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Abstract: For domestic energy – fuel sources biomass such as wood, animal dung and agricultural waste that are normally 

burned in traditional stove is used by the developing world. Diverse biomass resource is found in Ethiopia which can be used 

for energy through pyrolysis cook stove co-producing biochar. Specifically, coffee husks are the major solid residues from the 

handling and processing of coffee in the study area. The purpose of this study is to evaluate these Biochar producing pyrolysis 

cooking stove with respect to energy and emission. The selection of the stove design was made from both allothermal and 

autothermal type of pyrolysis cook stove. Both with and without biomass insertion was the experiment done for the allothermal 

stove design to understand the effect of the pyrolysis gas. The Water boiling test was used for the selected indirect and direct 

type stove design using wood and Corn cob respectively as fuel for testing stove efficiency. Both coffee husk and corncob as a 

biomass resource was used for generating pyrolysis gas and biochar using the selected indirect stove design. HOBO Carbon 

Monoxide Data logger and University of California Berkeley Particle Monitor device was used for measuring Carbon 

Monoxide and Particle Matter. The results from the water boiling test suggest that the indirect type stoves, without biomass 

insertion, average thermal efficiency was found between 15.86 to 18.6% during high power test and 20.02% average thermal 

efficiency was found for clay made stove during low power test. With biomass insertion corn cob and coffee husk the 

maximum average thermal efficiency is obtained during low power test using clay made stove 23.78% and 24.19% 

respectively. For direct type stoves the maximum and minimum thermal efficiency was found 34.11% for clay made stove and 

20.4% for ELSA stove respectively during high power hot start phase. 
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1. Introduction 

Energy consumption in the developed and developing 

worlds is greatly different. Currently, the developed world 

predominantly consumes energy produced from fossil fuels, 

and to some extent, renewable energy sources. In contrast, the 

developing world still largely dependent on biomass such as 

wood, dung and agricultural waste for domestic energy – fuel 

sources that are typically burned in traditional stoves. Half of 

the world population depend on biomass fuels for energy [1]. 

Earlier the motivation for stove design development was to 

increase efficiency and reduction of emissions [2]. Due to 

greenhouse gases problem the transition to new stove 

technologies accelerated which can produce both heats and bio 

char for cooking, soil building and carbon sequestration [3]. 

In the past Improved cook stoves have been developed that 

can address the issues of decreasing fuel wood supply. 

Pyrolysis of Biomass gives the possibility to increase the 

feedstock options, and utilize different residues to 

supplement woody biomass. 

These Biochar-producing stoves are yet an immature 

technology, and in fact, the emissions, energy and their 

climate change mitigation potential from the few designs that 

have been developed have not yet been systematically tested 

[4]. A modified Top-lit updraft gasifier stove has been 

produced, tested and compared with a traditional three-stone 

fire. The results indicate that variations in geometry of the 
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Top-lit updraft gasifier are essential to ensure improved 

combustion [5]. 

The introduction of a pyrolysis stove to a smallholder 

farming system, similar to other improved cook stoves, may 

increase energy efficiency [6]. Biochar producing pyrolysis 

stove operations has two basic categories. Auto thermal 

pyrolysis stove type produces Biochar by direct burning of the 

biomass. The Allothermal pyrolysis stove type involves 

burning the biomass for fuel in the inner chamber and biomass 

to be charred in the annular portion of an outer chamber. Heat 

transfer occurs from the burning fuel in the inner chamber to 

the biomass to be charred in the outer chamber. 

Ethiopia produces considerable amount of biomass each 

year which has been utilized for domestic energy purpose, 

mainly by direct combustion. On the contrary, coffee husk 

from coffee processing industries is not used as a fuel in most 

cases due to the poor handling of coffee husk to be used as 

domestic fuel with the current technology. 

Coffee production capacity of the country, which was 

estimated at 301,000 tons during 2006, is targeted to increase 

to 419,000 tons by the end of 2010 [7, 8]. The total area of 

coffee is about 400,000 ha with a total production of 200,000 

tons of clean coffee per anum. This yield is associated with 

an estimated amount of 242,000 tons of by-product as coffee 

residue (coffee husk and pulp) [9]. Coffee husks are the 

major solid residues from the handling and processing of 

coffee, since for every kg of coffee beans produced, 

approximately 1 kg of husks are generated. 

Prosopis is a wild tree (shrub) that grows across hundreds of 

hectares of the Afar and Somali regions. They use the prosopis 

wood as fuel wood and for fence and house construction. Since 

it has formed thick forest, the Afars have continuously 

appealed for the eradication of gardens and people. The 

economic and social benefits of using prosopis wood or 

branches as a fuel energy for industry are quite evident [10]. 

The northeastern and southeastern lowlands of the country 

are being invaded by Prosopisjuliflora (hereafter Prosopis) at 

an alarming rate. The species is forming monospecific 

thickets, and roads, watering areas, farms and grazing areas 

are being lost. The species is now pantropically introduced 

and is spreading, often as a weed currently invading areas in 

the Afar and Somali Regional States [11]. 

The total number of saw mills in Ethiopia is approximately 

39, with a total of 5 -10 factories involved in the production of 

plywood. A total of 200 -300 joinery and furniture factories 

also operate in different parts of the country. Most of the saw 

mills are located in the southern and south-western parts of the 

country. Sawmill residue is estimated to total about 25,000 

tonnes per year. Residues generated in sawmills located in 

remote areas of the country have insignificant economic value 

and are usually dumped or piled up and allowed to rot. 

At TiroBotorBetcho and Ethio Plywood Enterprise (Jimma), 

the off-cuts and slabs are used for firing the boilers, while saw 

dust is disposed of into the river or piled up in fields; at the 

Ethio Plywood Enterprise in Jimma, the saw dust is freely 

given to workers. Some of the sawmills located in remote 

areas (away from large towns) might nonetheless be of interest 

as these mills have already piled up a considerable amount of 

residue for lack of alternative uses [10]. 

Maize is one of the most important cereals cultivated in 

Ethiopia. It ranks second after teff in area coverage and first 

in total production. The results of the year 2011/12, Meher 

season post-harvest crop production survey indicate that total 

land areas of about 12,086,603.89 hectares were covered by 

grain crops. Out of the total grain crop areas, 79.34% 

(9,588,923.71 hectares) was under cereals. Of this maize 

covered 17% (about 2,054,723.69 hectares) and gave 

6069413 tonnes of grain yields [12]. Since corn cob is the 

solid residues from maize, it is a good resource potential for 

the biochar production. 

So driven by massive population growth and rural poverty, 

biomass is expected to source significant share world energy 

requirement [13]. With the aid of appropriate technology 

design biomass resources can provide renewable energy and 

biochar. Therefore, the objective of this study was to evaluate 

these Biochar producing pyrolysis cooking stove with respect 

to energy and emission. 

2. Experimental Setup 

2.1. Location 

Jimma, is the largest city in southwestern Ethiopia. It is a 

special zone of the Oromia Region and is surrounded by 

Jimma Zone. It has a latitude and longitude of 7°40′N 36°50′E. 

The research was conducted at both Jimma University, 

Jimma Institute of Technology and Jimma Agricultural 

Engineering Research Center. 

2.2. Stove Design Selection and Description 

The selection of the stove design from both Allothermal 

and auto-thermal was based on local availability of material, 

less complex manufacturing and operation methods and 

batch or continuous feeding of fuel. 

 

Figure 1. Allothermal stove type. 
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Figure 2. Auto thermal stoves. 

Anila Stove (S4) - The Anila stove is a simple technology 

for converting biomass to char at household level. The Stove 

has been designed and built by Professor U.N. Ravikumar of 

the Mysore University in India. The stove consists of two 

metal barrels. The outer barrel is filled up with biomass and 

the inner with firewood. After burning the fuel wood for 30-

40 minutes, the pyrolysis of the biomass starts. 

Cornel Design Stove (S3) - This stove design was taken 

from Cornell University. The stove has an outer shell for 

secondary air and pot rest, pyrolysis chamber with legs and 

pyrolysis chamber lid for protecting syngas leakage. 

ELSA Stove (S33) - ELSA is a small burner designed for 

the studying of the micro-gasification process. The micro-

gasification inside Elsa is a self-sustaining process and 

doesn't require any auxiliary energy. ELSA is made from 

stainless steel flat parts and is assembled without any screws 

or welds, just by folding the different parts. 

Continuous feeding Anila Stove (S2) - Anila stove was 

modified to make the fuel (wood) Continuous, Reduced 

height and increased outer diameter with flange tightened at 

six place using bolt and nut. 

Continuous feed flange less Anila stove (S1) - It is similar 

to the above Anila continuous but there is no flange and the 

lid simply put at the top and the vessel rest on the lid. 

Panwar 2009 direct type stove (S11) - The biomass stove 

was designed and fabricated to meet the cooking energy 

requirement of a family having 4-6 persons. The stove consists 

of cylindrical reactor, cast iron grate and adjustable air opening 

from bottom end. The reactor is a mild steel cylinder having 

diameter about 16 cm and height about 47 cm. 

Clay made Continuous feeding Anila flange less stove (S5) - 

It is similar to continuous feeding Anila flange less stove but 

the difference is only manufacturing material which is Clay. 

Clay made Panwar 2009 direct type stove(S22)- It is 

similar to Panwar 2009 direct type stove but the difference is 

only material. 

2.3. Water Boiling Test 

For each of the three testing phases, water boiling test 

version 4.2.2 (Released 22 April 2013) was used which 

involves a series of measurements and calculations. 

The fuel consumed (moist) is the mass of wood used to 

bring the water to a boil, found by taking the difference of the 

pre-weighed bundle of wood and the wood remaining at the 

end of the test phase: 

 f  =  f - fcm ci cf                                   (1) 

Where cif  Mass of fuel before test in grams, 

cff  Mass of fuel after test in grams 

The net change in char during the test is the mass of char 

created during the test, found by removing the char from the 

stove at the end of the test phase. Because it is very hot, the 

char will be placed in an empty pre-weighed container of 

mass k  and weighing the char with the container, then 

subtracting the container mass from the total: 

∆c  = c - kc c                                   (2) 

Where cc  Mass of char with dish after test in grams 

The mass of water vaporized is a measure of the water lost 

through evaporation during the test. It is calculated by 

subtracting the initial weight of pot and water minus final 

weight of pot and water. 

  w = p1 - p1cv ci cf                              (3) 

Where cip1  Mass of pot of water before test in grams 

cfp1  Mass of pot of water after test in grams 

The effective mass of water boiled is the water remaining 

at end of the test. It is a measure of the amount of water 

heated to boiling. It is calculated by simple subtraction of 

final weight of pot and water minus the weight of the pot. 

w  =  p1  - p1cr cf                               (4) 

Where p1  dry mass of empty pot in grams 

The time to boil pot1 is the difference between start and 

finish times: 

∆t  = t  - tc cf ci                               (5) 

Where cit Time at start of test in min, 

cft  Time at end of test in min 

The equivalent dry fuel consumed( cdf ) adjusts the amount 

of dry fuel that was burned in order to account for two 

factors: (1) the energy that was needed to remove the 

moisture in the fuel and (2) the amount of char remaining 

unburned. The mass of dry fuel consumed is the moist fuel 

consumed minus the mass of water in the fuel: 

dry fuel = f *(1-mc)cm                          (6) 

Where ��moisture content (% -wet basis) 

The energy that was needed to remove the moisture in the 

fuel ( ∆E
H O, c

2

) is the mass of water in the fuel multiplied by 
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the change in specific enthalpy of water. 

∆E  = f *mc*(4.186*(T -T )+2257)cm aH O,c b
2

  (7) 

Where Ta Ambient Temperature (°C), 
T

b  Local boiling point of water (°C), 

This quantity of energy is divided by the energy content of 

the fuel to determine the equivalent mass of fuel required to 

remove the moisture in the fuel: 

Where LHV  Net calorific value, in kJ/kg 

∆E
H O,c

2fuel to evaporate water = 
LHV

                   (8) 

The fuel energy stored in the char remaining 

∆Echar,c  

is the mass of char multiplied by the energy content of the 

char: 

∆E  =  ∆c * LHVcchar,c char               (9) 

This quantity of energy is divided by the energy content of 

the fuel to determine the equivalent amount of unburned fuel 

remaining in the form of char: 

∆Echar,c
fuel in char = 

LHV
                    (10) 

Putting it all together we have: 

f  = dry fuel-fuel to evaporate  water-fuel in charcd  

Thermal efficiency: This is a ratio of the work done by 

heating and evaporating water to the energy consumed by 

burning fuel. It is an estimate of the total energy produced by 

the fire that is used to heat the water in the pot. It is 

calculated in the following way: 

4.186*(T1 - T1 )*(p1 - p1) + 2260* wcvcf ci cih =c
f *LHVcd

       (11) 

Burning rate: This is a measure of the rate of fuel 

consumption while bringing water to a boil. It is calculated 

by dividing the equivalent dry fuel consumed by the time of 

the test. 

fcdr =cb ∆tc
                           (12) 

Firepower: This is the fuel energy consumed to boil the 

water divided by the time to boil. It tells the average power 

output of the stove (in Watts) during the high-power test: 

f *LHVcdFP =c
∆t *60c

                          (13) 

The moisture content of the fuel, wood and Corncob was 

measured using Standard test method for direct moisture 

content measurement of wood and wood-Base materials 

D4442-92(Reapproved 2003). 

Dulong’s formula for calculating the calorific value is 

given as[14]: 

1 O kJ
HHV = *[35000C +143000*(H - ) + 9160S)]

100 8 kg
    (14) 

Higher calorific value from the higher values of the 

ultimate analysis of wood: 

1 44 kJ
HHV = *[35000*(53) +143000*(7 - ) + 9160*0.1)]

100 8 kg
 

HHV=20704kJ/kg  

9H kJ
LHV=[HHV- *2442]

100 kg
               (15) 

Table 1. Ultimate analysis of wood, Corn cob and Corn cobBiochar. 

Ultimate 

analysis 

Lower 

(wood) 

Higher 

(wood ) 

Corn 

cob 

Corn cob 

Biochar 

C 50 53 47.35 77.6 

H 5.8 7 5.9 3.05 

N 0 0.34 0.69 0.85 

Cl 0.0001 0.1 0 0 

O 38 44.0 38.07 5.11 

S 0 0.1 0.18 0.02 

Ash 0.1 2.0 1.94 13.34 

Source [14, 15] 

The lower calorific value kJ / kgLHV =19165.7  obtained 

from the higher value of the ultimate analysis of the wood. 

The LHV of the wood char is 30,000 kJ/kg [16]. 

Corn cob has HHV = 17800 kJ/kg  and LHV=16924 kJ/kg . 

But Corn cob char has HHV = 30000 kJ/kg . 

Moisture content of both the fuel was determined using 

Drying oven. 

The wood moisture content on a wet basis, defined by the 

following formula 

m - mfuel,wet fuel,dry
mc = 

mfuel,wet

                   (16) 

The effective calorific value of the fuel takes account of 

the energy required to heat and evaporate the moisture 

present in the fuel 

EHV = LHV *(1- mc )-mc *Δhwet wet H O
2

       (17) 

EHV = LHV*(1- mc ) - mc *((T - T )*4.2 + 2260)wet wet b fuel,i  (18) 

where 
h

T = (100 - )b 300
 is the local boiling point of water in degree 

centigrade 

Tfuel,i  is the initial temperature 
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h  is altitude in meter, Jimma 1763m [17] 

For indirect stove, biomass for char production is not 

inserted during water boiling test. 

2.4. Emission Testing 

Carbon Monoxide and Particulate Matter were chosen as 

Indoor Air Pollutants to be measured since they have most 

consistently been associated with respiratory and 

cardiovascular health effects. The Carbon Monoxide 

concentrations in the cooking rooms were measured with the 

HOBO Carbon Monoxide logger, which was set to record 

concentration every minute. 

Fine particulate matters were measured by the University 

of California Berkeley Particle Monitor, which uses a 

photoelectric detector. The UCB PM measured the 

Particulate Matter concentration every minute (reported in 

units of milligrams Particulate Matter per cubic meter of air,
3/Mg M . 

3. Results and Discussions 

3.1. Allothermal Stove Without Biomass 

Figure 3 shows the average thermal efficiency of the 

indirect heating type stove designs. when we compare 

between the selected stove designs the thermal efficiency was 

found 15.86% to 20.02% for high power cold start except S3 

stove design which is below 15%. The thermal efficiency of 

clay made stove (S5) is higher for low power phase water 

boiling test than high power test as expected. 

But the thermal efficiency of 3-stone open fire is 9.50% for 

high power cold start, 9.20% for high power hot start and 

30.00% for low power phase [18]. For that of traditional 

metal stove using charcoal as fuel material is 11% [19]. The 

average thermal efficiency of open top gasifier was found to 

be 19.26% which is greater than the traditional biomass 

cooking system [20]. 

 

Source: Experimental data 

Figure 3. Average Thermal efficiency of indirect type stove without Biomass. 

Figure 4 shows that the firepower (i.e. the ratio of the wood energy consumed by the stove per unit time). In this aspect of 

stove performance also the S3 and S4 has high average Fire power indicating greater wood consumption over a longer 

duration. 

 

Source: Experimental data 

Figure 4. Average Fire Power of indirect type stove without Biomass. 
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Figure 5 indicate the Turndown ratio of the stoves which is 

also known as control efficiency, determined by noting the 

difference in fuel consumption per minute between high 

power (bringing water to a boil or frying) and low power 

(simmering). Stoves with a higher turn down ratio are likely 

to use less fuel during a real cooking task, which involves 

bringing food to a boil and then cooking it at a simmer for an 

extended period of time. Clay made stove (S5)has better 

turndown ratio. 

 

Source: Experimental data 

Figure 5. Average Turndown Ratio of indirect type stove without Biomass.  

3.2. Allothermal Stove with Biomass 

From the result, the effect of biomass was seen during the 

tests. More volatile gas was produced during high power test 

for coffee husk than corn cob biomass showing differences 

between the feedstock due to the void fraction and the particle 

density. The volatile gas production is faster for coffee husk 

than corncob biomass. In the Low power phase the difference 

between the feedstock is not observed [21]. The production of 

the pyrolysis gas increases the thermal energy efficiency by 

decreasing the fuel consumption for cooking purpose. 

 
Source: Experimental data 

Figure 6. Average Thermal efficiency of indirect type stove with Biomass. 

 
Source: Experimental data 

Figure 7. Average Fire Power of indirect type stove with Biomass. 
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Source: Experimental data 

Figure 8. Average Turndown Ratio of indirect type stove with Biomass. 

3.3. Auto-thermal Stove 

In the following figure 9 and 10 we can see the average 

thermal efficiency and average Fire power of the direct type 

stove designs. The thermal efficiency of clay made (S22) is 

better (29 to 34.11%) than others especially during high 

power hot start phase. 

This [22] says the same stove design with insulation was 

tested for Babul wood (Prosopis julliflora) and Groundnut 

(Arachis hypogaea) shell briquette yielding thermal 

efficiency of 34.8 and 35.2% respectively. 

 
Source: Experimental data 

Figure 9. Average Thermal efficiency of direct type stove. 

 
Source: Experimental data 

Figure 10. Average Fire Power of direct type stove. 

3.4. Emission Test 

Figures 11 and 12 shows the test result of Carbon monoxide and particulate matter from the stoves. 



 American Journal of Modern Physics 2017; 6(5): 108-116 115 

 

 

Source: Experimental data 

Figure 11. PM and CO test result of the stoves. 

Using the traditional open fire (fogon), AVerage PM2.5  

24-h personal exposure was 30.29 mg/m  and mean 48-h 

kitchen concentration was 
31.269mg/m  [23]. The CO 

standards for residential area are 32 mg/m  of 8-h average in 

India [24]. The average personal CO exposure during daily 

cooking was 7.4 ppm, with a range between 0.82 and 18.5 

ppm [25]. 24-hr concentrations for CO and PM2.5  were 

32.5 mg/m  and 31.8 mg/m , respectively, for the unimproved 

mud stove kitchens and were 32.0 mg/m  and 30.73 mg/m , 

respectively, for the BCSIR improved stove kitchens [26]. 

The highest indoor concentrations of PM2.5  were observed 

in homes using the open fire ( avg. = 35.31mg/m ) or 

equivalent, although homes using the plancha — indigenous 

wood-burning stove with chimney — also had measurements 
3>13.8 mg/m , 2.5PM  limit of detection. The highest indoor 

concentrations of CO were also observed in homes using the 

open fire (avg. = 22.9 ppm), with a maximum measurement 

of >250ppm [27]. 

 

Source: Experimental data 

Figure 12. PM test result of the stoves. 

4. Conclusion 

The results from the water boiling test suggest that the 

indirect type stoves, without biomass insertion, average 

thermal efficiency was found between 15.86 to 18.6% during 

high power test and 20.02% average thermal efficiency was 

found for clay made stove during low power test. With 

biomass insertion corn cob and coffee husk the maximum 

average thermal efficiency is obtained during low power test 

using clay made stove 23.78% and 24.19% respectively. For 

direct type stoves the maximum and minimum thermal 

efficiency was found 34.11% for clay made stove and 20.4% 

for ELSA stove respectively during high power hot start phase. 

The maximum and minimum CO and PM concentration was 

12.7 and 1 ppm and 2.11 and 0.01 3
gm

m
 respectively. 

Definitely from this experimental test it can be concluded that, 

the stove geometry, air inlet and fuel inlet configuration has 

high impact in increasing the efficiency of the stove. 
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