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Abstract 

In Ethiopia, several improved cookstoves (ICSs) have been disseminated, aiming to reduce fuel 
consumption and pollutant emissions. Although improved cookstoves are widely promoted and 
distributed, research on evaluating their performance is still limited. Therefore, this work aims to 
evaluate the performance of five selected ICSs variants using the water boiling test (WBT) at cold, hot 
and simmering phases in Wereta town. Thermal efficiency, specific fuel consumption, temperature-
corrected time to boil, burning rate, and firepower were used as performance measurement variables. 
The thermal efficiency of types 1, 2, 3, 4, and 5 at the hot start was 30%, 34 %, 28.5%, 35%, and 26.7% 
respectively. While the lowest and the highest specific fuel consumption at the hot start were type 4 
(51.2 g/l) and type 5 (62.5 g/l), respectively. Out of all the stove models tested, types 3 and 5 had the 
highest firepower ratings, indicating more thermal output per given time. Type 3 exhibited the 
highest burning rate of 1.67 grams per minute. Type 1 cookstove required the longest time to boil 
water (42 minutes), while type 5 took the shortest time (32 minutes). From the response variables, 
type 4 (rocket stove with insulation) charcoal cookstove exhibited better overall performance 
compared to the other. In conclusion, policymakers should consider prioritizing energy-efficient 
stove technologies to reduce environmental damage and improve the energy economy. 

Keywords: charcoal; improved cookstove; thermal efficiency; WBT; sustainable development; 
Ethiopia 
 

1. Introduction 

Biomass is a renewable energy resource and is widely available throughout the world. It is a net 
carbon-zero fuel source[1,2]. A large number of the world’s population, approximately 3.5 billion 
people, are dependent on biomass fuels for their day-to-day activities [3,4]. Especially in developing 
nations, a direct burning of biomass is the main source of fuel for cooking and space heating [5,6]. As 
part of the developing world, Ethiopia’s energy supply is mainly biomass-dependent, which accounts 
for 92-95% of the total energy requirement [7,8]. 

As reported by [9–13] using traditional biomass combustion, such as the three-stone fires, incurs 
a negative impact on health, environment, and socioeconomic development. Household air pollution 
from the combustion of solid fuels is one of the leading causes of child deaths [14]. As of the 2019 
WHO report, due to partial/poor thermal combustion of solid fuels, 3.8 million deaths per year 
occurred as a result of harmful pollutant exposure [15]. 

The findings of [16–18] assert that traditional biomass stoves have very poor thermal efficiency 
because of large amounts of heat losses. Due to this inefficiency, a large amount of firewood is 
consumed to perform specific tasks [2,19]. Forests are extensively degraded for firewood, which leads 
to environmental problems such as soil erosion and climate change [19–21]. As a result, interventions 
are necessary to minimize energy losses and alleviate the negative environmental impacts of 
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traditional biomass energy conversion methods. The adoption of improved biomass cook stove 
technology is being proposed by national and international entities to counter the limitations of 
traditional cooking stoves. 

Research has been performed on thermal efficiency improvement and emission reduction of 
traditional biomass cooking stoves. The performance of improved cook stoves mainly depends on 
the design of stoves, the type of insulation materials, the body construction material, and fuel type 
[22]. For instance, in the work of J. Okino et al. [22] effect of insulation material on the thermal 
performance of ICSs was evaluated. The inclusion of insulation material helped to elevate the 
combustion chamber temperature by reducing heat loss, which in turn increased the overall thermal 
efficiency. Similar findings were also published by [23–25]. Other studies were conducted by [26–29] 
to evaluate how stove design and construction materials impact the efficiency of ICSs. Through the 
work of Chica et al. [18] performance of existing plancha-type stoves was improved by modifying 
the structure of the body and using better materials. The thermal efficiency of their design exceeds 
the baseline three-stone cookstoves by 73%. On the other hand, Pasha. et al. [28] performed 
pioneering work to design a modified Tchar stove. They developed an improved Tchar stove by 
merging the traditional Tchar gasifier with a charcoal stove into a single structure. The finding reveals 
that the modified Tchar stove exhibited better thermal performance with excellent structure 
compared to the traditional Tchar stove. Haile [30] developed and tested a top-lit updraft natural 
draft gasifier stove. He optimized the space between the internal and external cylinders to preheat 
the secondary air before entering the combustion chamber. With this modification, an efficiency of 
26.25%-32.3% for different feedstock fuels was achieved. Other scholars also demonstrate the 
potential of ICSs for fuel savings and emission reduction. Wassie et al [31] analyzed the influence of 
ICSs on fuel consumption and pollutant emission. The finding was positive; utilization of ICSs 
reduced fuel consumption on average by 1.72-2.08 tons per household per year and 2.82-3.43 tCO2e 
reduction per stove per year. Similarly, Dresen et al. [32] demonstrated the influence of the famous 
‘mirt’ ICSs on fuelwood saving and carbon emission reduction in Ethiopia. The outcome of the study 
revealed that using ‘mirt’ saved 40% fuelwood compared to the traditional biomass cookstove. 

In Ethiopia, improved cooking stove technologies are being disseminated within the country by 
various factors. Despite distributing ICSs to different households, reliable thermal performance data 
is not available for cookstove users and distributors to select stoves. Additionally, research on the 
perceptions and barriers to the adoption of ICSs in Wereta, Ethiopia, revealed that the main obstacles 
to the adoption of ICS were low awareness, high prices, and age-related variables. In this study, the 
thermal performance of five charcoal cookstoves dispatched in the Wereta district was assessed and 
compared using the WBT. This study aims to play a vital role for government policymakers and ICSs 
consumers by enhancing their awareness of the performance of ICSs, which enables them to select 
the best ICSs based on real data. 

2. Materials and Methods 

2.1. Study Area 

The assessment was conducted in Fogera District, Wereta town. This is located in the Amhara 
Regional State of Ethiopia. It is part of the south Gondar zone, adjacent to Lake Tana. Located at a 
latitude of 11º57′N and a longitude of 37º35′E with an elevation of 1828 meters above sea level. The 
district has a temperature range of 6.3 °C to 33 °C. This area receives 1259 mm of annual rainfall on 
average. The province’s population is estimated to be 228,449, who live in a 117,405-hectare area [33]. 
The primary energy source used by the homes in this area is biomass, which is charcoal. 
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Figure 1. Map of the study area [5]. 

2.2. Selection of Five Improved Charcoal Cooking Stoves 

Our research team conducted a study previously to examine the perception and barriers to 
improved charcoal cookstoves adoption in Wereta, Ethiopia. Accordingly, the most distributed 
charcoal cooking stoves in the community were traditional clay stoves (type 1), cylindrical stoves 
insulated with clay (type 2), rocket stoves without insulation (type 3), rocket stoves insulated with 
bricks (type 4), and cylindrical stoves without insulation (type 5), as presented in Table 1 below [5]. 

Table 1. Types of charcoal cooking stoves and their percentage in the community. 

 Charcoal cooking stoves used per respondents 
Type of stoves    

Frequency 
Percentage 
(%) 

Valid 
percentage 

Cumulative 
percentage 

Type-1 (Traditional Clay stove)   135 43.8 43.8 43.8 
Type-2 (Cylindrical stove insulated with 
clay) 

    98 32 32 90.4 

Type-3 (Rocket stove without insulation)     17 5.5 5.5 96.2 
Type-4 (Rocket stove insulated with 
bricks) 

    46 15 15 97.5 

Type-5 (cylindrical stove without 
insulation) 

     12 3.9 3.9 99.3 

Total 308 100 100  

2.3. Fuel Used 

The biomass fuel used in the study was purchased from the fuel wood market located in the city 
of Wereta. The most commonly available and used fuel was chosen, which was found to be 
eucalyptus charcoal. The fuel eucalyptus charcoal is cut into a convenient size, 6-10 cm in diameter 
and 20-30 cm long, and is taken, and the charcoal is dried by the sun, to avoid the effect of moisture 
content on performance. Before starting the test, the weighed quantity of fuel charcoal was stacked 
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in small lots of 0.5 kg for each five cooking stoves. The fuel charcoal used has a higher calorific value 
(HHV) and lower calorific value (LHV) of 31,000 KJ/kg and 29,800 KJ/kg, respectively, and a fixed 
carbon content of 0.95% by mass. 

2.3. Construction Details of the Five Selected ICSs 

To avoid the effect of height (cm), the diameter of the combustion chamber (cm), the diameter 
of the air inlet (cm), and the weight (kg) of each stove on performance analysis, almost similar height, 
weight, and diameter were selected, except for the following construction details. 

Type 1 charcoal cooking stove: All the body of the type 1 stove is made from clay, including the 
firebox and air-fuel inlet. This type of cooking stove is the first modified stove after the traditional 
three-stone stove in Ethiopia, and maintenance is difficult; once broken, it is mandatory to buy 
another stove from the market. No chimney is provided for smoke removal, and no air-fuel controller 
is installed, as shown in Figure 2. 

Type 2 charcoal cooking stoves: The body of the type 2 stove is made from steel insulated with 
clay, which reduces heat loss to the surroundings. This type of cooking stove is the first modified 
stove after the clay stove; maintenance is simpler than the clay stove and more difficult than the 
remaining three cooking stoves. It is cylindrical and has no chimney for smoke removal. The stove 
also consists of an ash collection box below the grate. The stove is provided with two handles for 
carrying it safely from one place to another.  

Type 3 charcoal cooking stoves: All of its body is made from steel pipe from the outside and 
inside, and it has no insulation. The air-inlet shape varies from one local manufacturer to the other. 
This type of cooking stove is currently available in the market in different styles. Has no secondary 
air inlet and chimney for smoke removal.   

Type 4 charcoal cooking stoves: This type of stove is made from a steel pipe, and it has brick 
insulation. Chimney and air fuel controllers are not provided. This type of ICS constitutes a sufficient 
secondary air inlet. It has a perforated hemispherical combustion chamber, and the pot is directly set 
on the charcoal. 

Type 5 charcoal cooking stoves: It is made from a steel pipe without insulation. Compared to 
other stoves, maintenance is simple. There is no air inlet controller, as well as a chimney for smoke 
removal. Such of stove is installed with a secondary air inlet to provide sufficient air for combustion. 
The combustion chamber is perforated to let air in and to remove ashes. Below the chamber ash 
collector is available. 

 
Figure 2. Stove Types Selected from the District. Type 1 (clay stove), B) Type 2 (cylinder stove Insulated with 
clay), C) Type 3 (Rocket stove without insulation), D) Type 4 (Rocket stove with insulation), E) Type 5 
(Cylindrical stove without insulation). 
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2.4. Performance Evaluation of ICSs 

Different methods are applicable to compare the typical performance of various models of 
cookstoves. In this study water boiling test was employed to get the overall thermal efficiency of 
charcoal-burning stoves. This method was also used by various researchers [1,4,34–36]. The 
experiments were carried out in triplicate, and the average was reported. According to the WBT 
protocol, the vessel was filled with water to occupy two-thirds of the volume [28]. The initial 
temperature of water in all pots was noted using a laboratory thermometer. The temperature rise of 
water was noted at regular intervals (5min). The fire was extinguished in the ground immediately at 
the end of the test duration, and the quantity of residual water in all the pots was measured. The 
power rate, average fuel consumption, thermal efficiency, and time taken to boil water were 
determined for each charcoal cooking stove. 

2.4.1. Thermal Properties Analysis of Improved Cooking Stoves 

The temperature-corrected time to boil (∆𝒕𝒕𝑻𝑻) 
The temperature-corrected time to boil (∆𝑡𝑡𝑇𝑇) is a crucial variable that modifies the boiling time 

taken to reach 75°C to account for variations in starting temperatures and local boiling points [28]. It 
is determined by Equation (1): 

(∆𝑡𝑡𝑇𝑇) =
(𝑡𝑡𝑓𝑓−𝑡𝑡𝑖𝑖)×75

(𝑇𝑇𝑓𝑓−𝑇𝑇𝑖𝑖)
   (1) 

Where: 𝑡𝑡𝑓𝑓 is the final time, 𝑡𝑡𝑖𝑖 is the initial time, 𝑇𝑇𝑖𝑖 is the initial temperature of water (°C), and 𝑇𝑇𝑓𝑓 is 
the local boiling point of water (°C). 

Thermal efficiency 
The thermal efficiency (η) of a biomass cook stove measures how much of the heat energy is 

transferred from the biomass to the cooking pot. It is the ratio of the energy absorbed by the water to 
the total energy of the fuel generated by combustion [19]. Thermal efficiency is expressed by equation 
(2). 

𝜂𝜂 = 𝑀𝑀𝑤𝑤𝐶𝐶𝑤𝑤(𝑇𝑇𝑏𝑏−𝑇𝑇0)+𝑀𝑀𝑒𝑒𝐿𝐿𝑤𝑤
𝑀𝑀𝑓𝑓×𝐻𝐻𝑣𝑣

  (2) 

Where: M𝑤𝑤 is Mass of water (kg), C𝑊𝑊 heat capacity (kJ/kg/°C), T0 and T𝑏𝑏 are the initial and boiling 
temperature of the water (°C), M𝑒𝑒 is the Mass of evaporated water (kg), L𝑤𝑤 is Latent heat of water 
(kJ/kg), M𝑓𝑓 and H𝑣𝑣 are mass in (kg) and heating value (kJ/kg) of fuel, respectively. 

Firepower Determination: is a ratio of the equivalent dry fuel energy consumed by the stove 
per unit of time [37]. Mathematically, it is expressed as in Equation (3). 

𝐹𝐹𝐹𝐹 = 𝑓𝑓𝑎𝑎𝑎𝑎×𝐿𝐿𝐿𝐿𝐿𝐿
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏×60

  (3) 

Burning Rate (BR): is the measure of fuel consumption to bring water to a boil. It is the ratio of 
fuel consumed to the duration of the test as expressed in Equation (4). 

𝐵𝐵𝐵𝐵 = 𝑓𝑓𝑎𝑎𝑎𝑎
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

  (4) 

Where: 𝑓𝑓𝑎𝑎𝑎𝑎 Refers to mass of the consumed fuel during the test 
Specific fuel consumption (SC, g/L): is the ratio of energy consumed to the amount of boiled 

water remaining in the pot [18], then FCR can be estimated using Equation (5) below. 

𝑆𝑆𝑆𝑆 = 𝑓𝑓𝑐𝑐𝑐𝑐
𝑤𝑤𝑟𝑟

  (5) 

Where: 𝑤𝑤𝑟𝑟 the mass of liquid water present in the pots after the test and 𝑓𝑓𝑐𝑐𝑐𝑐  refers to the equivalent 
dry fuel consumed 
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3. Results and Discussions 

In this study, the performance of the stoves was measured by thermal efficiency (%), specific 
fuel consumption (g/L), fire power (kW), temperature corrected time to boil and burning rate. The 
results of these variables for the different phases are discussed below. 

3.1. Thermal Efficiency 

The thermal efficiencies of all five selected stoves are presented in Figure 3. 

 

Figure 3. Average thermal efficiency of all five stoves. 

The efficiency of the stove is influenced by various factors, including construction material, 
design principles, and geometries of the stove [22]. The thermal efficiency of types 1, 2, 3, 4, and 5 at 
the hot start was 30%, 34 %, 28.5%, 35%, and 26.7% respectively. From the result, type 5 showed lower 
thermal efficiency, whereas type 4 exhibited higher thermal efficiency. The superior thermal 
efficiency of type 4 might be attributed to the presence of thermal insulation, which limits undesirable 
heat loss to the surroundings and raises the internal temperature. Similar observation was reported 
by [37] compared to the three-stone fire, the improved cookstove had better thermal efficiency due 
to the availability of insulation material. Additionally, the rocket shape of such kind of stoves may 
improve fuel burn rate by lifting hot gases upward and thereby enhancing natural draft. Whereas, 
the reason for low thermal efficiency for type 5 (cylindrical charcoal cook stoves) is likely to be heat 
losses to the surroundings due to the absence of insulation in the stove. A recent development on 
ICSs confirmed that the efficiency of traditional cookstoves could be enhanced with small 
improvements [2]. 

3.2. Specific Fuel Consumption 

The specific fuel consumption of all the selected five stoves in the study area is presented in 
Figure 4. 

The fuel consumption (g/min) is the rate of biomass burned to boil a specific amount of water 
[38]. Figure 4 illustrates the average specific fuel consumption of the five stoves at the cold, hot and 
simmering phases. The specific fuel consumption of types 1, 2, 3, 4, and 5 at the hot start was 55, 53.6, 
58, 51.2, and 62.5 g/L, respectively. Type 4 resembled the lowest average specific fuel consumption of 
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51.2 g/L at the hot start. As confirmed by the thermal efficiency test, this stove type consumes less 
amount of energy to perform similar tasks. As this stove type showed higher thermal efficiency, the 
amount of fuel consumed was lower. This might be due to the thermal insulation and the optimized 
design of the stove. Whereas, the highest specific fuel was consumed by Type 5 with 62.5 g/L. Type 
1 has slower heat transfer, which means clay retains heat for longer periods, maintaining a steady 
cooking temperature with less fuel, unlike steel pipes heat up and cool down quickly. Though type 1 
stoves are more traditional than others, it is better in specific fuel consumption than types 3 and 5. 
From the result, it is important to notice the influence of selecting appropriate materials and carefully 
considering the mechanical design of cook stoves to improve thermal efficiency and the overall 
performance. 

 
Figure 4. Average Specific fuel Consumption of each stove type. 

3.3. Firepower 

The firepower of all five selected stoves in the study area is presented in Figure 5. 
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Figure 5. Average Firepower Utilization in Water Boiling Test of Stoves. 

The average firepower (W) consumed by the five stoves to boil water at cold start, hot start, and 
simmering phases is displayed in Figure 5. The result showed that stove types 1, 3, and 5 generated 
more compared to types 2 and 4. From the result, it was noted that stoves with higher thermal 
efficiencies (types 2 and 4) had lower firepower. This implies that less energy is consumed by type 2 
and type 4 stoves to boil the same amount of water. Similar findings were also observed by [2,7]. 

3.4. Burning Rate 

The differences in burning rates for the stove types selected in the study area are shown in Figure 
6. 

 
Figure 6. Average Burning Rate of charcoal within five stoves. 

During the hot and simmer phases, all stoves burned approximately equal amounts of fuel 
within a specific amount of time. This means, once the stoves warm up, their fuel consumption 
remains constant, regardless of stove type. On the other hand, during the cold start phase, the burning 
rates for type 1, type 2, type 3, type 4, and type 5 stoves were 1.12, 1.33, 1.67, 1, and 1.6 g/min, 
respectively. This implies there is a significant variation in the combustion behavior of the different 
stove types. The highest burning rates were exhibited by types 3 and 5, which indicate that the release 
of thermal energy was very fast. This may be beneficial for cooking quickly, but it can also mean 
inefficient fuel use when the heat has not been transferred effectively to the cooking vessel. On the 
other hand, type 4 had the lowest burning rate of 1 g/min and is best at conserving fuel. All in all, 
these differences underscore the need for optimizing stove design not only for the combustion rate 
of fuel but also the efficiency of heat transfer for the intended cooking use. 

3.5. Temp-Corrected Time to Boil (TCTB) 

Figure 7 compares the average temperature-corrected time to boil water for each of the five 
stoves. At the cold start, type 1 took the longest time to boil (42 minutes), while type 5 was the shortest 
(32 minutes). The body of Type 1 is fully made from clay; as a result, the weight of these stoves is 
high. Due to this, a significant amount of energy will be consumed to pre-heat the body of the stove; 
as a result, the time required to boil the water was high. Similar results were published by [18]. 
Whereas type 5 required the lowest temp-corrected time to boil, this might be due to the low thermal 
mass allowed for rapid heat-up. In type 2, the metal body conducts heat quickly, but the clay 
insulation retains heat, reducing losses. In this stove, it still requires some heat-up time due to the 
insulation, but it performs better than a fully clay stove. Type 3 is made up of metal and has low 
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thermal mass, so it heats up quickly. However, a lack of insulation means heat outflows rapidly, 
making it less efficient in retaining heat. It is faster than a clay stove but less consistent due to heat 
loss. In type 4, the insulation reduces heat loss, keeping the combustion chamber hotter, and it takes 
slightly longer than an uninsulated rocket stove, but it performs better once heated. 

 

Figure 7. Average temp-corrected time to boil of each stove type. 

3.6. Ranking of Selected Improved Charcoal Cookingstoves 

In this study, the main criteria for ranking improved charcoal cooking stoves are performance. 
The experimental stoves can be ranked from best to least using the performance analysis presented 
before. The criteria considered are the time to boil, fuel consumption rate, burning rate, firepower, 
and thermal efficiency. Although Ethiopia is the third country in the production of charcoal next to 
Brazil and Nigeria [39,40], it is important to compare stoves based on thermal efficiency, average fuel 
consumption, firepower (w), and time taken to boil water. Different scholars have different views on 
the selection of stoves. For instance, for communities that have high availability of charcoal, less cost 
it is recommended to evaluate using thermal efficiency. In the other case, for societies where biomass 
fuel/charcoal is costly, it is essential to evaluate using average fuel consumption. Finally, for those 
who have less time, it is necessary to consider the time taken to boil/cook, especially for those 
government employees in Ethiopia. 

The thermal performance in this study followed the order TYPE 4 > TYPE 2 > TYPE 1> TYPE 3 > 
TYPE 5. Regarding fuel consumption at hot start, the results obtained were TYPE 5 > TYPE 3 > TYPE 
1 > TYPE 2 > TYPE 4. In addition, fire power rate, which is the average power utilization to boil water, 
was obtained following the order as TYPE 4 < TYPE 2 < TYPE 1 < TYPE 3 < TYPE 5. Whereas the 
burning rate of the five stoves follows the order TYPE 4 < TYPE 1 < TYPE 2 < TYPE 5 < TYPE 3. In 
case of Temp-corrected time to boil (TCTB) at the cold start, the following results were obtained in 
the order TYPE 5 < TYPE 3 < TYPE 2 < TYPE 4 < TYPE 1 and at the hot start, all stove types show 
almost similar Temp-corrected time to boil (TCTB). 

Overall, in this study, it is recommended for the community to use Type 4 charcoal cooking 
stoves. Furthermore, in this study area, for those who have an economic problem, to buy more 
modified/improved charcoal cooking stoves, it is recommended to use TYPE 1 (clay stove) rather 
than using TYPE 3 and TYPE 5. Thus, the Type 4 stove (rocket stove with insulation) had a better 
performance and low burning rate compared to others is generally recommended, and it is 
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imperative to change Ethiopia’s cooking technologies policy. Finally, non-governmental 
organizations, private investors and emergency relief organizations should introduce this type of 
stove in all communities by providing a financial subsidy for low-income communities. 

4. Conclusions 

Energy poverty is high in developing countries, and people use a variety of types of charcoal 
cooking stoves in Wereta town. Water boiling test results demonstrate significant variations in 
performance across the five stove types. Type 4 (Rocket stove with insulation) emerged as the most 
efficient, exhibiting the highest thermal efficiency (35%). Type 2 (cylindrical stove insulated with 
mud) also performed well, ranking second in overall efficiency. In contrast, Type 5 had the lowest 
thermal efficiency (26.7%) and the highest specific fuel consumption (52 g/L). These performance 
differences can be attributed to variations in stove design, insulation, thermal mass and material 
conductivity. Stoves with poor insulation and higher thermal mass tend to consume more fuel, 
leading to lower thermal efficiency and greater environmental impact. To sum up, the government 
should integrate high-efficiency stoves (particularly Type 4 and Type 2) into national energy 
programs to reduce deforestation caused by excessive fuel consumption. Additionally, stakeholders 
should educate users on the economic and environmental benefits of adopting improved stoves, 
emphasizing fuel savings and reducing emissions. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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