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Abstract: Woodfuel that is unsustainably sourced and inefficiently used results in negative environ-
mental and health impacts. This study assessed charcoal use and resultant concentrations of indoor
air pollutants (IAP) in an urban informal settlement while cooking with a Jikokoa stove (an improved
branded charcoal stove) and medium and small-sized artisanal Kenya Ceramic Jikos (KC]Js). Fuel
stacking was prevalent with charcoal and kerosene being used by 25% of the studied households.
Cooking with a Jikokoa stove reduced charcoal consumption by 6.4% and 26% compared to small
and medium-sized KCJs, respectively. The small-sized KC] reduced charcoal consumption by 21%
compared to the medium-sized KC]J. The Jikokoa stove reduced concentrations of carbon monoxide
(CO) by 10% and 50% and fine particulate matter (PMjy 5) by 6% and 77% compared to small-sized and
medium-sized KCJs, respectively. The Jikokoa stove reduced carbon dioxide (CO,) concentrations by
15.6% compared to the medium-sized KCJ. The small-sized KCJ reduced CO and PMj 5 concentrations
by 45% and 75%, respectively, compared to the medium-sized KC]. In summary, small-sized KCJs are
more effective than medium-sized ones, and Jikokoa stoves more effective than small-sized KC]Js,
making it the stove of choice. The more efficient charcoal stoves are, the more charcoal consumption
and IAP can be reduced, mitigating environmental degradation, climate change and health problems
associated with smoke in the kitchen. There is need for participatory research to scale improved
stoves and upgrade local practices as they are cheaper and already embedded in the cooking culture.

Keywords: cooking energy mix; charcoal stove; indoor air pollution; woodfuel use; climate change

1. Introduction

Globally, there is an increased demand for bioenergy with close to a third of the global
population using charcoal and firewood [1]. This raises concerns about sustainability,
especially in charcoal production and use in Sub-Saharan Africa (SSA) countries [1-4].
According to the Food and Agriculture Organisation (FAO) [4], out of the 53 Metric tons
(Mt) of charcoal produced globally, 33.9 Mt or about 64% was produced and utilized in
Africa; a very small proportion of charcoal produced in Africa is exported to European
countries [5]. Rapid population, urbanisation and economic growth within the continent is
set to raise the demand for charcoal [6-10]. In Kenya, for instance, demand for charcoal
increased by 82% between 2001 and 2021 [11], and the demand trend is projected to
continue [12,13]. Charcoal is strongly favoured by urban households due to its high energy
content and the fact that it is less bulky than firewood and, therefore, easier to transport
and store. Charcoal also burns with less smoke [9]. Recent studies have shown an increase
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in charcoal’s popularity among rural households in Africa. In Kenya, for instance, about
46% of urban and 42% of rural households use charcoal with an estimated consumption of
about 7 kg and 7.9 kg per week per household, respectively [14]. However, information on
charcoal use and the subsequent implications for indoor air pollution is limited compared
to that of firewood. This article uniquely and exhaustively presents information on charcoal
use practices with different cooking stoves and how they might affect indoor air pollution
and climate change.

Long-term exposure to PM; 5 and CO associated with inefficient cooking stoves and
fuels is known to have negative health effects, especially on the respiratory system [15-19].
Carbon monoxide is produced from poor or incomplete combustion of carbon-based fuels,
such as charcoal burning using an inefficient stove. Coupled with poor ventilation for
those cooking in kitchens, the result can be instant death [20]. Particulate matter, especially
particles of mass 2.5 um in aerodynamic diameter (PM;5), is also of great importance
in assessing air quality in cooking places; it poses great danger to those exposed [21].
Close to three billion people, mostly in developing countries, burn biomasses of various
kinds for cooking, resulting in 3.8 million premature deaths worldwide [17,21]. A systems
approach across the woodfuel value chain and a theory of change for sustainable woodfuel,
as discussed by [22], which involves the introduction of cleaner woodfuel production
technologies, such as those described by Yang et al. [23] and improved charcoal stoves that
reduce fuel consumption and air pollutants, can help reduce pressure on wood extraction
and mitigate health and climate change impacts [15,16,24].

Currently, a wide range of technologies is being introduced in Kenya to improve fuel
use efficiency while reducing indoor air pollution [24,25]. Despite the high dependence
on biomass fuel in countries in Sub-Saharan Africa (SSA), uptake and consistent use of
these technologies have remained low compared to other regions [26]. Different social,
economic, and cultural factors influence the use and adoption of these technologies [26-29].
Policy-driven programmes to enhance innovations as well as uptake of improved stoves
through Clean Development Mechanisms (CDM) have been rolled out in Kenya to scale
up improved cooking stove projects [24]. To enhance a smooth transition to cleaner en-
ergies, researchers, such as Gill-Wiehl et al., Schot et al., Williams et al., and Wahlund
et al. [27,30-33], have emphasized the importance of incorporating users into the devel-
opment of technologies that are people-centred. This is key as users tend to eventually
abandon non-people-centred innovations or use them alongside traditional technologies
in a practice known as fuel stacking [34], inhibiting the realisation of the intended im-
pacts [34-36]. According to a recent report by the Ministry of Energy (MoE) in Kenya,
40%, 3.6%, and 4.6% of urban charcoal users use improved artisanal portable charcoal
stoves, branded charcoal stoves such as Jikokoa stoves, and artisanal metallic charcoal
stoves, respectively [14]. Among rural charcoal users, 30.8%, 2.8%, and 8.6% use improved
artisanal portable charcoal stoves, branded charcoal stoves, and artisanal metallic charcoal
stoves, respectively [14].

Most of the charcoal produced in Kenya is consumed in urban areas with house-
holds being the major consumers followed by small commercial businesses and insti-
tutions [14,37]. The majority of these households are found in middle and low-income
settlements within urban areas [37]. Over 60% of the urban population in Kenya is found
in informal settlements that are characterized by high poverty levels, joblessness, and poor
and overcrowded housing that make living in such areas hard to bear and precarious [38].
Enhancing cleaner and affordable energy access for such communities, alongside reducing
the health burdens from household air pollution from 49% to 20% by 2030, will greatly
contribute to attainment of the Agenda 2030 for Sustainable Development Goals (SDGs) on
health and energy access as well as the country’s Vision 2030 development blueprint.

This study assessed the fuel types used, charcoal use efficiency, and concentration of
indoor air pollutants in an urban informal settlement while cooking with charcoal using
an improved branded stove (Jikokoa) and artisanal medium and small- sized (KC]J) stoves
locally produced and commonly used by local households. This paper contributes to the
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scarce data on cooking with charcoal in densely populated informal settlements in SSA. It
also adds to the knowledge on the quality of charcoal from invasive species, as well as its
use and management of its spread. The data further contribute towards policy development
on the sustainability of the charcoal sector and discussions about biomass cooking and
climate change.

2. Materials and Methods
2.1. Study Area

The study was carried out at Laini Saba village, Kibera informal/slum settlement,
Kibra constituency, in Nairobi County. The Kibera informal settlement is one of the largest
slums in Africa with a population of 120,057 [39]. The settlement sits on a flat ridge plateau
located about 5 km southeast of the Nairobi city centre (Figure 1) and covers an area of
about 550 acres [40].
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Figure 1. Kibera slum (Source: this study).

2.2. Research Design

This study was conducted to assess Kibera households’ cooking practices, energy mix,
fuel use efficiency, and concentrations of CO,, CO, and PMj; 5 in cooking areas/kitchen
while cooking with an improved branded charcoal stove (Jikokoa) produced by Burn
manufacturing in Nairobi, Kenya or a Kenya Ceramic Jiko (KCJ) fabricated locally by
artisans in Nairobi. The participatory cooking was conducted by households using the
two types of stove and charcoal from Prosopis juliflora carbonized under an improved earth
kiln (IEK), traditional earth mound kiln (TEK), and drum kiln (DK) and charcoal from
Acacia tortilis carbonized under a TEK in Baringo County [41].
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2.3. Selection of the Households and Baseline Survey

The households that participated in this study were sampled from 304 households in
the Kibera slum. These households were entered into an online random number generator
which selected the first 35 households and gave priority to the first 21 households as the
beneficiaries of the improved stove to participate in the study. The remaining 14 households
were kept as reserves for replacement of any households unwilling to participate in the
study. One household was not willing to participate and was replaced with another
household from the reserve. Three households among the twenty-five issued with the
Jikokoa were purposively selected to conduct the participatory cooking tests.

2.4. Baseline Survey

To understand common cooking practices, household expenditure on cooking energy,
and cooking energy mixes used by the households before the introduction of the improved
branded charcoal stove (Jikokoa), a household survey was conducted for the 24 households
who received the new stove. The survey was conducted using semi-structured question-
naires that were administered by the researchers to the household representative who
participates in cooking for the household and in the presence of a local assistant.

2.5. Participatory Cooking Test

Cooking took place in three different kitchens that generally represent the type of
kitchen commonly found in the informal settlement (Figure 2). The main household cook
performed the cooking in the presence of the researchers. The food cooked was a meal
commonly consumed in most of the households in Kenya which comprises of two dishes
that are cooked separately and consecutively: maize (Zea mays) flour vigorously stirred
in measured boiling water into a semi-solid consistency, locally known as ugali, and kale
(Brassica oleracea), commonly known as sukuma wiki, which was cooked together with toma-
toes (Solanum lycopersicum), cooking oil, salt, and onions (Allium cepa). Food preparation
involved washing and chopping the kale at a grocery store in the neighbourhood; the
tomatoes and onions were prepared by the household cook before commencement of the
cooking exercise. The same type of meal and amounts were cooked for lunch and dinner in
all households. Cooking lunch took place between 9 a.m. to 12 p.m. and dinner between
3 p.m. to 6 p.m. in all households. The cooking test period was from 15 January 2020 to
24 February 2020.

Figure 2. Illustration of the kitchens found in Kibera slum (Infographic by Fucha Media, Nairobi).

The amount of ingredients used to cook the meals was enough to feed five people.
Ugali was prepared with 1 kg of Pembe-brand maize flour and 2 L of water, while 540 g
of sukuma wiki, 240 g of tomatoes, 100 g of cooking oil, 100 g of onions, and 11 g of salt
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were used for the second dish. This meal is considered sufficient for a standard Kenyan
household of five people [42,43]. Since the study aimed to take measurements under
normal practices, it was left to the cooks to decide on whether to open or close the doors
and windows of the cooking areas/kitchen when cooking the meals.

2.5.1. Stoves Used to Cook

Two charcoal stove types were used in the cooking tests: Jikokoa stoves (Figure 3a), a
type of modern branded charcoal stove locally produced by Burn manufacturing, which
takes in an average of 0.4 kg of charcoal, and Kenya Ceramic Jikos (KCJs), artisanal charcoal
stoves commonly used in Kenya. There are two sizes of KCJs that are commonly used by
the households in Kibera; a small-sized stove that takes an average of 0.3 kg of charcoal
(Figure 3b) and a medium-sized stove that takes an average of 0.54 kg of charcoal (Figure 3c).
The cost of purchasing a Jikokoa stove from the supermarket and a medium-sized KCJ
and a small-sized KCJ from local traders in Kibera was KES 4500 (USD 45), 350 (USD
3.5), and 250 (USD 2.5), respectively (USD 1 = KES 100). The baseline survey conducted
among 24 households showed that 17 households used KCJ stoves, of which 12 used the
medium-sized stove and 5 used the small-sized stove. Both stoves were lit outside using
Khaki paper and a match and returned to the kitchen after the fuel was well lit and had
stopped smoking.

2.5.2. Fuel Used and Efficiency

During the tests, a composite of charcoal from the same kiln and tree species was
weighed as an Initial Pile (IP) and kept separate. All the charcoal used in cooking the meal
was picked from the IP and the charcoal remaining after cooking was weighed, recorded,
and marked as the Last Pile (LP). When the meal was ready, any burning charcoal remaining
on the stove was quenched by putting it in an empty pot, which was then covered with
a lid to cut off oxygen to facilitate cooling. After cooling, this charcoal was weighed and
marked as the Last Charcoal (LC). The amount of ash produced, too, was weighed and
recorded. The Gross Charcoal (GF) used was the weight difference between the IP and
the amount of charcoal left in the pile recorded as the LP after cooking (Equation (1)). The
weight of the Net Fuel used (NF) for cooking was the difference between the GF and the
charcoal from the stove that was cooled after cooking, i.e., the LC (Equation (2)). Time
taken for the fuel to be well lit, for water to boil, and to cook the meal were taken and
recorded, and these times were used to calculate the time taken to cook the meal and the
time taken by the entire cooking process.

Gross fuel used(GF) = IP — LP 1)

Net fuel used(NF) = GF — LC 2)

2.5.3. Charcoal Burning Period

Time taken for charcoal to burn completely was compared for charcoal from different
species and kilns and for the different cooking stoves used. To determine this, tests
were conducted using a Jikokoa stove and a small-sized KCJ with charcoal produced
using a TEK and IEK, while cooking using A. tortilis charcoal produced under a TEK was
conducted using only the small-sized KCJ stove. A predetermined amount of charcoal to
be inserted /placed into each stove was used in all the runs, and a pot of water was placed
on the stove to mimic the normal cooking practices and reduce atmospheric interference
during the process. The charcoal was left to burn to ashes, and the time it took to burn
completely was recorded.
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2.5.4. Measuring Indoor Air Concentration of Carbon Monoxide, Carbon Dioxide, Fine
Particulate Matter, and Flame Temperature

The concentrations of carbon monoxide (CO), carbon dioxide (CO,), and fine partic-
ulate matter (PM;5) were measured 1 h before the start of the cooking exercise, during
the actual cooking period, and 1 h after the cooking exercise. This was to help determine
the actual concentrations of gases and particles resulting from the cooking activity. The
CO concentration was measured at 60 s intervals using an EL-USB-CO carbon monoxide
data logger (DATAQ Instruments, 603-746-5524). The CO, and PM; 5 concentrations were
recorded every 1 min using a Telaire7001 Carbon Dioxide and Temperature meter by LAS-
CAR and a PATS+ meter by Berkeley Air Monitoring Group, respectively. The PATS+ PM
meter was zeroed following the procedure given in the PATS+ and PICA User Manual_v11
before being implemented (Berkeley Air Monitoring Group). The three portable instru-
ments were set at 1.5 m above and 1 m to the side of the stove position, simulating the
position of the cook as described by Njenga et al. [44]. Flame temperature was measured
every 10 min throughout the cooking period using a thermocouple.

2.6. Data Management and Analysis

Data from the household survey were entered and analysed using IBM SPSS version 24
while data on fuel use efficiency and concentrations of indoor air pollutants were managed
with Microsoft Excel 2016. The same program was used for analyses of descriptive statistics
as well as ANOVA and the confidence level was set at 95%. To determine the Emission
Factor (EF) of CO and CO; from burning charcoal on the cooking stoves, the mass balance
of carbon was used. In this process, it was assumed that all of the carbon emitted from the
burning charcoal, i.e., CO and CO,, was captured in the measurements.

3. Results and Discussions
3.1. Households” Demographics

Out of the 24 interviewed households, 15 were male-headed households and 9 were
female-headed. Household size ranged from one to seven members with an average of four
members. Households” main cooks varied from one household to the other with women
and girls being the main cooks for most of the households (Table 1). The reality is that
women and girls are the main cooks and, therefore, are disproportionately exposed to
health risks associated with emissions from cooking and time expenditure.

Table 1. Households’ main cooks (Source: this study).

Household’s Main Cook Relationship to HH Male-Headed HH Female-Headed HH No. of HH % HH
Wife Wife to HHH 12 12 50
Female head HHH 4 4 16.7
Male head HHH 2 2 8.3
Daughter Daughter to FH 3 3 125
Brother Brother to MH 1 1 42
Son, sister, and brother cook Son, sister, and brother

. 1 1 4.2

in turns to FH
Daughter in law Daughter in law to FH 1 1 42

HHH—household head, HH—household, FH—female head, MH—male head.

3.2. Stove and Fuel Mix or Stacking

To meet their cooking needs effectively, most households stacked the various stoves
and fuels available and affordable to them. This common practice is documented in the
literature. Shanker et al. [35] reported stacking of both stoves and fuels as a common
household practice to meet cooking needs [20,34]. In our study, the most common stove
mix was a charcoal + a kerosene stove, while three households did not stack at all (Table 2).
As observed with the stoves, the fuels used by Kibera households were also a mix; they
varied across households but aligned to the stove mix used. However, the frequency of use
of these stoves/fuels varied with households and stove mix categories; hence, their average
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percentage contribution to the mix also varied across mix categories (Table 2). Kerosene
and charcoal contributed to the cooking energy mix of 83% and 75% of the interviewed
households, respectively, though at varying percentages (Table 2). The average frequency
of use of the fuel types varied across each mix (Table 3).

Table 2. Fuel mix used by the households to cook and average % contribution of fuel to the mix
(Source: this study).

Percent Contribution to the Fuel Mix

Fuel Type HH (%) Charcoal ~ Kerosene LPG Electricity ~ Ethanol
Charcoal + kerosene 6 (25) 42.1 57.9
Charcoal + kerosene + LPG 5(20.8) 15.2 20 64.8
Electricity + charcoal + kerosene + LPG 4 (16.7) 23.7 13.7 26.6 36
Electricity + charcoal + LPG 2 (8.3) 6.7 62.2 31.1
Kerosene + LPG 2 (8.3) 33.3 66.7
Kerosene only 2 (8.3) 100
Kerosene + ethanol 1(4.2) 85.7 14.3
Electricity + charcoal 1(4.2) 41.7 58.3
LPG only 1(4.2) 100
HH—household.
Table 3. Fuel frequency of use in the different mixes (Source: this study).
Frequency of Use per Month
Fuel Type HH (%) Charcoal Kerose(rlle Y LPG b Electricity =~ Ethanol
Charcoal + kerosene 6 (25) 35.7 45.3
Charcoal + kerosene + LPG 5(20.8) 15.6 18.2 50.4
Electricity+ charcoal + kerosene + LPG 4(16.7) 18 8.5 20 32
Electricity + charcoal + LPG 2 (8.3) 6 56 28
Kerosene + LPG 2 (8.3) 28 56
Kerosene only 2 (8.3) 59
Kerosene + ethanol 1(4.2) 48 8
Electricity + charcoal 1(4.2) 40 46
LPG only 14.2) 56

3.3. Cost of the Cooking Fuel

All the households accessed all of the fuel types they used to cook through purchase
and paid for them in various units of measure (Table 4).

The mix that cost those households surveyed the most was charcoal + kerosene
(Table 5). The high cost of this energy mix is due to the high use of these fuels to meet cook-
ing energy needs with kerosene contributing more (Table 2). The monthly cost estimated
by households, however, falls short of indicating the unit cost of each fuel and expenditure
per meal.

3.4. Fuel Use Efficiency in Cooking
3.4.1. Burning Period

The type of charcoal and stove used are key determinants of the burning period of the
fuel. Improved charcoal stoves burn charcoal for a longer time, thus reducing the need for
reloading while cooking. Charcoal from A. tortilis produced under a TEK burned for 25.7%
longer in a small-sized KCJ than charcoal from P. juliflora produced under a TEK and 26%
longer than charcoal from P. juliflora produced under an IEK. Acacia species tend to have a
higher calorific value than P. juliflora. As a result, charcoal producers and users selectively
source these indigenous trees for charcoal production as their charcoal is presumed to be of
higher quality and, thus, preferred by customers [2]. The Jikokoa stove had a 9.6% longer
burning period than the small-sized KCJ while burning charcoal of the same species, kiln,
and weight (Table 6). However, the difference was not statistically significant.
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Table 4. Units of measure of fuel and cost (Source: this study).
Fuel Unit of Measure No. Households Cost per Unit of ngvl\}f::sgu ?eligit Number of Units  Cost per Month
Buy in the Unit Measure (Kes) Used Used per Month (Kes)
Kasuku 17 54.12 0.97 of a day 18.53 Kasukus 1032.35
Charcoal
Mkebe 1 40 1 day 4 Mkebes 160
150 mL 1 20 1 day 2 40
300 mL 7 42.86 1.57 days 15.57 607.14
Kerosene
500 mL 8 53.75 1.56 days 16.88 888.75
litre 4 94.5 3 days 7 693
6 kg cylinder 13 908 2.15 months 057 of 6 kg 518.62
cylinder
LG 0.330f 13 k
13 kg cylinder 1 1900 3 months o000 KE 633.33
cylinder
Electricity Pay monthly 7 342.86 1 month One pay per 342.86
month
Ethanol litre 1 80 3 days 25L 200
Average weight of Kasuku of charcoal = 791 g, Mkebe = 1213 g.
Table 5. Cost of energy mixes per month (Source: this study).
. Average Cost per Month (KES) for the Energy Types .
Fuel Mix Charcoal Kerosene LPG Electricity Ethanol Total Cost of the Mix (KES)
Charcoal + kerosene 1295 1058 2353
Charcoal + kerosene + LPG 832 418 572 1822
Electricity + charcoal +
Kkerosene + LPG 1055 348 392 350 2145
Electric + charcoal + LPG 330 700 250 1280
Kerosene + LPG 795 625 1420
Kerosene only 950 950
Kerosene + ethanol 850 200 1050
Electricity + charcoal 900 500 1400
LPG only 300 300

Table 6. Burning period of charcoal with Jikokoa stove and small-sized KCJ (Source: this study).

Species Types and Kiln Used Small-Sized KCJ Jikokoa
P. juliflora TEK 1 h:44 min 1 h:55 min
P. juliflora IEK 1 h:43 min 1 h:54 min
A. tortilis TEK 2 h:20 min

3.4.2. Charcoal Consumption and Use Efficiency

The calorific value of P. juliflora charcoal produced under TEK, IEK, and DK was
27.1,27.6, and 27.4 M] /kg, respectively, while that of A. tortilis produced under TEK was
28.6 MJ/kg [41]. These values are in line with what is reported in other works of the
literature such as [45-47].

The Jikokoa stove reduced charcoal consumption by 6.4% and 26% compared to
the small-sized KCJ and the medium-sized KCJ, respectively, during the cooking period.
Reasons for this lower consumption were combined technical advancements such as the
Jikokoa stove’s relatively reduced charcoal volume uptake, reduced heat loss, and ability to
utilise small-sized burning charcoal that is otherwise discarded as waste from conventional
stoves. Use of the small-sized KCJ with a volume of 374 g reduced charcoal use by 21%
compared to the medium-sized KCJ with a volume of 538 g of charcoal. On average, the
Jikokoa stove had a net fuel savings of 26% compared to 24.2% and 32% for the small-sized
KCJ and the medium-sized KCJ, respectively (Table 7). Net fuel saving is an important
measure of fuel saving as households cool the fuel left after cooking for another use.
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Table 7. Fuel use efficiency (Source: this study).

Small-Sized KCJ Medium-Sized KCJ Jikokoa Stove

C?;;?:l 16151:; Gross Net % Fuel Gross Net % Fuel Gross Net % Fuel

Fuel Used (g) Saving Fuel Used (g) Saving Fuel Used (g) Saving
P. juliflora TEK 373.5 288.8 22.7 537.7 366.3 31.9 361.5 270.2 25.3
P. juliflora IEK 398.2 314.3 21.1 - - - 392.5 282.2 28.1
P. juliflora DK 391.5 329.3 15.9 - - - 391.3 333.0 14.9
A. tortilis TEK 4417 277.8 37.1 - - - 489.8 308.2 37.1
Average 401.2 302.6 242 537.7 366.3 31.9 408.8 298.4 26.3

Compared with the most commonly used medium-sized KCJ, use of the Jikokoa
stove reduced charcoal consumption by 26%, translating to USD 1.5 of savings per week,
assuming that three major dishes are cooked per day in an area where charcoal consumption
is estimated to be 7 kg per household per week [14]. This is less than the 45% savings
previously reported by the stove manufacturer, even though it does not specify the size
of KCJ that it used when comparing with the Jikokoa stove [48]. There was a significant
difference in net fuel used while cooking using the Jikokoa stove compared to the medium-
sized KCJ (p = 0.00068). There was also a significant difference (p = 0.0016) in the fuel used
while cooking with the small-sized KC]J compared to the medium-sized KCJ, signifying
a great saving on fuel consumption at a cheaper cost (USD 2.5) compared to the savings
using a more expensive industrial branded stove (USD 45).

In Kenya, cooking ugali involves boiling water, adding maize flour, and mashing the
solid mix until it is well cooked. After ugali is ready, it is removed from the pot and covered
to keep it warm. On the same stove, vegetables are then cooked and the two are served
together. To cook, stoves first need to be lit. As such, the time consumed in the cooking
process included the time for lighting the stoves, the time taken to bring water to boil, and
the time taken to cook the two dishes. It took an average of 7 min to light a small-sized
KCJ while the Jikokoa and medium-sized KC]J stoves each took 10 min. The Jikokoa stove
saved time spent while cooking by 26.7% and 10.2% compared to a small-sized KCJ and
a medium-sized KCJ, respectively. During the whole cooking process, which spans from
lighting the stove to the completion of cooking the two dishes, Jikokoa, medium-sized
K(C]J, and small-sized KCJ stoves took 54, 59, and 67 min, respectively. The Jikokoa stove
saved 19.4% and 8.5% of the time taken compared to small-sized and medium-sized KCJs,
respectively (Figure 4). There was a significant difference (p = 0.0341) in time spent while
cooking on the Jikokoa stove compared to the small-sized KC]J.

The flame temperature during cooking varied by charcoal type and stove used
(Table 8). Comparing charcoal from the same species, the Jikokoa stove had the high-
est flame temperature recorded, followed those of the medium-sized KCJ and small-sized
KC]J, which had the lowest. The small-sized KCJ took a longer time to cook the meal and
recorded substantially lower temperatures compared to Jikokoa and medium-sized KCJ
stoves. Based on charcoal types, A. tortilis charcoal recorded higher flame temperatures
than P. juliflora charcoal.

Table 8. Flame temperature (°C) (Source: this study).

Flame Temperature (°C)

Type of Kiln and
Charcoal Small-Sized KCJ Jikokoa Medium-Sized KCJ
TEK P. juliflora 658.88 722.96 715.96
IEK P. juliflora 659.39 691.93 -
DK P. juliflora 639.41 71457 -
TEK A. tortilis 698.92 728.92 -

Average 664.15 714.59 715.96
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Figure 4. Time taken to cook Ugali and Kale include lighting the stove, taking water to boil, cooking
Ugali, and cooking Kale.

3.4.3. Concentration of Pollutants from Cooking with Charcoal and Potential Health and
Climate Change Impacts

Cooking with P. juliflora charcoal produced under a TEK with the Jikokoa stove
reduced CO concentrations by 50% and 9.8% compared to the medium-sized KCJ and the
small-sized KCJ, respectively. With about 70.6% of charcoal users cooking with medium-
sized KCJs, many households are at risk of exposure to higher CO concentrations, which is
a health hazard. Concentrations of PM; 5 while cooking with the Jikokoa stove reduced
by 76.6% and 6% compared to concentrations observed while using medium-sized and
small-sized KCJs, respectively. CO, concentration was reduced by 15.6% while cooking
with the Jikokoa stove compared to the medium-sized KCJ. Shifting from the medium-sized
KCJ to the small-sized KCJ, which takes in lower volumes of charcoal per load, reduced the
concentration of CO, CO,, and PM; 5 by 44.6%, 27.9%, and 75%, respectively.

Cooking with the small-sized KCJ using charcoal from P. juliflora carbonized under a
IEK and DK reduced concentrations of pollutants (CO, CO,, and PM; 5) by 14.5%, 9.7%, and
90.4%; and 12.6%, 64.8%, and 41.6%, respectively, compared to the Jikokoa stove (Table 9).
Cooking with the Jikokoa stove and A. fortilis charcoal produced under a TEK reduced
concentrations of CO and CO, by 13.7% and 20% while PM; 5 concentration increased by
33.7% when compared with cooking using small-sized KCJ. Cooking with the Jikokoa stove
while using charcoal from the same tree species and kiln (TEK P. juliflora) recorded 37%
and 19% decreases in climate impact compared to cooking with medium and small-sized
KCJs, respectively (Table 10). Gases produced during cooking such as CO and CO, have
the potential to trap light in the atmosphere and release it in form of heat, leading to
global warming.
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Table 9. Concentration of pollutants generated by different fuels and cooking stove options in Kibera,

Kenya (Source: this study).

Time Taken to

Charcoal Kiln Stove CO (ppm) CO; (ppm) PM; 5 (ug/m3) Cook (min)
Small-sized KCJ 1163 + 5.3 885.2 + 25.2 182.3 + 14.2 63
TEK P julifiora  Medium-sized KCJ 2101+ 115 1228.1 + 48.8 732.8 + 136.0 50
Jikokoa 1049 + 5.2 1036 + 22.8 171.4 + 148 49
EK P julifiora Small-sized KCJ 2183 + 11.3 1214.0 + 31.8 2052 + 13.8 64
Jikokoa 255 + 18.1 13449 + 47.3 2128.8 + 496.9 44
DK P juliflora Small-sized KCJ 208.6 + 10.2 390.4 + 16.7 902.5 + 107.9 56
: Jikokoa 238.7 + 15.0 1109.7 + 34.5 1544.9 +29.7 45
= Small-sized KCJ 138.1+9.3 1179.9 + 36.1 62.0 + 4.0 60
TEK A. tortilis Jikokoa 119.1 + 9.0 944.5 + 37.7 82.9 4+ 22.0 41

Table 10. Climate impact of cooking with charcoal by different stoves in Kibera, Kenya (Source:

this study).
E3
Charcoal Kiln Charcoal Emissions in kg of Pollutants GwP ;&O and CO) kg per
. Stove eal Cooked
and Species Burnt (kg)
co CO, PM, 5 GWP100 GWP20
Medium-sized KCJ 0.366 0.14103 0.87347 0.00026 1.44634 21739
TEK P. juliflora Small-sized KCJ 0.289 0.10619 0.69654 0.00009 1.1279 1.67580
Jikokoa 0.270 0.07279 0.69324 0.00006 0.9889 1.36442
EK P juliflora Small-sized KCJ 0.314 0.12645 0.74093 0.00006 1.25459 1.90702
: Jikokoa 0.282 0.11407 0.66424 0.00050 112758 1.71609
DK 2 juliflora Small-sized KCJ 0.329 0.21818 0.64163 0.00050 1.52788 2.65356
: Jikokoa 0.333 0.15839 0.74008 0.00054 1.38345 220064
» Small-sized KCJ 0.278 0.07938 0.70430 0.00002 1.02675 1.43632
TEK A. tortilis Jikokoa 0.308 0.10520 0.75590 0.00005 1.18322 1.72599

* GWP—Global warming potential.

The concentration of indoor air pollutants varied during the cooking period with all
stoves as illustrated in (Figure 5a—c). Concentrations of CO in the current study were above
the WHO-recommended levels of 35 mg/m?, equivalent to 40 ppm at 760 mmHg and 25 °C
per 1 h of exposure where exposure to this level should not occur more than once per day
with light physical activities [49]. The concentrations were well above the recommended
levels by 162%, 190%, and 425% for Jikokoa, small-sized KCJ and medium-sized KC]J
stoves, respectively, considering charcoal from the same kiln and species. Recommended
concentration levels of particulate matter (PM, 5) by WHO over a 24 h period of exposure
is 25 ug/ m?3 [50]. During the cooking exercise, the concentration levels of PM; 5 were above
the WHO-recommended levels of 25 pg/m3 by 585%, 629%, and 2831.2% for Jikokoa, small-
sized KCJ and medium-sized KC]J stoves, respectively, while using P. juliflora charcoal
produced using a TEK. Indoor air concentrations of CO and PM; 5 in this study were
relatively high even when compared to those from firewood [13]. This can be attributed to
the poor ventilation and air circulation in Kibera urban slum dwellings. Muindi et al. [51]
reported less than 20% of households in Korogocho and Viwandani slum settlements in
Nairobi opening doors for ventilation while cooking in the evening and less than 10%
were reported opening their windows. In this study, the researcher noted that it was
normal practice for cooks to keep their windows closed during the cooking process, thus
limiting air circulation and causing accumulation of pollutants in the kitchen/cooking
area as cooking continued. Due to limited space in rooms (Figure 2), windows were
permanently closed, and the space was utilized for other purposes, such as hanging kitchen
utensils or a television set. This poses a great danger to the people in the house during
cooking since the same room is used for sitting and sleeping (Figure 2). Average CO,
concentrations were below the WHO’s permissible exposure limit of 5000 ppm averaged
over an 8 h workday [50].
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Figure 5. Concentration of indoor air pollutants before, during, and after cooking (TEK-KC]J Small:
n = 6, TEK-Jikokoa: n = 6, KCJ-Medium: n = 6) (Source: this study).

Using the Jikokoa stove for cooking reduced the amount of charcoal consumed in
cooking a meal, which consequently minimized the need to cut down trees for charcoal
making. Trees are carbon sinks that reduce CO, in the atmosphere, thus mitigating climate
change [1]. The Jikokoa stove also emitted less CO, and CO gases compared to the most
commonly used medium-sized KCJ by 15.6% and 50%, respectively. The impact of CO
extends beyond the indoor environment; CO is said to contribute to the formation of
tropospheric ozone which is another air pollutant with unhealthy effects [17]. Even though
CO does not cause climate change directly, its presence affects the abundance of greenhouse
gases such as methane and carbon dioxide [52].

3.4.4. Study Limitations

This study was carried out in an urban informal settlement in Kibera, Nairobi, Kenya,
which is one type of residential area. The households studied were those that were ran-
domly selected and given the improved Jikokoa stove for free after being trained on its use.
The study also considered only one type of improved stove (Jikokoa) but, in the market,
there are other available improved stoves with different designs and efficiencies. The study



Energies 2023, 16, 6808

14 of 17

also considered only CO, CO;, and PM; 5 but we are aware that there are other pollutants
of concern.

4. Conclusions and Recommendations

The majority of households in Kibera used a mix of fuels to meet their cooking needs.
Using a Jikokoa-branded stove and a smaller-sized KCJ reduced the amount of charcoal
consumed and this could consequently reduce expenditure on cooking energy and demand
for trees to produce charcoal. The study also revealed that using improved stoves reduces
the time spent during cooking. Cooking with a Jikokoa stove reduced IAP compared to a
medium-sized KCJ stove. Further, cooking with a small-sized KCJ reduced IAP as lesser
amounts of charcoal was burned due to the small volume of charcoal that the stoves take
in per loading. However, concentration of pollutants from all the stoves were above the
WHO-recommended levels. This could be attributed to the limited ventilation in cooking
areas as well as pollution produced by burning charcoal and that from outside, although
this was not measured. Reducing indoor air pollution and time spent cooking with charcoal
would improve women’s and girls’ lives, including the lives of children below school age
as they spend a lot of time near the stove while it is in use. Household cooks can use the
saved time to engage in other productive activities as well as reduce the time they are
exposed to pollutants. Reducing IAP mitigates climate change in the long run.

There is a great need for participatory research while developing cooking stoves for use,
especially in developing countries where kitchen settings are different from the laboratories
used by innovators while developing and testing new cooking stoves. The impact of
ventilation is an example of the kind of local conditions that could not be reproduced in
a lab setting. Considering needs and aspirations of users will enhance the performance,
acceptability, and adoption of efficient cooking stoves and the speed the development of
these technologies. Stove developers should also consider the volume capacity of fuel that
stoves can take per loading to minimize it while enhancing stove efficiency. Cooking stoves
with chimneys need to be developed for use in densely populated slum areas where there is
little air circulation as this would help to reduce the high indoor air pollution noted in this
study. Of course, at scale, chimneys increase external air pollution and, thus, spread the
pollution burden to neighbours and into the atmosphere, hence the need for growing trees
as carbon sinks in urban areas. More fundamentally, even the most efficient stove/fuel
combination is unlikely to compensate for the density of living conditions in areas like
Kibera. While improving cooking conditions can help, reducing crowding, providing
space for air circulation in urban neighbourhoods, planting trees, and providing parks, as
well as improving per capita income, are all necessary to improve the health and lives of
residents in substantial ways. Repeating studies such as this one in other slum contexts
will help provide broader science-based data that can influence bioenergy policy review
and development as well as the design of context-appropriate interventions/solutions.
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