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ABSTRACT

Indonesia produces approximately 550.000 ton/year of cocoa pod waste from chocolate indus-
try. The waste has a good potential to be used as a biomass feedstock of a cook stove. How-
ever, thermal performance of the conventional cook stove is low when using a high moisture 
content feedstock, such as a cocoa pod waste. In addition, conventional cook stove generates 
high pollutant when high moisture content feedstock is used. In other to encounter the prob-
lems, the present work develops gasifier based cocoa pod cook stove and investigates thermal 
performance of the stove at various equivalence ratios. The data collection is performed by 
varying equivalence ratio at 0.4, 0.5, and 0.6. Temperature of the stove, flame image, flame 
temperature, and water temperature are collected and used to analyze the thermal perfor-
mance (i.e. useful heat and thermal efficiency) of the stove. The results reveal that a waste 
of cocoa pod can be used as a feedstock of gasifier based cook stove. Maximum useful heat 
of 1337.6 kJ and maximum thermal efficiency of 3.5% are obtained at optimum equivalence 
ratio of 0.5. To improve performance of the stove, the cocoa pod waste should be sun dried to 
reduce its moisture content and the porous burner may be applied as a burner of the gasifier 
based cook stove in the future work.
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INTRODUCTION 

Utilization of biomass waste as a renewable energy 
source increases significantly in last decade. Corresponding 
to Jain & Sheth [1], 1/7 world energy demand is supplied 
by biomass energy. Various wastes of biomass has been 
explored as a feedstock of a cook stove as well as a feed-
stock of gasifier. Typically, those wastes are classified as 
woody biomass and non woody biomass. Woody biomasses 
have been utilized as feedstock are pine wood [2, 3], beech 

wood [4], and eucalyptus wood [5]. Meanwhile, non woody 
biomasses have been used as feedstock are oil palm kernel 
shells [6.7], rice husk [8, 9], wood sawdust [10], de-oiled 
Pongamia pinnata seed cake [11], municipal solid waste 
[12]. In cooking stove, feedstock is directlty burnt to gen-
erate flame and heat. While, the feedstock is converted to 
a producer gas in gasifier through thermo-chemical gasifi-
cation process. The gas can be applied as a fuel of a burner 
as well as internal combustion (IC) engine. Producer gas 
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can be burnt directly in the burner to generate heat. But, 
tar and solid particle removal is required when the gas is 
intended for internal combustion (IC) engine [13-15]. Tar 
can stick on fuel line system and may damage the fuel line. 
When intendend for engine fuel, maximum tar content of a 
producer gas is 100 mg/Nm3 [16]. 

Indonesia itself has biomass energy potential about 
32.65 GW, but unfortunately only 5.1% has been utilized 
[17]. This biomass energy potential comes from various 
sources, such as from cocoa plantation. Indonesia produce 
in average of 750,000 ton cocoa fruit per year in last decade. 
Seeds of the fruit are used for making chocolate powder and 
the pods are disposed. Figure 1 shows an anatomy of cocoa 
fruit which is 73.63% pod, 23.37% seed, and 2% placenta 
[18]. This means that approximately 550.000 ton of cocoa 
pod is disposed in a year which is a huge potential as a 
feedstock of gasification based cooking stove. Beside avail-
ability, cocoa pod also has a suitable ultimate property and 
heating value as a feedstock. Table 1 represents typical ulti-
mate property and higher heating value (HHV) of a cocoa 
pod. The values of the properties may differ depending on 
the origin place of the pod. 

Gasification based stove is promising technology in 
converting biomass waste into a producer gas fuel since pro-
ducer gas combustion is cleaner than biomass direct com-
bustion. Many gasifier based stoves have been developed 

and reported previously. A 2.5 kW gasifier stove having a 
80% efficiency has been fabricated by Sutar et al. [20]. They 
stated that reaction surface area and reactor temperature 
play an important role to stove’s performance. Meanwhile, 
an effect of biomass type on performance of the top lit 
up-draft (TLUD) gasifier stove was reported by Tryner et 
al. [21]. They stated that biomass type causes variation in 
stove’s performance substantially. Compared to traditional 
stove, the TLUD gasifier stove has better performance [22]. 
The different of working principle between gasifier stove 
and conventional stove can be explained by Figure 2. In a 
traditional stove, excess air is required for direct combus-
tion of the feedstock, heat and flue gas are the product. 
In contrast, gasifier based cook stove requires only small 
amount of air (deficient air) for gasification and generates a 
producer gas. The producer gas flows upward to the burner 
in which producer gas combustion occurs, generates pro-
ducer gas flame and heat for cooking. 

Combustible gas carbon monoxide (CO), hydrogen 
(H2), and methane (CH4) dictates energy density of a pro-
ducer gas. The higher the combustible gas content, the 
higher the energy density. Energy content of the producer 
gas in terms of heating value is affected by several factors, 
i.e. air flow rate. The amount of air used for gasification 
is generally defined as equivalence ratio. Effective equiva-
lence ratio for biomass gasification lies between 0.2 and 0.4 
[23]. Increasing equivalence ratio leads to improve oxida-
tion rate, releases more heat, and results in rising gasifica-
tion temperature [24]. Gasification temperature increase as 
equivalence ratio steps up which causes improvement in gas 
heating value. Gas heating value increases with increasing 
gasification temperature due to more H2 and CO generate 
with the rising of gasification temperature [25]. Generally, 
biomass gasification generates a low heating value producer 
gas, such that 3800–4232 kJ/.kg which are difficult to be 

Figure 2. Schematic diagram of conventional and gasifier 
based cook stove.

Figure 1. Anatomy of a cocoa fruit.

Table 1. Typical values of ultimate properties and HHV of 
cocoa pod [19]

Ultimate property Cocoa pod
C (wt.%) 43.87 - 48.70
H (wt.%) 0.75 - 5.84
O (wt.%) 37.20 - 48.39
N (wt.%) 0.17 - 1.19
S (wt.%) 0.17- 0.97
HHV (MJ/kg) 12.48 - 18.10



J Ther Eng, Vol. 10, No. 1, pp. 188−195, January, 2024190

burnt in conventional burner [26]. Low heating value fuel 
commonly produces low flame temperature that beneficial 
in thermal nitric oxide (NOx) reduction [27]. However, a 
low heating value fuel has narrow flammability limits and 
lack of flame stability [28].

From literatures have been studied and cited, it can be 
stated that high moisture content feedstock such as cocoa 
pod waste generates low heating value producer gas during 
gasification. Stable flame of low heating value producer gas 
in the burner is difficult to be achieved, hence low ther-
mal performance of the stove. Gasification problem of high 
moisture content feedstock may encounter by increasing 
air flow rate, i.e. equivalence ratio. Thus, the objective of 
the present work is to develop gasification based cocoa pod 
cook stove and investigate an effect of equivalence ratio 
(0.4, 0.5, and 0.6) on thermal performance (useful heat and 
thermal efficiency) of the stove. No work in exploring a 
cocoa pod waste as a feedstock of cook stove has been per-
formed and reported so far. 

METHODOLOGY

Design and Fabrication
Figure 3 presents the detail design of the gasifier based 

stove. The stove is made from Mild steel pipe with 3 mm 
thickness. The stove has inner diameter of 500 mm, gasifier 
height of 600 mm, and total height of 1000 mm. Hopper 
for feeding the feedstock has a diameter 0f 180 mm. Air for 
gasification is supply into the gasifier through air inlet. Ash 
of the gasified feedstock is removed from the stove through 
ash outlet. Producer gas generated is flamed in the burner 
to generate producer gas flame and heat. 

Feedstock Preparation
Feedstock preparation is started by collecting cocoa pod 

waste in Kulon Progo Yogyakarta followed by slicing the 
pod into small pieces and drying the pieces under sunlight 
for five days. Figure 4 presents a photograph of cocoa pod 
before and after sun drying. A yellow wet cocoa pod turns a 
dark brown dry cocoa pod after drying. 

Experimental Work
After feedstock preparation, the experimental work is 

performed. Figure 5 shows the experimental setup of the 
present work. The stove’s performance is tested using Water 
Boiling Test (WBT) method which is adopted from Chinese 
WBT method [29]. The setup consists of a gasifier stove, a 
blower, a burner, a WBT pan, K-type thermocouples, rota-
meter, and data logger “Graphtec 240”. Measurement uncer-
tainty of K-type thermocouple is ± 1 ºC. The blower supplies 
an air for gasification and controlled using the rotameter. 
K-type thermocouples measure axial temperature of the 
stove (T1, T2, and T3), flame temperature (Tf), and water tem-
perature (Tw) in WBT pan. The T1, T2, and T3 are measured 
at 150 mm, 300 mm, and 450 mm above the grate. The tests 
are conducted with equivalence ratio of 0.4, 0.5, and 0.6. For 
each equivalence ratio and the test are repeated three time, 
the result are then presented in average values. For each test, 
3 kg of cocoa pod is used for about 1 hour. The performance 
of the stove in terms of axial temperature of the stove, flame 
temperature, mass conversion, useful heat, and thermal effi-
ciency are investigated. Useful heat and thermal efficiency 
are calculated using Eq. (1) and Eq. (2), respectively [30]

   

Figure 3. Design of the gasifier based stove.

Figure 4. Cocoa before and after drying

Figure 5. Schematic diagram of the experimental setup.
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  (1)

  (2)

where mw is the water weight (kg), cp,w, is the water spe-
cific heat (4.2 kJ/kg.°C), Tb and Ti are water boiling tem-
perature and initial temperature (°C), mw,v is the water 
vapor weight (kg), hfg,w is the water heat of vaporization 
(2260 kJ/kg), mf is the weight of the feedstock (kg), HHVf 
is the gross calorific value of the cocoa pod (12.48 MJ/kg).

RESULTS AND DISCUSSION 

Figure 6 displays an influence of equivalence ratio on 
axial temperature of the stove. Temperature at lower part 
of the stove, i.e. 150 mm above the grate, is the highest for 
all equivalence ratios observed. The highest temperature 
at this location indicates that oxidation occurs at this zone 
since air is supplied from the bottom and ignition port is 
located near the grate. Heat released by oxidation is trans-
ferred upwards to gasification zone T2 – T3 (300 mm – 450 
mm above the grate), hence temperature T2 and T3 increase 
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Figure 6. Axial temperature distribution of the stove
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till reach gasification temperature, i.e. 400ºC. Gasification 
take place at height between 300 mm and 450 from the 
grate, forms combustible gas (CO, H2, and CH4) as well 
as non-combustible gas carbon dioxide (CO2) and nitro-
gen (N2). Combustible gas generates through Bouduard 
reaction (Eq. 3), Water Gas reaction (Eq. 4), Water Gas 
shift reaction (Eq. 5), and methane reaction ((Eq. 6) [31]. 
Increasing gasification temperature may crack more tar 
into combustible gas CO and H2 [25], hence heating value 
of the producer gas increases. 

  (3)

  (4)

  (5)

  (6)

From Figure 6, it can be observed that increasing tem-
perature of T1 is faster at higher equivalence ratio. More 
amount of air is supplied to the oxidation zone at higher 
equivalence ratio, which means that more oxygen available 
for oxidation. This leads to faster oxidation process and 
more heat is released, hence temperature T1 increases faster. 
Similar trend of temperature T1 and T2 are found. Since 
heat releasing by oxidation process at equivalence ratio 
0.5 is faster that that at equivalence 0.4, the temperature of 

gasification zone T2 and T3 also step up faster at equiva-
lence ratio 0.5. The gasification temperatures (i.e. 400ºC) are 
reached after 30 minutes for equivalence ratio 0.4 and after 
20 minute for equivalence ratio 0.5. However, the reaching 
of gasification temperature get slower when equivalence 
ratio increases to 0.6, even though the increasing of tem-
perature T1 is the fastest. This phenomenon is due to more 
heat is blown out to a burner that reducing heat adsorption 
rate by a feedstock in gasification zone and obviously slow-
ing down temperature increasing of gasification zone. 

Figure 7 presents a photograph of a flame at 25 minute 
of WBT test. Red flame is observed for the use of 0.4 equiv-
alence ratio. Red color flame indicates that tar content of 
producer gas is high. Combustion of a producer gas with 
high tar content generates red color flame. The flame turns 
to blue flame when equivalence ratio boosts to 0.5 and 0.6. 
This may due to increasing hydrogen content of producer 
gas, since increasing equivalence ratio causes enhancing tar 
cracking and combustible gas forming. 

Figure 7 also displays flame temperature profile and 
water temperature profile during the test. Typically, cocoa 
pod flame has a temperature about 400ºC. The fastest 
increasing flame temperature occurs at 0.5 equivalence 
ratio as can be shown in the figure. Flame temperature of 
400ºC is reached at 10 minutes for 0.5 equivalence ratio 
and after 18 minutes for equivalence ratio of 0.4 and 0.6. 
Similar trend with flame temperature increasing, the fastest 

Figure 7. Flame image, flame temperature, and water temperature.



J Ther Eng, Vol. 10, No. 1, pp. 188−195, January, 2024 193

increasing temperature of water is also observed at 0.5 
equivalence ratio. Based on flame color, it can be observed 
that blue color flame heats water in the WBT pan faster 
than by red color flame. It might be a blue color flame has a 
higher heating value than a red color flame.

Meanwhile, Figure 8 displays an effect of equivalence 
ratio on useful heat and thermal efficiency. It can be inves-
tigated that the highest useful heat occurs at equivalence 
ratio of 0.5. The blue and stable flame generated at equiva-
lence ratio of 0.5 tends to increase heat transfer to the water 
in the pan, hence enhancing useful heat. Useful heat for 
equivalence ratio of 0.4, 0.5, and 0.6 are 1041.7, 1337.6, and 
1151.8 kJ, respectively. Since thermal efficiency is propor-
tional to useful energy, thus the highest thermal efficiency 
is observed at equivalence ratio 0.5. The thermal efficien-
cies are 2.8, 3.5, and 3.1% at equivalence ratio of 0.4, 0.5, 
and 0.6, correspondingly. 

The maximum thermal efficiency of the present 
work (i.e. 3.5%) is compared with other previous similar 
works performed by Tryner et al. [21], Obi et al. [22], and 
Parmigiani et al. [32] in Figure 8. Compared with other 
work, the thermal efficiency of the present work is lower 
than those previous works as shown by Figure 8. The pre-
vious works obtained thermal efficiency of 40% [21], 9% 
[22], and 18% [32]. Lower thermal efficiency of the present 
work is due to high moisture content of the cocoa pod used 
as feedstock of the stove. More heat from oxidation is used 
for drying process during gasification in which reduces 
heat availability for reduction process. Thus, less combus-
tible gas is generated during gasification, i.e. low calorific 
value producer gas. In order to improve thermal efficiency 
of the stove, it requires redesign of a burner that suitable for 
low calorific value producer gas. For example, the porous 
burner developed by Jirakulsomchok, et al. [26] may be 

adopted in redesigning a burner of the gasification based 
cook stove.

Although the thermal efficiency of the cocoa pod stove 
is low, but utilization of the pod as energy source is valuable 
effort in reducing cocoa pod waste deposit on the land and 
also give carbon credit to the environment. By assuming all 
cocoa pod waste produced a year (i.e. 500.000 ton) is used 
as a feedstock of the cook stove and taking carbon content 
of the pod is 48% (Table 1), it broadly implies that the utili-
zation of cocoa pod as energy source able to reduce carbon 
emission to the land about 240.000 ton a year. 

CONCLUSION 

The gasifier based cook stove for feedstock of cocoa 
pod waste has been successfully fabricated and test at 
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equivalence ratio of 0.4, 0.5, and 0.6. It can be concluded 
that a waste of cocoa pod can be used as a feedstock of gas-
ifier based cook stove. The performance (useful heat and 
thermal efficiency) of the stove is affected by equivalence 
ratio. In the present work, optimum equivalence ratio of 
0.5 give maximum useful heat of 1337.6 kJ and maximum 
thermal efficiency of 3.5. For future work, it requires rede-
sign of a burner that suitable for low heating value producer 
gas and investigate maximum allowable moisture content 
of the cocoa pod in order to obtain high thermal efficiency 
of the stove.
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