
Experimental assessment of the thermal efficiency of an improved biomass cookstove fueled by charcoal and wood: influence of cooking pot size under Water Boiling Test conditions
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ABSTRACT 

	Traditional biomass cookstoves widely used in developing regions exhibit low efficiency and high emissions, and although improved designs show potential, their thermal performance remains insufficiently studied, particularly regarding stove geometry, pot design, and key operational parameters. This study presents an experimental evaluation of the thermal performance of an improved biomass cookstove fueled with charcoal and wood, considering the influence of cooking pot size under standardized Water Boiling Test (WBT) conditions. Two pot sizes (No. 2 and No. 3) were tested during the three conventional WBT phases : cold start, hot start, and simmering. The performance indicators investigated included thermal efficiency, specific fuel consumption, specific boiling time, and fire power. Results obtained with charcoal showed that pot No. 2 provided lower specific fuel consumption, indicating better fuel economy, whereas pot No. 3 exhibited shorter boiling times and higher thermal efficiencies, particularly during hot start and simmering. For wood fuel, pot No. 3 demonstrated the best overall performance, reaching a maximum thermal efficiency of 27.42% compared with 19.29% for pot No. 2. The results further reveal that excessive fire power does not necessarily improve efficiency because high-power phases are associated with significant convective, radiative, and conductive losses. The novelty of this work lies in the combined analysis of fuel type and pot geometry under West African operating conditions. These findings provide useful design guidelines for optimizing improved cookstoves adapted to local domestic cooking practices.
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1. INTRODUCTION 

 More than three billion people still use wood, charcoal, or agricultural residues as their primary fuels, due to their local availability and low cost [1][2]. In developing countries, particularly in sub-Saharan Africa, solid biomass remains the main source of energy for domestic cooking. However, the use of traditional stoves is characterized by low thermal efficiency, high fuel consumption, and high pollutant emissions, with negative impacts on human health and the environment [3][4].
To address these challenges, several research projects have focused on developing improved biomass cookstoves designed to optimize heat transfer and minimize energy losses. In rural Burkina Faso, a new model of improved cookstove is currently gaining popularity. However, no studies have yet examined these cookstoves to describe their thermal behavior, efficiency, and the key parameters that influence it. Yet, the performance of these systems depends heavily on the geometry of the cookstove, air circulation, construction materials, and combustion stability [5][6]. According to Honkalaskar et al. (2013), a participatory improvement in cookstove geometry can increase thermal efficiency by more than 20% while significantly reducing specific fuel consumption [5]. The evaluation of the thermal performance of these cookstoves is generally based on the Water Boiling Test (WBT) protocol, widely adopted as a standardized laboratory method for comparing different cooking systems [7][8]. This protocol allows for the quantification of essential parameters such as thermal efficiency, specific fuel consumption, specific boiling time, fire intensity, and combustion rate in the three standard phases: cold start, hot start, and simmering [9][10].
Beyond the fuel itself, several studies have shown that the size of the cooking pot and its geometric adaptation to the firebox strongly influence thermal performance. A pot that is well-matched to the firebox improves heat conduction at the bottom of the container, reduces lateral losses, and promotes better heat distribution [10][11]. Kshirsagar and Kalamkar (2014) emphasize that the effect of container geometry remains insufficiently studied despite its direct influence on energy efficiency. Furthermore, studies on the experimental uncertainty of the water-burning stove (WBT) have demonstrated that parameters such as the presence of a lid, the initial mass of water, the size of the container, and the instantaneous power can significantly alter the measured indicators [7][8]. Thus, the size of the cooking pot appears to be a key parameter in the comparative analysis of improved cookstoves, particularly when comparing two fuels with different combustion rates, such as wood and charcoal [9][12]. This study is situated within this framework, aiming to comparatively evaluate the thermal and energy performance of improved cookstoves using wood and charcoal, based on two pot sizes (number 2 and number 3). The originality of the study lies in its dual comparison of fuel and pot geometry, analyzing thermal efficiency under West African cooking conditions, specific fuel consumption, specific boiling time, and fire intensity during the different phases of the water-boiling test stove cycle. 


2. materialS and methods 

2.1 Materials 

   During the experimental campaigns, several measuring instruments and accessories were used to ensure the reliability of the acquired data: 
· The temperatures of the different compartments of the furnace were recorded using a CEN-TECH brand flexible infrared thermometer, model 94233. 
· The duration of the tests was monitored using a stopwatch dedicated to the precise control of the experimental time. 
· In addition, a metal tray was used to hold the coal during the weighing operations. 
·  Mass measurements were carried out using a digital balance, model F1976,14191-414F, characterized by a maximum capacity of 40 kg, a minimum load of 200 g, and an accuracy of 5 g. The furnace used for the experiments is shown in the figure 1. All experiments were performed three times to ensure the reliability and credibility of the results.

[image: ]
Figure 1: Improved oven used
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Figure 2 (b &c): charcoal and wood as a Fuels used in this study

2. 2 Methods 


 To assess the thermal performance of the cookstove, we determine various parameters such as the specific boiling time (SBT), specific consumption (SC), boiling efficiency, etc. These parameters are defined as follows:
[bookmark: _Toc222434387] 2.2.1. specific boiling time  
This is the time taken from when the pot is placed on the burner until the water reaches boiling point. Furthermore, it is the time required to bring one liter of water to a boil (from 0 to 100 °C) (in min/L). It is given by equation (1) [13].	


                                                     (1)	
[bookmark: _Toc222434388]2.2.2. The thermal efficiency at boiling      
The boiling point efficiency, denoted ɳ ebl, corresponds to the ratio between the energy received to bring the water to a boil and the energy consumption of the fuel [14]. It represents the efficiency evaluated for a furnace setting corresponding to the highest power output without emission of fine particles from incomplete combustion [15]. The efficiency (%) is given by equation (2) [15].


                      (2)
[bookmark: _Toc212411101][bookmark: _Toc222434390]2.2.3. Specific consumption (CS)  

Specific consumption (SC) is a parameter that expresses the ratio between the quantity of fuel (charcoal, wood, etc.) consumed and the quantity of water remaining at the end of each phase. It represents the quantity of fuel required to obtain one unit of production [16]. It is expressed in kilograms per liter (kg/L) and is given by the following relationship (3).                                                        (3)
[bookmark: _Toc212411102][bookmark: _Toc222434391]2.2.4.  The thermal power of the fireplace (P)    
The fire power (P) corresponds to the ratio between the thermal energy released by the combustion of the fuel (wood, charcoal, etc.) and the time required for this combustion. It is expressed in watts (W) for each phase of the test [17]. It is given by the following relationship (4):

                                                                         (4)



3. results and discussion

[bookmark: _Hlk227410349]3.1. Results obtained with charcoal test, only for the two pots
· Performance indicators of the cooking zones of size 2 and 3 pots
The results are presented in Table 1 with a size 2 pot as well as a size 3 pot.



Table 1: Weather conditions during tests conducted by the two households
	External conditions
	Cold start
	Hot start
	Simmering

	
	
	For pot size 2
	

	Ambient temperatures (°C)
	      30,7
	      28,16
	     28,03

	
	
	For pot size 3
	

	Ambient temperatures (°C)
	       24,5
	     28,33
	     33,66


[bookmark: _Hlk226561981][bookmark: _Hlk224984175]
Figure 3 shows the specific consumption per phase of each cooking pot.[image: ]
Figure 3: Specific charcoal consumption per phase for each cooking pot

Figure 3 shows that the specific fuel consumption of size 2 remains low throughout all phases of the test. During the cold start, it is 0.148 ± 0.003 kg/L for size 2 compared to 0.207 ± 0.003 for size 3. During the hot start, it is 0.094 ± 0.003 kg/L for size 2 compared to 0.121 ± 0.003 kg/L for size 3. During the simmering phase, we observe a specific fuel consumption twice as high (0.245 ± 0.006 kg/L) for size 3 compared to size 2 (0.112 ± 0.004 kg/L). These results show that the burner of size 2 is more energy-efficient than that of size 3. The high fuel consumption of the size 3 cooking pot is explained by its large size and the type of pot used. This is compounded by the nature of the charcoal used, which burns rapidly, resulting in significant specific charcoal consumption.
Figure 4 shows the thermal efficiency per phase in each of these furnaces.
[image: ]
Figure 4: Boiling thermal efficiency of charcoal per phase for each pot

During a cold start, both fires in the pots exhibited low efficiencies, with size 2 slightly more efficient than size 3, at 19.41 ± 0.65% and 18.3 ± 0.48%, respectively. This indicates slightly better heat conduction in size 2 than in size #3. However, during a hot start, the efficiency of size #3 was higher than that of size 2, at 29.68 ± 0.92% versus 17.68 ± 0.79%, respectively. This difference is explained by the poor heat conduction to the bottom of size 2, while size 3 exhibited good fire stability. During the simmering phase, the efficiency of the burner in size 3 remains higher than that of size 2, with 38.7% (1.12%) for size 3 and 36.48% (1.46%) for size 2. This demonstrates good heat transfer to the bottom of the size 3 pot, accompanied by very low heat loss. Similarly, for the burner of the size 2 pot, heat is transferred to the bottom, but with some heat loss.
Figure 5 shows the specific boiling times (SBT) obtained with charcoal.
[image: ]

Figure 5: Specific boiling time of charcoal per phase for each pot

During high-power operation, the boiling time of size 2 is longer than that of size 3. During a cold start, the boiling time of size 2 is 27.96 ± 0.82 min/L, while that of size 3 is 19.34 ± 0.53 min/L. During a hot start, the boiling times of sizes 2 and 3 are 21.96 ± 0.63 min/L and 14.71 ± 0.41 min/L, respectively. The combustion chamber of size 3 exhibits better thermal efficiency than that of size 2. This is because the chamber receives heat directly from the chamber, resulting in efficient heat transfer and reduced heat loss. Furthermore, the quality of the charcoal, being well-dried, produces a bright flame and reduces the boiling time. During the simmering phase, the boiling time for the burners is set at 45 minutes, resulting in values ​​exceeding 45 min/L. The total simmering time (TS) for the size 2 pot is 71.18 ± 2.50 min/L, consistently higher than that of the size 3 pot, which is 69.27 ± 2.51 min/L. This average value observed for the size 3 pot can be attributed to the burner capacity. In summary, the burner of the size 2 pot is characterized by a longer boiling time than that of the size 3 pot, indicating that the size 3 pot allows for a faster cooking time.


Figure 6 shows the yield as a function of the power obtained with wood charcoal.
[image: ]
Figure 6: Thermal efficiency as a function of fire power for each pot

[bookmark: _Toc223063441]For cold starts, the fire outputs of the two fireboxes are 4.965 kW for the size #2 pot and 7.987 kW for the size #3 pot, with successive efficiencies of 19.41 ± 0.65% and 18.3 ± 0.48%. These are moderately high-power outputs but accompanied by low efficiencies. This is explained by the fact that a large portion of the energy is lost through convection with the ambient air and radiation through the firebox walls. For hot starts, the average power outputs are 4.448 kW and 6.405 kW for the size 2 and 3 pot fireboxes, with thermal efficiencies of 17.68 ± 0.79% and 29.68 ± 0.92%. These efficiencies show improved thermal performance at the burner of the size 3 pot, which is explained by relatively low heat losses. During the simmering phase, the power outputs are relatively low: 1.665 kW for the burner of the size 2 pot and 2.739 kW for the burner of the size 3 pot, with respective efficiencies of 36.48 ± 1.46% and 38.7 ± 1.12%. In this phase, the thermal efficiencies are moderately high, which is explained by efficient heat transfer to the bottom of the pot, thus limiting heat losses.
[bookmark: _Toc221826862][bookmark: _Toc221827547][bookmark: _Toc223066316]3.2.  Results obtained with wood fuel for the pots 
· Performance indicators of the cooking zones of size 2 and 3 pots
The results below present the energy performance of the two homes that used charcoal as fuel










Table 2: Weather conditions during the tests carried out with the two cooking pots
	External conditions
	Cold start
	Hot start Simmering
	Simmering

	
	
	Size 2 pot
	

	Ambient temperatures (°C)
	      30,9
	      28,5
	     28,4

	
	
	Size 3 pot
	

	Ambient temperatures (°C)
	       30,5
	     27
	     25,6


[bookmark: _Toc221826863][bookmark: _Toc221827548]
Figure 7 shows the specific consumption per phase in each of these homes.[image: ]
Figure 7: Specific consumption per phase of each pot obtained with wood

During a cold start, the specific fuel consumption of size 3 firepot is 0.575 ± 0.004 kg/L, slightly higher than 0.542 ± 0.005 kg/L for size 2. The firebox of size 3 therefore consumed more wood than that of size 2. This is due to the nature of the fuel, which burns too quickly, as well as significant heat losses through convection with the ambient air and radiation through the firebox walls. During a hot start, the specific fuel consumption of size 2 firepot is 0.393 ± 0.004 kg/L, higher than that of size 3, which is 0.235 ± 0.003 kg/L. Similarly, during the simmering phase, the specific wood consumption of the size 2 pot remains consistently higher than that of the size 3 pot, with respective values ​​of 0.943 ± 0.012 kg/L versus 0.615 ± 0.008 kg/L. The increase in this specific consumption of the size 2 pot is explained by unfavorable weather conditions (excessive wind speed), as well as by the nature of the wood, which burns too intensely.
Figure 8 shows the thermal efficiencies per phase for each of these furnaces.
[image: ]

Figure 8: Boiling thermal efficiency per phase for each pot obtained with wood

In the first two phases, the thermal efficiencies are negligible. During the first phase, the efficiencies of both fires are extremely low, at 9.8 ± 0.19% for the size 2 pot and 8.04 ± 0.16% for the size 3 pot. In the second phase, the efficiency for the size 2 pot remains very low compared to the size 3 pot, with respective values ​​of 10.18 ± 0.24% and 19.04 ± 0.43%. This is due to the wind speed, which increases the intensity of the fire, causing significant heat loss through convection with the surrounding air. In addition, the excessively intense flame leads to heat loss through radiation between the firebox walls and the surrounding air. In the final phase, the thermal efficiencies are almost high, with 19.29±0.28% for the size 2 pot and 27.42±0.004% for the size 3 pot. This improvement in efficiency is due to better fire stability under the pots by reducing heat losses.
Figure 9 shows the specific boiling time (SBT) of wood per phase for each of these fires.

[bookmark: _Toc221836117][bookmark: _Toc223038965][image: ]
Figure 9: specific boiling time (SBT) of wood per phase for each of these fires

In the first two phases, the specific boiling times are relatively short. In the first phase, the size 2 pot has a specific boiling time (SBT) of 13.53 ± 0.39 min/L, higher than that of the size 3 pot, which has a SBT of 9.25 ± 0.27 min/L. In the second phase, the SBT of the size 2 pot is 10.16 ± 0.29 min/L compared to 7.257 ± 0.21 min/L for the size 3 pot. In both phases, the SBT of the size 3 pot is lower than that of the size 2 pot, demonstrating that the size 3 pot is faster and more efficient at cooking. This shows that the pot's capacity plays a significant role in the heat transfer process. These short boiling times are due to the intense burning nature of the wood, resulting in a high fire intensity, as well as high wind speed. In the final phase, the TES (Temperature Energy Sequence) values ​​for pots 2 and 3 were 71.53 ± 2.68 min/L and 51.78 ± 1.89 min/L, respectively. Pot 3 remained more efficient than pot 2 because its TES was lower. Overall, in the last two phases, pot 3 consumed less wood than pot 2, with a minimum value of 0.235 kg/L and a maximum of 0.615 kg/L, resulting in average efficiencies of 19.04 ± 0.43% and 27.42 ± 0.004%. Similarly, the TES values ​​were lower in the first two phases, at 9.25 ± 0.27 min/L and 7.26 ± 0.21 min/L. The fire demonstrated good energy efficiency and rapid cooking.
.
Figure 10 shows the thermal efficiency as a function of the fire power obtained with wood.[image: ]
Figure 10: Thermal efficiency as a function of fire power for each pot with wood

During the first two phases, the power outputs are particularly high. In the first phase, the power outputs of the furnaces of pots 2 and 3 are 18.539 kW and 27.487 kW respectively, with efficiencies of 9.8 ± 0.19% and 8.04 ± 0.16%. The power output of pot 2 is lower than that of pot 3, but with a higher efficiency. In the second phase, the power output of pot #2 becomes higher than that of pot 3, with respective values ​​of 19.347 kW and 14.459 kW. However, the efficiency of pot 3 is higher than that of pot 2, with values ​​of 19.04 ± 0.43% and 10.18 ± 0.24%. In this section, we observe that the higher the power output, the lower the efficiency, and conversely, better efficiency is associated with lower power output. This highpower output is often linked to rapid wood combustion, facilitated by an additional air supply. Low efficiencies are due to significant heat loss, both through convection with the air and through radiation towards the ambient air and the firebox walls. Heat is also lost through conduction as it passes through the firebox walls to the outside. Finally, during the simmering phase, the power output drops sharply, reaching 4.967 kW for the size 2 pot and 4.1 kW for the size 3 pot. During this phase, the firebox efficiency of the size 3 pot (27.42 ± 0.004%) is higher than that of the size 2 pot (19.29 ± 0.28%). We therefore observe a decrease in power output accompanied by an increase in efficiency. This shows that a fuel burning at a low rate often leads to better efficiency, but with reduced power and relatively low heat losses.

3.3. Comparative discussion with the literature  

The experimental results obtained in this study are generally consistent with trends reported in the literature on improved cookstoves evaluated using the Water Boiling Test (WBT) protocol. Regarding thermal efficiencies, the values ​​measured in this work ranged from approximately 17% to 38.7% for charcoal and from 8% to 27.42% for wood, depending on the operating phase. These results are consistent with those reported by James Jetter et al. (2012), who indicate that improved cookstoves generally exhibit efficiencies between 20% and 40% under controlled conditions [18]. Similarly, Binyam A. Mekonnen et al. (2022) reported efficiencies of around 25% to 35% for improved cookstoves used in rural areas, which confirms the validity of the observed performance, particularly for the size 3 pot [19]. In comparison, traditional fireplaces generally have efficiencies of less than 20%, as shown by the work of Víctor M. Berrueta et al. (2008), which highlights the energy gain provided by the device studied [20].
Regarding specific fuel consumption, the results show that the size 2 pot is more economical with charcoal, while the size 3 pot performs better with wood, particularly during the hot start and simmering phases. This variability is consistent with the findings of Milind P. Kshirsagar and Vilas R. Kalamkar (2014), who emphasize that the geometry of the firebox-pot system strongly influences energy performance [21]. Furthermore, C. M. Quist et al. (2020) demonstrated that experimental WBT parameters, such as pot size and environmental conditions, can lead to significant variations in performance indicators, which corroborates the observed influence of wind conditions and fuel type in this study [7]. Regarding specific boiling time (SBT), the results indicate that the size 3 pot boils faster than the size 2 pot, regardless of the fuel used. This behavior is consistent with the observations of Pratima Arora and Sanjay Jain (2016), who show that improved heat transfer significantly reduces boiling time [22]. Similarly, I. F. Okafor and G. O. Unachukwu (2012) indicate that boiling time is highly dependent on fire intensity and hearth design, which confirms the effect of power and geometry observed in this work [23].
Analysis of the relationship between thermal power and efficiency reveals that high-power phases are associated with lower efficiencies due to significant heat losses through convection, radiation, and conduction. This finding is consistent with the work of James Jetter et al. (2012), who demonstrated that increasing combustion power leads to increased energy losses [18]. Furthermore, Veena Muralidharan et al. (2015) observed that the highest efficiencies are generally achieved during low-power phases, particularly during simmering, which aligns with the results obtained in this study [24]. Finally, the pot size appears to be a determining factor in thermal performance. A size 3 pot, better suited to the combustion chamber geometry, promotes more efficient heat transfer and reduces lateral heat losses. This result confirms the findings of Milind P. Kshirsagar and Vilas R. Kalamkar (2014), who emphasize the importance of geometric adaptation between the hearth and the container [1]. Furthermore, user-centered design approaches, such as those described by Enrique Ferriz Bosque et al. (2021), highlight that performance optimization requires a joint consideration of technical parameters and actual usage conditions [25].
In summary, the results obtained confirm the general trends observed in the literature while making a specific contribution related to the West African context. They highlight the importance of the interaction between fuel type, combustion power, and the geometry of the firebox-container system in optimizing the energy performance of improved cookstove.

4.CONCLUSION
[bookmark: _GoBack]This study comparatively evaluated the thermo-energy performance of improved cookstoves fueled by charcoal and wood fuel, using two pot sizes (number 2 and number 3), via the standardized Water Boiling Test (WBT) protocol. The results show that the cooking system's performance is highly dependent on the interaction between the fuel, the cookstove geometry, and the pot size. With charcoal, pot number 2 exhibits lower specific consumption, indicating better fuel economy, while pot number 3 displays shorter specific boiling times and higher thermal efficiencies, particularly during the initial hot start and simmering phases. In the case of wood fuel, the results further highlight the superiority of pot number 3, which demonstrates the best overall thermal efficiencies, reaching 27.42% during the simmering phase, compared to 19.29% for pot number 2. This configuration also exhibits shorter boiling times and improved thermal stability, confirming more efficient heat transfer to the bottom of the pot. Analysis of the evolution of efficiency as a function of fire power shows that excessive heat output does not necessarily imply better energy efficiency. On the contrary, high-power phases are often associated with significant losses through convection, radiation, and conduction, while moderate-power phases, particularly simmering, lead to better efficiency. Ultimately, this study confirms that optimizing improved cookstoves should not be limited to fuel selection but must also incorporate the geometric suitability of the firebox and the pot to maximize useful heat transfer and reduce energy losses.



Definitions, Acronyms, Abbreviations

 : Specific boiling time (min/L)

: Time taken to bring to a boil (min)

 : Mass of the pot filled with a standard quantity of water (kg)

 : Total mass (pot, lid, thermometer and stand (kg)

 : Initial water temperature (°C)

 : boiling point thermal efficiency (%)

 : Specific heat capacity of water (in 4,186 kJ/kg°C)

 : Boiling’s temperature (°C)

 : Initial mass of water (kg)

 : Initial water temperature (°C)



 : Mass of water evaporated during the boiling test (in kg)

 : Lower heating value of coal : 29000 kJ/kg

 : Mass of wood consumed during the boiling test (kg)

 : Specific coal consumption (kg/L)

 : Mass of coal consumed (kg)

 : Mass of water remaining after each phase (kg)

 : The power of fire (W)

 : The mass of fuel consumed for each phase (kg)

 : Lower Calorific Value (KJ/kg)

 : Final time (min)

 : Initial time (min)

[bookmark: _Hlk198031404][bookmark: _Hlk221094604]Disclaimer (Artificial intelligence)
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