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coffee production waste. In this research, focus is on hole design of stove that could
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be used for generating energy from coffee husk pellet generally used as feedstock.
This designed device also could be used as an alternative for gas-powered stoves. The
variations in stove designs were proposed and has been modified as required. It is
conducted in the stove’s combustion cylinder. A particular stove (OS1) was used as
control and other stoves were tested to measure the heat, thermal efficiency and
emissions. The heat was produced at 316,880 kJ, 310,601 kJ, 308,229 kJ, and 306,833
kJ for stoves of 40, 20, 10 hole variation and OS1, respectively. Thermal efficiency for
#OTHER stove were 16.47%, 16.39% for 10 holes, 15.96% for 20 holes of and 15.38%
for 40 holes, respectively. The emissions results obtained were 333ppm for 0OS1, 298
ppm for 10 holes, 289 ppm for 20 holes, and 273 ppm for 40 holes of stove,
respectively. As a conclusion, the stove with 40 holes variation, is selected as the most
desired for this type of pellet stove.
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1. Introduction

Energy consumption in Indonesia will continues to increase from year to year. This increase is
occurring in almost all sectors including industrial, transportation, household and other sectors. The
energy that most consumed is still based on fossil based fuel energy. The energy consumption has
increased since 2003 from 117 million tons of oil to 174 million tons of oil in 2013 or an average
growth of 4.1% per year [1, 2, 3].
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Indonesian crude oil production experienced decline in 1977 with production of 1.65 million
barrels/day and in 1995 of 1.60 million barrels day™. The decline in production was due to reduced
production of wells and limited discovery of new wells. Although the government through
Presidential Instruction 02/2012 on national petroleum production targets were increased (domestic
oil production up to 1.01 million barrels day™ in 2014), the production is still insufficient. To reduce
large dependence on the use of fossil fuels, the Government of Indonesia has carried out a program
to convert kerosene to LPG [2, 3]. Unfortunately, the Government of Indonesia projects that
Indonesia's gas production in 2017 of 7,966 million m3/day, it will decrease to 3,339 million m3/day
in 2030 [3].

Every year, fuel and gas consumption increased but the production decreased. To overcome this
decline in energy production, it is necessary to create renewable energy. One among many
renewable energies is biomass. Biomass is an alternative energy derived from agricultural waste and
other natural wastes. The Agricultural Research and Development Agency has mapped the potential
of renewable energy sources from solid biomass materials in Indonesia at 756.08 million GJY* [2].
The energy consists of 614.6 million GJY! from agricultural residues and 141.48 million GJY* from
forestry waste. An example of agricultural waste are coffee husks that could be used as bio-pellets.
According to RINEC Indonesia [3] and Ministry of Agriculture Indonesia [4], the productive area of
coffee plantations in Indonesia is about 950,000 hectares and produces around 750,000 tons of
coffee per year. In return, the resulting coffee husk waste is 307,500 tons per year [5].

A device that may utilize biomass for renewable energy is the biomass stove. Biomass stoves are
a medium that functions to utilize biomass such as briquettes as a household-scale fuel [6, 7, 8]. In
people's lives, this object is familiar and has an affordable price. However, some biomass stoves have
a low level of efficiency and high emissions [6, 9, 10]. Some of these may be caused by the airflow of
the burner stove cylinders, therefore it is necessary to modify the biomass stove with variations of
the holes in the combustion cylinders. These holes will affect the air supply needed for combustion.
The purpose of this hole variation is to get a suitable hole to produce high heat with high efficiency
and low emissions.

Heat is a form of energy that moves from higher temperatures to lower temperatures. The
amount of heat needed to raise the temperature of an object depends on the mass of the object, the
heat capacity of object, and the change in temperature. Heat is a form of energy, and therefore the
units for heat is equal to units of energy [6]. The amount of heat given is proportional to the increase
in object temperature. The more heat given to the object, the greater the temperature rise of the
object.

In this case, the heat is obtained by combustion. Combustion is a chemical reaction that involves
mixing fuel and oxygen to produce heat [11]. The requirement for a combustion process to occur is
fuel, oxygen supply and the heat energy availability. Fuel is a material which, if combusted, can
continue the combustion process independently accompanied by heat exchange. The elements
contained in the fuel are carbon, hydrogen and sulfur but would also need oxygen supply for the
process to occur. Heat energy then activates the combustion reaction. However, sometimes in the
combustion process results in incomplete combustion and produces carbon monoxide (CO). These
emissions can cause air pollution in the form of CO gas, sulfur, nitrogen oxides and hydrocarbons
[12]. CO gas emissions come from imperfect oxidation reactions of hydrocarbons and carbon
contained in bio-briquettes, including the coffee-based briquettes.

The coffee structure is presented as in Figure 1. It could be divided into three parts as the
following; a) exocarp/pericarp, which a thin outer layer and red colored when ripe, b) mesocarp,
which a layer of fruit flesh. This flesh contains slimy and sweet fibers when ripe, and c¢) endocarp, hull
husk or inner husk. This husk is a layer of hull husk which is the boundary of the husk and seeds.
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Fig. 1. Coffee structure layout [13]

After dry and wet handling in coffee processing, the endocarp will result in solid residues that are
mainly unused. With the abundance of coffee husk waste, it is possible to process it into bio-pellets
[6, 8, 14, 15]. According to Francis [14], the raw material that needs to be prepared is dry coffee husk
and mixture of ingredients. The mixture consists of adhesives and other wastes such as wood
sawdust, corncobs, and rice husks. Dry coffee husk and mixed ingredients are ground or chopped
until it becomes smooth. Smooth dry coffee husk is then mixed with other waste and adhesives. After
the ingredients are mixed, it is continued to print using a printing device. Printing will produce
cylindrical bio-pellets with a size smaller than briquettes. After printing the bio-pellet, it is dried using
the help of sunlight or with an oven [17].

2. Methodology

Design of biomass stoves is the application of the theory of heat transfer, combustion, and the
principle of fluid flow to obtain complete combustion [10, 11, 12]. The maximum heat transfer is that
transfer of fire to the cooking vessel with minimum heat loss. These criteria can be achieved by adding
several components to the stove:

a) Combustion chamber/cylinder; the combustion chamber is the main component of the stove. In
this space combustion occurs

b) Air holes; the presence of air holes in the stove can increase combustion efficiency because air
can be distributed evenly to the bottom of the fuel because of air fuel mixture. This can increase
the combustion rate to reduce heat loss to the wall.

c) Exhaust; installing an exhaust on the stove design will help with exhausting the excess gas. This
is due to temperature difference where hot gas will move out through the chimney.

d) Fire regulator; this flame regulator is a plate that can open and close the airflow path on the
stove. This plate is useful for regulating the supply of air in the stove, so that it can regulate the
heat produced by the stove. There are two general positions for its layout, namely at the inside
end of the chimney and the mouth of the combustion chamber.

The design of biomass stoves was conducted out at the Laboratory of Agricultural Equipment
and Machinery, Department of Agricultural Engineering, Faculty of Agricultural Technology,
University of Jember (UNEJ) Indonesia, from February 2018 to October 2018. The tools used in this
study include electric welder, cutting pliers, drills, digital scales, thermometers, measuring cups,

217



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 51, Issue 2 (2018) 215-226

pans, stopwatches, emission meters, stationery, and cameras. The materials used in this study was
bio-pellet of coffee husk waste that obtained from Sidomulyo Village, Silo District, Jember Regency -
East Java of Indonesia. Coffee husk waste used is Robusta coffee. Another ingredient is galvalume as
a stove-making material.

2.1 Research Stages

The research stages that are carried out include literature studies, modification of biomass
stoves, biomass stove testing, data analysis, and report arrangement. The illustration of the flow
chart of the stove design can be observed in Figure 2. It is important to determine the variables that
could be adjusted and modified to be applied and tested. The results are then analyzed if they are
acceptable or not using data analysis method.

Literature Review

.

Biomass Stove Modification

A 4

Biomass Stove Testing

Data Analysis

¢

Fig. 2. The Flow Chart of Biomass Stove Research

2.2 Biomass Stove Modification

The first modification is the size of the stove. This stove is reduced in size from #other stove to
make it lighter. On the OS-1 stove, the dimensions are 28 cm x 28 cm x 36 cm, whereas in the #UNEJ-
1 biomass stove the dimensions are 25 cm x 25 cm x 28.5 cm.

The second modification done on this stove is on the combustion cylinder. The hole in the
modified biomass stove combustion cylinder is enlarged from 0.2 cm to 0.7 cm in diameter. The
combustion cylinder is made in three types with different number of holes, namely 10 holes, 20 holes,
and 40 holes.

The third modification is the handle grip on the side of the stove frame. The handle serves to
make it easier for users to move the stove to another place. Biomass stove models are done using
Auto Cad program. The 3-dimensional biomass stove illustration can be seen on the Figure 3.
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(a) (b)
Fig. 3. lllustration of 3-dimensional biomass stove modification: (a) External appearance;
(b) internal appearance

2.3 Biomass Stove Experiment

Stove testing was run to determine the performance of biomass stoves. In the testing process,
primary data collection was taken directly in the field. Required primary data included such as the
amount of bio-pellet needed (kg), the amount of water that evaporates (kg), time (minutes), heat,
thermal efficiency, and the amount of emissions produced.

According to John [11], the equation for determining the amount of heat needed to raise the
temperature of an object is used as follows.

Q=mxcxAT (2)
where,

Q = Required heat (J)

m = Mass of substance (kg)

c = Heat Capacity of substance (J/kg°C)

AT  =Temperature difference (°C)

Thermal efficiency is a comparison between the heat value used to heat and evaporate water
compared to heat produced by bio-briquettes [16, 17]. The equation for determining the amount of
thermal efficiency (nT) is as follows

__maxcax ATxAmaxL

ntT = Amk x LHV x 100 % (2)
where,

ma = Mass of water (kg),

ca = Heat capacity of water = 4186 (J/kg°C),

AT  =Temperature difference (°C),

Ama = Evaporated water mass (kg),
L = Latent heat of water = 2,268.000 (J/kg),
Amk =Burnt fuel mass (kg), LHV (low heating value) = 18.593.400 (J/kg).
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In the stove combustion cylinder, there are three cylinder variations, namely a combustion
cylinder with 10 holes, 20 holes, and 40 holes. From the results of the hole variation, the best number
of holes for the combustion tube on the biomass stove will be obtained.

2.4 Data Analysis

The analysis used in this study is comparative analysis to test the comparison between the
number of different holes in the combustion cylinder. This analysis was used to determine the best
biomass stove between 10 holes, 20 holes, and 40 holes. The number of holes affects heat, thermal
efficiency and emissions. The data obtained will be carried out by statistical analysis using the SPSS
16.0 application. If the results of the analysis are in accordance with the expected objectives, then it
is proceeded with the composing of the research report.

Analysis of variance or ANOVA is a statistical technique that is used to determine whether two or
more population means will be the same value using data from a sample of each population [16].
This concept is based on the concept of F distribution and can usually be applied to a variety of cases
as well as in the analysis of the relationship between various observed variables [17]. According to
[16] the initial hypothesis will be matched with the following decision-making criteria.

i If F counts <F table then HO is accepted
ii. If F counts> F table then HO is rejected

3. Results and Discussion
3.1 Structural Design

Biomass stoves are a medium that used to burn biomass fuels such as bio-pellets and its design
is crucial for the best result. Here, the biomass stove is determined based on the number of holes in
the combustion cylinder. The picture of the biomass stove can be seen on the Figure 4.

(b)

Fig. 4. Biomass stove: (a) Side view; (b) Top view
3.2 Biomass Stove Frame

This biomass stove frame was made of a type of mild steel called galvalume. The stove has a
dimension of 25 cm x 25 cm x 28.5 cm, which consists of several parts. The bottom of the stove has
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a shape of a beam with dimensions of 25 cm x 25 cm x 7 cm. At the bottom and middle there is also
an air vent hole with a size of 2.5 cm x 6 cm and 3 cm x 6 cm, which serves to regulate the incoming
air. The outer cylinder has a diameter of 18 cm and a height of 11 cm. The inner cylinder has a
diameter of 16.5 cm and a height of 12 cm. Each biomass stove is equipped with handles, so the user
can move the furnace easily and safely. Most stoves available in Indonesia do not provide this and
does not comply with the policy of the National Standardization Agency [14, 16]. This modified
biomass stove has handles on the side and therefore in accordance with the guidelines of the National
Standardization Agency.

3.3 Combustion Cylinder

The combustion cylinder has a diameter of 14.5 cm and a height of 16 cm as shown in Figure 5.
Each biomass stove has a different combustion cylinder. There are three variations of the combustion
cylinders, the combustion cylinder with 10 holes, 20 holes, and 40 holes. In these cylinders, there are
holes with a size of 0.7 cm, which serves as air circulation. These combustion cylinders can
accommodate 260 grams of coffee husk bio-pellet waste. In the combustion process, not all cylinders
receive the same air, as there are differences in the number of holes.

3.4 Emplacement and Lid

The upper part of the stove has an emplacement for cooking utensils and a lid for when the stove
is not in use (see Figure 5a and Figure 5b). The emplacement has an inner diameter of 10 cm, outer
diameter of 20 cm, and height of 2.5 cm. turning off the stove would be by closing all ventilation
holes and the upper part by using the 10 cm diameter lid.

(b)

Fig. 5. Combustion cylinders: (a) 10 holes; (b) 20 holes; (c) 40 holes
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Fig. 6. Cooking utensil emplacement

Fig. 7. Stove lid

3.5 Stove Heat Test Result

The energy needed to raise the temperature of an object is influenced by mass, heat, and
temperature differences [16, 17, 19]. In this test, the process of boiling water is used to determine
the heat produced. The water used in this test is 1 litre. The heat calculation results can be seen in
Table 1. The results of measuring the time needed to burn out can be seen in Table 2. The results of
the highest temperature measurements produced in combustion can be seen in Table 3. The results
of measurements of evaporated water masses can be seen in Table 4.

Table 1
Heat calculation results

Heat (Joules)

No Stove Type Rep 1 Rep 2 Rep 3 Average
1 10 holes 308508.20 308926.80 307252.40 308229.13
2 20 holes 311019.80 311438.40 309345.40 310601.20
3 40 holes 313950.00 318973.20 317717.40 316880.20
4 #other 306833.80 307252.40 306415.20 306833.80
Table 2
Time required to burn out
No Stove Type Time (Minutes) Average

Rep 1 Rep 2 Rep 3
1 10 holes 7.58 7.28 7.32 7.39
2 20 holes 7.29 6.53 6.86 6.89
3 40 holes 6.50 6.34 6.40 6.41
4 #other 8.43 7.80 8.10 8.11
Table 3
Highest temperature during burning

Temperature (°C)

No Stove Type Rep 1 Rep 2 Rep 3 Average
1 10 holes 287.1 291.7 289.7 289.50
2 20 holes 291.4 301.6 300.1 297.70
3 40 holes 304.0 314.7 311.5 310.10
4 #other 257.5 282.1 281.9 273.83
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Table 4
Evaporated water mass results

Evaporated water mass (kg)
No Stove Type Rep 1 Rep 2 Rep 3 Average
1 10 holes 0.049 0.048 0.050 0.049
2 20 holes 0.059 0.052 0.051 0.054
3 40 holes 0.066 0.061 0.059 0.062
4 #other 0.050 0.043 0.045 0.046

Based on the table above, from three repetitions, the average 10-hole stove has a heat
production of 308,229.13 Joule, 20-holes stove 310,601.20 Joule and stove 40-holes 316,880.20
Joule. Stove #other had the lowest heat production of 306,833.80 Joule. It could be noted from here
that each stove produces different temperatures. The 40-holes stove has the highest temperature of
310.10 °C. The greater the temperature produced, the shorter the time needed to evaporate water

and the greater the energy produced.

3.6 Thermal Efficiency Test Results

Thermal efficiency of biomass stoves is obtained from the comparison between heat for
evaporating water with heat produced by the bio-briquette [18]. Latent heat calculation results can
be seen in Table 5. The bio-pellet mass calculation results needed to burn out can be seen in Table 6.
The results of the calculation of heat produced by fuel can be seen in Table 7. The results of thermal

efficiency calculations can be seen in Table 8.

Table 5
Latent heat calculation results

Heat (Joule)

No Stove Type Average
Rep 1 Rep 2 Rep 3
1 10 holes 133132.00 108864.00 113400.00 111132.00
2 20 holes 133812.00 117936.00 115668.00 122472.00
3 40 holes 149688.00 138348.00 133812.00 140616.00
4 #other 113400.00 97524.00 102060.00 104328.00
Table 6
Bio-pellet mass calculation for burn out
Required bio-pellet mass (kg)
No Stove Type Rep 1 Rep 2 Rep 3 Average
1 10 holes 0.127 0.141 0.138 0.135
2 20 holes 0.145 0.147 0.146 0.146
3 40 holes 0.158 0.163 0.159 0.160
4 #Hother 0.124 0.133 0.137 0.131
Table 7
Heat produced by fuel calculation results
Heat (Joule
No Stove Type Rep 1 Re(p 5 ) Rep 3 Average
1 10 holes 2691515.60 2621669.40 2565889.20 2559691.40
2 20 holes 2696043.00 2733229.80 2714636.40 2714636.40
3 40 holes 2937757.20 3030724.20 2956350.60 2974944.00
4 #other 2435735.40 2510109.00 2547295.80 2497713.40
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Table 8
Thermal efficiency calculations

Thermal Efficiency (%)
No Stove Type Rep 1 Rep 2 Rep 3 Average
1 10 holes 16.84 15.94 16.39 16.39
2 20 holes 16.50 15.71 15.66 15.96
3 40 holes 15.78 15.09 15.27 15.38
4 #Hother 17.25 16.13 16.04 16.47

From the three replications, it was extracted the average efficiency of the stove 10-holes
(16.39%), stove 20-holes (15.96%), stove 40-holes (15.38%), and stove #other (16.47%). The 40-holes
stove has the least efficiency, as the bio-pellet mass needed to boil water is equal to 0.160 kg. With
the amount of bio-pellet needed, it affects the temperature produced and boil water quicker.

3.7 Emission Test Results

In the combustion process, there is often incomplete combustion that produces carbon monoxide
(CO). High CO levels are indicative of incomplete combustion process [12, 17]. Emission measurement
results can be seen in Table 9.

Table 9
Measurement results of emissions
Emissions CO m

No Stove Type Rep 1 Rep 2 (pp )Rep 3 Avg g/kg
1 10 holes 289 290 314 298 0.298
2 20 holes 274 295 297 289 0.289
3 40 holes 235 290 293 273 0.273
4 #tother 283 321 394 333 0.333

Based on the table above, each stove has different emissions. The #other stove has the highest
emissions of 333 ppm. The 10-holes stove has 298 ppm emissions, 20-holes stove has 289 ppm
emissions, and the 40-holes stove has 273 ppm emissions. The higher temperature of the fire, the
higher heat is produced, and this can minimize CO that is exhausted [19, 20]. From Table 4-9, the 40-
holesstove has the lowest emissions. This is because the 40-hole stove has the highest operating
temperature. This indicates that on the 40-hole stove there is better combustion than other stoves.
Biomass stoves are declared to pass the CO emission test if CO emissions do not exceed the maximum
limit of 67 g/kg, equivalent to 67,000 ppm [21]. All stoves have emissions that are below the
maximum limit. The 40-hole stove has the lowest emission of 273 ppm.

3.8 Heat Comparison Analysis Using F Test
According to NS Agency [18, 19], before the F Test analysis the normality test should be first

carried out. Data normality test is done to get information about the data with normal distribution
or not. The steps taken are to input and analyse data using SPSS 16.0 with a level of a 0.05.

224



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 51, Issue 2 (2018) 215-226

Table 10
The results of the heat normality test using
Shapiro Wilk
Shapiro Wilk
Stove Type of Sig
10 holes 3 0.463
20 holes 3 0.363
Heat 40 holes 3 0.463
ftother 3 1.000

5. Conclusion and Recommendations

Modification was successful in producing biomass stoves that use of coffee husk waste bio-pellets
with dimensions of 25 cm x 25 cm x 28.5 cm and combustion capacity of 260 grams. The heat
produced sorted from the highest to the lowest stoves is 40-holes for 316.880 kJ, 20-holes for 310.601
kJ, 10-holes for 308.292 kJ, and #OTHER stoves for 306.833 kJ, respectively. Thermal efficiency of the
highest to lowest is #other stove 16.47%, 10-holes stove 16.39%, 20-holes stove 15.96%, and 40-
holes stove 15.38%. Emissions produced from the highest to lowest are #other stoves of 333 ppm,
10-hole stoves of 298 ppm, 20-hole stoves of 289 ppm, and 40-hole stoves of 273 ppm. The best
performing biomass stove is the biomass stove with 40 holes. This stove has the highest heat output,
lowest emissions, but has the lowest thermal efficiency as well as low gas emissions than other types
of stoves.

There needs to be further improvements to increase thermal efficiency and the need to add
hooks or a similar device to the combustion cylinder. This would enable the removal of the cylinder
even during a combustion.
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