The suitability of the fuels used to cook and produce char was assessed through
analyses of collected samples for ash content, moisture content, calorific value (lower
heating value, LHV), fixed carbon, and volatile matter at Belab in Sweden. A bomb
calorimeter was used to analyze the calorific value reported as dry matter in MJ/kg, using
the SS-EN14918:2010 norm [28]. Volatile matter was determined through the incineration of
oven-dried samples in a muffle furnace at 900 ◦C for 7 min using the SS-EN ISO 18122:2015
norm [29]. Samples were cooled and weighed; volatile matter was considered as the sample
percentage weight loss. Moisture content, which is the original sample percent weight
loss, was determined by oven-drying a 5 g sample for 12 h at 103 ◦C using the SS-EN ISO
18134-3:2015 norm [30]. Ash content was determined by returning the cooled, incinerated
sample to the muffle furnace for 15 h at 900 ◦C and was reported as the percentage of the
original sample’s weight using the SS-EN ISO 18122:2015 norm [29]. Fixed carbon (percent
as received) was calculated by subtracting the sum of the wet sample moisture content, ash
content, and volatile matter from 100%. Fixed carbon (% total solids) was determined by
subtracting the sum of the dry sample, ash content and volatile matter from 100%. In this
paper, only the combustion properties from the two most commonly used fuels at each site,
and the char they produced, are reported.

2.9. Fuel Consumption

The amount of fuel used to cook with the gasifier is reported as the gross or net weight
of the fuel used. The net fuel consumption of the gasifier (Fnet,TLUD, kg) was calculated
as follows:

Fnet,TLUD = mfw − mch
LHVch
LHVfw

(1)

where mfw is the mass of fuel wood loaded into the canister in kg, mch to the mass of char
produced in kg and LHVch and LHVfw correspond to the lower heating value of charcoal
and firewood, respectively, in MJ/kg. For the fuel and char types that were not analyzed
in the laboratory, a default average LHV was estimated from the average LHV of the two
main fuels used in Kwale and the five fuel sample types analyzed in Embu and Siaya.

Gross fuel is the amount of fuel used, including the harvested char. The amount of fuel
loaded into the canister and the resultant char were weighed and recorded. After firewood
was prepared, a pile was weighed and put in one place; all the fuel used to cook with the
three-stone open fire was selected there. Firewood withdrawn from the three-stone open
fire after the food was cooked and the remains in the pre-weighed initial pile, were weighed
and recorded. The percentage of fuel savings was calculated by subtracting the net fuel
used with the gasifier from the fuel used with three-stone open fire and multiplying this by
100. Samples of the fuels used in, and char produced from, the gasifier were collected and
stored in khaki papers for laboratory analysis.

2.10. Time Spent in Cooking

The cooking process time, which included the time taken to light the stove (i.e., time
it took for fuel to be well-lit plus the time to move the canister back into the outer casing
in the cooking area for the gasifier), the time when cooking started and ended, the time
when fuel charred, and the time spent in the reloading of fuel where it was required, was
recorded. The results were used to calculate the total cooking process time and total time
spent to cook food.
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2.11. Limitations of the Study

The limitations of this study were that at each site, only 5 households participated
in the comparison test of the gasifier and three-stone open fire out of the 25 participants.
Another limitation is that the cooking tests were only conducted when the households were
cooking their dinner, therefore, the daily average could have been missed in cases where
there were variations in emissions when cooking lunch. Lastly, only one test was conducted
per household; therefore, any inter-day variability was not captured in this study.

2.12. Data Management and Analysis

Data were analyzed using Microsoft excel 2013 software for descriptive statistics such as
the means of various variables. Standard error was included to show the variances among
the samples. The t-test, paired two sample for means (one-tailed), was used to test for
significant differences between the mean values for fuel used, time spent, flame temperature,
and concentrations of gases and particulates within the sites with the use of both stoves. The
Kruskal–Wallis H test was used to test for significant differences in pollutant concentrations
and fuel use between the sites. The significance level was set at p < 0.05.

3. Results
3.1. Fuel Types Used

Since the participants were left to decide on the fuel type for cooking, all house-
holds used firewood, whereas the species used differed among households. In Embu, the
most common tree species used singly during the cooking test were grevillea (Grevillea
robusta), macadamia (Macadamia integrifolia), and coffee (Coffea) (by 3 households each);
13 households used a mix of tree species. The following three species were used by one
household each: mucuca (Eriobotrya japonica); muthanduku (Acacia mearnsii); and mururi
(Milicia excelsa). In Siaya, the most commonly used species were Markhamia (Markhamia
lutea) and Eucalyptus (Eucalyptus globulus), by 11 and 5 households, respectively, while
7 households used a mix of species; albizia (Albizia julibrissin) and lantana (Lantana camara)
were used by one household each. In Kwale, Casuarina (Casuarina equisetifolia) and Neem
(Azadirachta indica) were the most commonly used species by eight households each, while
eight households used a mix of firewood and one household used tamarind (Tamarindus
indica) [22]. Long burning times, with a good flame, as well as the production of good
char were some of the characteristics indicated by households as influencing the choice
of feedstock.

3.2. Adoption of the Gasifier Cookstove

A survey conducted approximately three months after the training and issuing of the
gasifiers indicated that most households were using the cookstoves, which could be linked
to the training of the users and follow-up visits after stove distribution. Gasifier use was
highest in Siaya and lowest in Embu (Figure 4). Previous studies had also reported the
need for after-sales support for the enhanced adoption of new cooking technologies [31,32].
However, there was a large variation in the frequency of gasifier use. In Embu, households
used the stove for 1–5 days per week. In Siaya and Kwale, the frequency of use was higher,
with more than 80% using it at least three days per week. The gasifier was mainly used
to cook foods that required a short cooking time; many preferred to use it to cook dinner.
The households were using the gasifier alongside the three-stone open fire and other stoves
available to the household, a practice referred to as stacking [33]. This observation has also
been reported in previous studies [34–37]. A lack of understanding and consideration of
users’ needs and preferences is one of the factors that could lead to the low adoption of
improved stoves. To enhance adoption of the gasifier, the stove should be developed in a
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participatory manner to capture and integrate the users’ views on cookstove design and
ensure that the developed stove meets all their cooking needs. In addition, stacking is a
reality noted in fuel and stove transition, as cooks make choices based on felt needs [33,38];
therefore, it is important to adopt a system approach that includes improving traditional
cooking practices.

Figure 4. Frequency of use of the gasifier by households in Embu, Kwale, and Siaya. HH = households.

3.3. Combustion Properties of Firewood Used and Produced Char

The average moisture content of the most commonly used firewood by the households
was the lowest in Siaya and highest in Embu (Table 1). The differences could be attributed
to the hotter climate in Siaya and Kwale. In addition, in Siaya, the time between sample
collection and analysis was longer; hence, the samples would have had plenty of time to
dry. The differences observed in the regions can also be attributed to the firewood types
used, varying firewood drying practices, and availability, which could affect how well it
was dried (Figure 5). However, the moisture content of firewood at the three sites was
below the recommended 20% [39]. The moisture content of firewood determines its energy
content, with drier firewood generating more energy for cooking or heating [40].

Table 1. Proximate analysis and net calorific value of the firewood used to cook at the three sites.

Moisture,
105 ◦C (%)

Ash, 550 ◦C
(% ts)

Volatile
Matter (% ts) C-Fix (% ts) LHVfw

db (MJ/kg)

Kwale #

Average neem a 9 ± 0.2 2.2 ± 0.3 79.4 ± 0.6 18.4 ± 0.4 18.4 ± 0.1
Average casuarina b 8.7 ± 0.1 1.4 ± 0.1 81.4 ± 0.3 17.2 ± 0.3 18.4 ± 0.1

Embu
Grevillea c 8.7 0.8 81.7 17.5 18.6
Macadamia c 9.3 1.1 81.1 17.8 18.3

Siaya
Markhamia d 6.1 3.6 80.0 16.4 18.3
Eucalyptus c 6.0 1.0 80.0 19.0 18.7

ts = total solids, # Gitau et al. 2019 [22], a n = 10, b n = 9, c n = 1, d n = 2.

Of the six firewood types from the three sites, grevillea had the lowest ash content
(Table 1). In general, firewood used in Embu had the lowest ash content. On average, the
differences in fixed carbon between the sites was insignificant. A longer burning period,
which can vary depending on biomass types, is one of the desirable properties of cooking
fuel; biomass with higher amounts of fixed carbon burns for a longer period [41]. The
firewood used in Siaya had slightly lower levels of volatile matter, on average. The calorific
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value of the firewood types used at the three sites was almost the same. The calorific value
of fuel is defined by its energy content per unit mass and fuel type. High-calorific value
fuels release more heat; hence, they are better for cooking [42].

  
(a) (b) (c) 

Figure 5. Firewood drying: (a) in a rafter; (b) outside; and (c) in a shed.

After charring, the char produced was harvested and cooled. Char from Siaya had
the lowest moisture content while that from Embu had the highest. Char from Embu had
the highest calorific value and fixed carbon, and the lowest ash content, implying that it
is of good quality (Table 2). After gasification, the percentage reduction in volatile matter
was higher in char samples from Embu (88.3%). The calorific value percentage increase
in char was also highest in char from the same county (43.6%). The produced char’s
average moisture content and volatile matter at the three sites were below the 30% and 10%
recommended maximum, respectively, while the ash content was above the recommended
3% for good lump charcoal [43].

Table 2. Proximate analysis and net calorific value of the char produced from the main firewood used
at the three sites.

Moisture,
105 ◦C (%)

Ash, 550 ◦C
(% ts)

Volatile
Matter (% ts) C-Fix (% ts) LHVch db

(MJ/kg)

Kwale #

Average Neem a 8 ± 0.2 4.8 ± 0.3 10.4 ± 0.5 84.8 ± 0.6 32 ± 0.1
Average Casuarina b 7.5 ± 0.3 3.4 10.9 ± 0.7 85.3 32.4 ± 0.2

Embu
Grevillea c 8.7 3.1 8.7 88.2 32.7
Macadamia c 7.5 3.1 10.3 86.6 32.7

Siaya
Markhamia d 4.1 10.8 15.6 73.7 30.1
Eucalyptus c 3.8 3.4 10.1 86.5 31.7

# Gitau et al. 2019 [22], a n = 10, b n = 9, c n = 1, d n = 2.

3.4. Description of the Respondents’ Kitchens

While all kitchens in Embu were separate structures built apart from the main building,
20% of the kitchens in Siaya were within the main building (Table 3). This can have an
impact on the exposure period to pollutants, which take time to clear after the cooking
exercise. For those with kitchens in the main house, the implication is that with air
circulation, pollutants could spread to the bedrooms and occupants might breathe these in,
even when asleep. Ventilation of the cooking area affects the build-up of pollutants. Four
households in Kwale without a door or door space had the front side of the kitchen open.
Two households in Embu had two windows each; one window was closed while the other
was opened during the cooking sessions.
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Table 3. Ventilation spaces in the cooking areas in 25 households at each site.

Site
Cooking Area Door/Door Space Window/Window Space
Separate
Structure

Inside Main
House

Has
Windows

Does Not Have
Windows

Has Physical
Door

Has Door
Space Open Closed Open Closed

Embu 25 0 18 7 24 1 25 0 3 13
Siaya 20 5 9 16 22 3 25 0 8 1
Kwale 15 10 8 17 7 14 21 0 8 0

3.5. Time Used While Cooking with Gasifier and Three-Stone Open Fire

Irrespective of change-over, on average, cooking time was longest in Embu and
shortest in Kwale (Figure 6). Variations in the time spent cooking with the gasifier by
different households is attributed to the different food types cooked, cooking practices,
and the type of firewood used. In instances when fuel charred before the food was ready,
fuel was reloaded and lit, which is usually referred to as changing over; this consequently
lengthened the cooking process.

Figure 6. Time spent in the cooking process with the gasifier and three-stone open fire.

On average, time spent when utilizing the gasifier, with and without change-over, was
highest in Embu (73.4 ± 2.9 min) and lowest in Siaya (53.9 ± 3.8 min). With and without a
change-over, using a gasifier lengthened the cooking process by 74%, 103%, and 118%; and
by 30%, 14%, and 11% compared to the three-stone open fire in Embu, Kwale, and Siaya,
respectively. Irrespective of change-over, the cooking process using the gasifier was longer
by 36%, 35%, and 28% compared to the three-stone open fire in Embu, Kwale, and Siaya,
respectively. Similar findings were reported by [21]. A need to spend more time cooking
is a factor that may discourage stove use. This could potentially be countered by saving
time on fuel collection due to lower fuel needs; however, the fuel preparation also adds to
the workload of users [44], although this was not tested during the study. In addition, the
gasifier users in Kwale reported spending less time on cleaning pots used with the gasifier,
a factor previously reported as potentially motivating stove adoption [45]. Households
were issued with a second canister; loading it with fuel in advance when cooking meals
that take a long time to cook, and starting to light once the fuel in the first canister is almost
charred, can help to save time spent in reloading and changing over.

3.6. Firewood Preparation and Cooking Responsibilities

Cooking is mainly the responsibility of wives at the three study sites; they are also
the ones who mainly prepared the firewood used with the gasifier (Table 4). However, as
reported by [46], the adoption of improved biomass stoves could make men take on more
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household chores, which could reduce the workloads of women, although this was not
evaluated in this study.

Table 4. Household member responsible for firewood preparation and cooking during the cooking tests.

Activity Person Responsible in
Relation to Household Head Embu Kwale Siaya

Firewood
preparation

Male head 5 11 8

Female head 1 1 4

Wife 9 9 10

Son 5 1 2

Daughter 2 2

Hired labor 2

Brother-in-law 1

Grandson 1 1

Cooking

Male head 3

Female head 4 2 6

Wife 18 17 18

Daughter 3 3

Daughter-in-law 1

3.7. Firewood Usage and Char Production in Gasifier

About 80% of households in Embu and Siaya used one canister firewood load to cook
a meal of their choice with the gasifier, while 20% needed to reload the gasifier (Table 5).
Irrespective of whether or not there was a change-over, the total average firewood used
with the gasifier and char produced was the lowest in Siaya.

Table 5. Amount of firewood used (gross and net) and char produced.

Site
No. HHs Average Fuel (g) Average Char (g)

1 Firewood Load 2 Firewood Load 1 Load 1 + 2 Load
Total Fuel Use *

1 Load 1 + 2 Load TotalGross Net

Embu 20 5 1054 ± 31 1745 ± 76 1192 ± 63 841 ± 46 181 ± 8 286 ± 36 202 ± 12
Siaya 20 5 831 ± 26 1534 ± 77 972 ± 63 677 ± 45 153 ± 7 266 ± 21 176 ± 11

Kwale # 19 6 1009 ± 34 1748 ± 146 1208 ± 74 863 ± 53 173 ± 6 284 ± 33 200 ± 13

HHs—households, * Total fuel use, irrespective of reloading # Gitau et al. 2019 [22].

The amount of char produced varied among households and across the study sites,
mainly due to variations in the timing of the char harvest; the characteristics of firewood
types used; and the amounts loaded into the fuel canister. The production of charcoal
was also reported as one of the benefits of gasifier cookstoves by Uwingabire et al. [21].
Households were trained on biochar application as a soil amendment; this improved maize
and kale yields [47].

Cooking with the gasifier consumed less firewood compared to cooking with the
three-stone open fire at the three sites. The percentages of gross and net firewood savings
were highest in Siaya, both when char was considered as fuel and when not considered as
fuel (Table 6); the differences between the sites were statistically significant, (Kruskal–Wallis
H test: gross fuel use; χ2(2) = 14.009, p = 0.001, mean rank fuel use score 44.72 for Embu,
44.60 for Kwale and 24.68 for Siaya; net fuel use; χ2(2) = 14.5, p = 0.001, mean rank fuel use
score 44.2 for Embu, 45.4 for Kwale and 24.5 for Siaya). This variation in fuel consumed
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at the different sites is attributed to stove handling, the type of food being cooked, and
fuel availability. A study in the Kagera region of Tanzania also reported that the gasifiers
used less fuel than traditional stoves [48]. Less firewood use in the gasifier translates into a
reduced need to collect firewood, which has been shown to be time-consuming and a major
source of physical and mental stress [46].

Table 6. Firewood used by five households with gasifiers and three-stone open fires; char produced;
and the percentage of firewood savings.

Site
Fuel Used (g)

Char Produced (g) % Char
Fuel Used
3-Stone (g)

% Fuel Saving
(Char as Fuel)

% Fuel Saving
(Char Not Fuel)Gross Net

Embu 1361 ± 206.5 955 ± 149.5 232.6 ± 33.9 17.1 1784 ± 203.8 46.5 24
Kwale # 1205 ± 207.9 859 ± 155.4 198 ± 32.2 16.8 1475 ± 159.9 41.8 18
Siaya 1028 ± 125.9 624.3 ± 10.3 188.2 ± 25.3 18.3 1792 ± 248.7 65.2 43

# Gitau et al. 2019 [22].

3.8. Concentrations of CO, CO2 and PM2.5

Concentration levels of the gases and particulates measured during the cooking test
period varied among the households and sites (Table 7). PM2.5 data from one household
in Kwale and Siaya were dropped due to equipment failure, and hence not included in
the discussion.

Table 7. Average concentration levels of CO, CO2 and PM2.5 in kitchens during the cooking period.

Site
25 Cooking with Gasifier 5 HHs Cooking with Both Stoves

CO (ppm) CO2 (ppm) PM2.5 (µg/m3) CO (ppm) PM2.5 (µg/m3) CO2 (ppm)
Gasifier 3stone Gasifier 3stone Gasifier 3stone

Embu 10 ± 2 590 ± 13 317 ± 82 5 ± 3 28 ± 12 150 ± 78 4843 ± 3719 570 ± 26 695 ± 56
Kwale # 8 ± 2 701 ± 51 291 ± 193 6 ± 3 14 ± 5 187 ± 75 874 ± 411 647 ± 25 1091 ± 353
Siaya 8 ± 2 619 ± 14 164 ± 36 6 ± 2 31 ± 17 136 ± 52 2761 ± 1690 588 ± 17 840 ± 169

HHs—households # Gitau et al. 2019 [22].

The average CO concentrations from the gasifier were below the 30 ppm critical
limits allowed for human exposure for an hour at the three sites (Table 7) [26]. Carbon
dioxide concentrations were also below 5000 ppm averaged over an 8 h workday, the
permissible exposure limit, at the three sites [27]. Average PM2.5 concentrations were
above the 25 µg/m3 24 h level exposure limit at the three sites. The differences in CO2

and PM2.5 concentrations between the sites were statistically significant (Kruskal–Wallis
H test: CO2 concentration; χ2(2) = 13.161, p = 0.001, mean rank CO2 concentration score
27.24 for Embu, 49.56 for Kwale and 37.20 for Siaya; PM2.5 concentration; χ2(2) = 10.241,
p = 0.006, mean rank PM2.5 concentration score 46.40 for Embu, 27.0 for Kwale and 37.21
for Siaya). The highest percentage reduction for the pollutants was for PM2.5 in Embu
(Figure 7). Exposure to PM2.5 from the use of inefficient fuels and cooking stoves affects
health negatively, particularly the respiratory system [49–51].

Since the concentrations of PM2.5 were higher than the permissible limits, the gasifier
needs some improvement to improve combustion efficiency and, consequently, emissions.
Testing of the improved version under real-use conditions should be conducted before
scaling up. The possibility of the gasifier having a chimney to exhaust the smoke to the
outside should also be considered.
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Figure 7. Emissions reductions (%) of concentration of gases and particles with gasifier use replacing
the three-stone fire.

3.9. Summary Comparison Among the Three Sites

Households from the three sites utilized various types of firewood, with most of
them using a mix. Even though the tree species used varied within and between sites, the
differences in fuel and char quality were minimal. The volatile matter and moisture content
of the produced char was below the maximum FAO-recommended levels of 30% and 10%,
respectively. Adoption of the gasifier was highest in Siaya. This could be attributed to the
limited availability of firewood in the area. Households from the same county also had the
lowest fuel use in the gasifier and the largest fuel savings compared to the three-stone fire,
indicating that fuel savings was a higher priority there compared to the other sites. The
time spent cooking varied across the three sites, with the least time spent in Kwale. This
could be a result of the different food types cooked and the varying cooking practices. At
all the sites, wives to the household heads were the main cooks; they were also the ones
who prepared firewood for use in the gasifier at all the sites. The CO concentrations were
similar in all three areas and were within the critical limit of 30 ppm recommended by
WHO. PM2.5 concentrations were above the WHO-recommended exposure limit at the
three sites. These were lower in Siaya than in Kwale and Embu, which could be a result of
the lower moisture content of the firewood used in Siaya.

4. Conclusions
About 86%, 96% and 100% of households were using the gasifier 2–3 months after

it was issued in Embu, Kwale and Siaya, respectively, although with frequencies ranging
from daily to weekly use. Since the households were allowed to make a decision on which
fuel was used while cooking, a variety of the available firewood at the three study sites
was used. Compared to the three-stone open fire, the amount of firewood used to cook
with the gasifier was reduced at all the sites. Higher fuel savings when cooking food with
the gasifier compared to the three-stone open fire was registered in Siaya, both when the
char produced was considered as a fuel and when it was not. This could be due to the
limited availability of firewood in this area, with households always aiming at saving the
little wood that is available. With gasifier use, char was produced and the percentage
mass remaining in the char was higher at Siaya. Concentrations of CO, PM2.5 and CO2

in the cooking area during cooking were reduced at the three sites when the gasifier was
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used compared to the three-stone open fire. The largest CO and PM2.5 concentrations
reductions were recorded at Embu; the largest reductions in CO2 concentrations were
recorded at Kwale. This could be attributed to the varying cooking practices and fuels
used. The adoption and frequent use of gasifier cookstoves by households is a viable way
to help them to tackle the issues of fuel use efficiency, exposure to indoor air pollutants,
the burden of firewood collection placed on women, and the expenditure on cooking fuel.
If the households decide to use the produced char as biochar for soil amendment, crop
yields could be improved; this would consequently improve household food security. Even
though the gasifier significantly reduced the concentrations of gases and particulates, PM2.5

concentrations were still above the permissible limits. This calls for further improvements
to the stove to lower the concentrations to levels below or within the permissible limits.

5. Recommendations
The gasifier stove has several benefits, such as fuel savings, and consequently, the

time spent in sourcing the fuel; reduced indoor air pollution; potential reductions in the
health risks associated with smoke in the kitchen; and the production of char, which can be
used as fuel or for soil amendment. Gasifier stoves should therefore be promoted among
rural households for the associated environmental, health, and socio-economic benefits to
be realized. The stove developers involved the users from the design stage of the stove
to capture their needs and preferences for enhanced acceptability and adoption of the
developed stove. The functionality and efficiency of the developed stove should be tested
at the grassroots scale with users; possible recommended modifications should be made
before scaling up. There is need for further studies on the performance of the gasifier stove,
with the involvement of a larger number of households and repeated tests to model the
variabilities introduced by the types of firewood, ventilation, and user behavior, to inform
the scaling-up process.
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