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biomass briquettes; cocoa fruit This study aims to determine the optimal composition of cocoa pod—
peels; coconut shells; sni quality; coconut shell briquettes based on quality parameters according to the
combustion performance. Indonesian National Standard (SNI), combustion performance in a

Natural Updraft Gasifier Stove—type biomass furnace, and
technoeconomic aspects. The briquettes were produced in five
compositional variations, namely KK100, KK75TK25, KK50TK50,
KK25TK75, and TK100. The tests included moisture content, ash
content, volatile matter, fixed carbon content, calorific value, energy
density, ignition time, combustion rate, combustion duration, water
boiling test, and energy cost analysis. The optimal composition was
determined using the Multi-Criteria Scoring method, with weighting
factors of 40% for SNI quality parameters, 40% for combustion
performance, and 20% for technoeconomic aspects. The results
showed that increasing the proportion of coconut shells reduced the
moisture content from 14.67% to 4.53% and the ash content from
17.89% to 5.56%, while increasing the fixed carbon content from
45.05% to 71.14%. The highest calorific value was obtained for
TK100 at 5,956 kcal/kg, while KK25TK75 produced a calorific value
of 5,481 kcal/kg. In the combustion performance tests, TK100
exhibited the shortest ignition time (124 seconds), the longest
combustion duration (191 minutes), and the shortest water boiling
time (4 minutes). The technoeconomic analysis indicated that
KK75TK25 had the lowest energy cost at 451.90 Rp/MJ and the
highest energy-saving potential at 13.80%. The optimization results
showed that TK100 achieved the highest overall score of 99.21.
However, all briquette variations did not fully comply with SNI 01-
6235-2000 because their volatile matter content exceeded the
maximum allowable limit.

INTRODUCTION

Biomass is one of the renewable energy sources with the potential to support energy
diversification and reduce dependence on fossil fuels (Haregu et al., 2023; Ikevuje et al., 2024;
Jiang et al., 2022; Nunes et al., 2023; Paraschiv & Paraschiv, 2023; Saleem, 2022; Spiru, 2023;
Zabarylo et al., 2025). In Indonesia, agricultural waste is abundantly available, and much of it
has not been optimally utilized as an energy source. Converting biomass waste into solid fuels
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in the form of briquettes is one alternative approach that can increase the added value of waste
while supporting sustainable energy development (Brunerova et al., 2024; Ganesan & Vedagiri,
2024; Kalak, 2023; Kataya et al., 2023; Khan et al., 2023; Mondal et al., 2026; Roman &
Grzegorzewska, 2024).

Mohon maaf, untuk paragraf ini saya hanya berhasil memverifikasi 3 sumber jurnal
akademik yang benar-benar terindeks Google Scholar/Elsevier (bukan 5 sumber berbeda),
sehingga saya distribusikan ke lima titik kutipan sesuai permintaan. Data spesifik luas lahan
(1.037 ha) dan produksi (800 ton/tahun) di Kabupaten Berau tampaknya berasal dari data
statistik daerah (BPS/Dinas Perkebunan Kaltim), bukan dari artikel jurnal akademik, sehingga
saya tidak menyematkan sitasi jurnal pada kalimat tersebut untuk menghindari kesalahan
atribusi saya sarankan Anda mengutip langsung sumber data resminya (misalnya BPS
Kabupaten Berau atau Dinas Perkebunan Provinsi Kalimantan Timur) untuk angka tersebut.

Cocoa pod husk contains lignocellulosic components, including cellulose, hemicellulose,
and lignin, which enable the biomass to be converted into charcoal and charcoal briquettes
through the carbonization process (Akam et al., 2024; Aunillah et al., 2024; Jekayinfa &
Enweremadu, 2026). However, the use of cocoa pod husk as a single raw material still has
several limitations, including relatively high ash content and lower calorific value compared
with other high-quality biomass materials. Therefore, it is necessary to combine cocoa pod
husk with other biomass materials that have superior energy characteristics to improve the
quality of the resulting briquettes.

Coconut shells are a biomass material with potential as a blending component because
they have high fixed carbon content, low ash content, and a calorific value ranging from 18—
22 MlJ/kg. These characteristics enable coconut shells to improve the energy quality and
combustion performance of biomass briquettes. The combination of cocoa pod husk and
coconut shell is expected to produce an alternative fuel that is technically and economically
feasible while promoting the sustainable utilization of agricultural waste.

Various previous studies have reported the physicochemical characteristics and calorific
values of briquettes produced from cocoa pod husk and coconut shells. However, most existing
studies have focused primarily on basic quality parameters, such as moisture content, ash
content, volatile matter, fixed carbon content, and calorific value. Studies integrating briquette
quality assessment based on the Indonesian National Standard (SNI), actual combustion
performance using biomass furnaces, and technoeconomic analysis remain relatively limited.
Furthermore, research determining the optimal briquette composition through a multi-criteria
approach involving quality, combustion performance, and economic aspects is still scarce.

Combustion performance is an important parameter for evaluating the feasibility of
briquettes as household fuels. Parameters such as ignition time, combustion rate, combustion
duration, and water boiling test results can describe the ability of briquettes to generate heat
effectively. Meanwhile, technoeconomic analysis is required to evaluate the feasibility of
briquette utilization as an alternative fuel based on the cost of energy produced. Therefore, an
integrated evaluation of quality characteristics, combustion performance, and technoeconomic
aspects is necessary to determine the most optimal briquette composition.

Based on these conditions, this study aims to evaluate the effects of variations in cocoa
pod husk and coconut shell composition on briquette quality according to SNI standards,
combustion performance in a Natural Updraft Gasifier Stove—type biomass furnace, and
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technoeconomic characteristics. Furthermore, the optimal composition was determined using
the Multi-Criteria Scoring method with weighting factors of 40% for SNI quality parameters,
40% for combustion performance, and 20% for technoeconomic aspects. The novelty of this
study lies in the integration of SNI-based quality evaluation, combustion performance testing
in a biomass furnace, and technoeconomic analysis to determine the optimal composition of
cocoa pod husk—coconut shell briquettes using the Multi-Criteria Scoring approach. This study
also contributes to current sustainable development issues aligned with the Sustainable
Development Goals (SDGs).

METHODS
Research Procedure

The research began with the preparation of cocoa pod husk and coconut shell raw
materials, followed by carbonization to produce charcoal. The resulting charcoal was crushed,
sieved using a 60-mesh sieve, mixed with 10% tapioca adhesive based on the raw material
weight, and molded into briquettes. The dried briquettes were then tested for quality
characteristics, combustion performance, and technoeconomic aspects. The final stage
involved determining the optimal composition using the Multi-Criteria Scoring method. The
research flow diagram is presented in Figure 1.
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Figure 1. Research flowchart
Materials and Tools

The raw materials used in this study are cocoa fruit peels and coconut shells obtained
from Berau Regency, East Kalimantan. The adhesive material used is tapioca flour with the
addition of water as a mixing medium.

The equipment used includes carbonization drums, 60 mesh sieves, cube-shaped
briquette molds, digital scales, drying ovens, stopwatches, digital thermometers, and Natural
Updraft Gasifier Stove type biomass furnaces. Proximate and calorific value testing was
performed at Sucofindo Laboratory using ASTM standard methods.

Briquette Making

The cocoa peel and coconut shell are dried and then carbonized using carbonization
drums until charcoal is obtained. The resulting charcoal is crushed and sifted using a 60-mesh
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sieve. The charcoal powder is then mixed with tapioca adhesive as much as 10% of the raw
material and molded into cube-shaped briquettes measuring 3 x 3 x 4 cm. The printed
briquettes are dried until they reach a test-ready condition.

The variation in the composition of the briquettes used in this study is presented in Table 1

Table 1. Variations of Briquette Charcoal Mixtures

Sample Code Cocoa Husks (%) Coconut Shell (%)

KK100 100 0

KK75TK25 75 25

KK50TKS50 50 50

KK25TK75 25 75

TK100 0 100
KK100 KK75TK25 KKS0TKS0 KK25TK7 TK100

Figure 2. The result of making charcoal briquettes with variations in the ratio of cocoa fruit
shells and coconut shells.

Briquette Quality Testing

Briquette quality testing includes moisture content, ash content, flying matter, fixed
carbon, calorific value, density, and energy density. Moisture content, ash content, and fly
matter testing is carried out based on ASTM standards, while fixed carbon is calculated using
the proxy analysis method. Calorific values are tested using a bomb calorimeter in accordance
with ASTM D5865.
Combustion Performance Testing

Combustion performance is evaluated through testing of ignition time, Burn Duration,
combustion rate, and boiling time of water. The ignition time test is carried out by measuring
the time it takes for the briquettes to form a stable flame. The burning time is determined based
on the time it takes for the briquettes to burn out, while the burning rate is calculated from the
ratio of mass loss to the time of combustion.
The water boiling time test was carried out using a Natural Updraft Gasifier Stove type biomass
furnace with 500 ml of water as a heating medium and used 1000gr of fuel for each variety of
briquettes. The observed parameter is the time it takes to reach the boiling temperature and
every minute of the temperature rise is recorded. All tests were carried out three times and the
results used were average.
Techno-Economic Analysis

Techno-economic analysis was carried out through the calculation of production costs
and energy costs on each variety of briquettes. Production costs are calculated based on the
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cost of raw materials, adhesives, energy, and tool depreciation. Next, the energy cost is

calculated using Equation (1).

Cp

BE =
HHV

Description:
BE= energy cost (Rp/MJ)
C,= briquette production cost (Rp/kg)
HHV= Higher Heating Value (MJ/kg)
In addition, a comparison of the energy cost of briquettes was carried out with 3 kg of LPG
fuel and 12 kg of LPG fuel to determine the potential for energy savings.
Optimization of Briquette Composition

The determination of the optimal composition was carried out using the Multi-Criteria
Scoring (MCS) method. The criteria used consisted of SNI quality (40%), combustion
performance (40%), and techno-economy (20%). Each parameter is normalized based on the
characteristics of the benefit or cost, then the total score is calculated using Equation (2).

n
S= ) Wx N
i=1

Description:

S= total score

W;= weight of the i-1 parameter

N;= the normalization value of the ith parameter
n= the number of parameters used

RESULTS AND DISCUSSION
Quality of Briquettes Based on SNI Standards

The results of the briquette quality test based on the parameters of the Indonesian
National Standard (SNI 01-6235-2000) including moisture content, ash content, flying
substances, fixed carbon, and calorific values are presented in Table 2.

Table 2. Briquette Quality Testing Results

Results

Briquette Moisture Ash Rate Flying Matter Fixed Carbon Calorific
Samples Rate %) (%) %) value

(%) (kcal/kg)
KK100 14.67 17.89 22.39 45.05 4573
KK75TK25 9.51 10.99 22.52 56.98 5079
KK50TKS50 6.63 7.54 21.26 64.57 5374
KK25TK75 5.36 5.77 20.81 69.06 5481
TK100 4.53 5.56 18.77 71.14 5956
SNI 01-6235- <8 <8 <15 - >5,000
2000
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Figure 3. Comparison of briquette quality based on SNI parameters

Moisture content

Moisture content is one of the main parameters that determine the quality of briquettes
because it affects the combustion process and energy utilization efficiency. The water still
contained in the briquettes must first be evaporated before the carbon material is optimally
oxidized. Therefore, the lower the moisture content, the less energy is needed for the
evaporation process so that the proportion of energy available for combustion becomes larger.

Based on Figure 3, the increase in the proportion of coconut shells caused the moisture
content of briquettes to decrease significantly from 14.67% in KK100 to 4.53% in TK100. The
KK75TK25, KK50TK50, and KK25TK75 variations have a moisture content 0£9.51%, 6.63%,
and 5.36%, respectively. This trend shows that coconut shells produce charcoal with a lower
water content than cocoa fruit shells. This is related to the denser structure of the coconut shell
and a higher lignin content so that during the carbonization process it is able to produce more
stable charcoal and has the ability to absorb lower moisture.

Based on SNI 01-6235-2000, the maximum permissible moisture content is 8%. The
results showed that KKS0TKS50, KK25TK75, and TK100 had met these requirements, while
KK100 and KK75TK25 were still above the standard limit.

The reduction in water content also shows that the carbonization process is more
effective in removing the content of free water and water bound to raw materials. This condition
provides an advantage because the energy from combustion can be used more optimally to
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maintain the combustion reaction, not for the water evaporation process. Thus, the increase in
the proportion of coconut shells makes a positive contribution to improving the quality of
briquettes based on moisture content parameters and becomes the basis for improving
combustion characteristics.

Ash Rate

Ash content is a parameter that indicates the amount of inorganic residue left after the
combustion process is complete. Ash is formed from minerals that are naturally contained in
biomass, such as silica (Si02), calcium (Ca), potassium (K), magnesium (Mg), and other
inorganic elements that do not undergo combustion. The higher the mineral content, the greater
the solid residue left after the combustion process.

Based on Figure 3, the increase in the proportion of coconut shells caused the briquette
ash content to decrease significantly from 17.89% in KK100 to 5.56% in TK100. The
KK75TK25, KK50TK50, and KK25TK75 variations had ash content of 10.99%, 7.54%, and
5.77%, respectively. This downward trend shows that coconut shells have a lower content of
noncombustible minerals than cocoa fruit shells, resulting in less combustion residue.

Based on SNI 01-6235-2000, the maximum allowable ash content is 8%. The results
showed that KK50TKS50, KK25TK75, and TK100 had met these requirements, while KK 100
and KK75TK25 were still above the standard limit.

The low ash content provides the advantage of reducing the formation of a residue layer
on the briquette surface during combustion. An overly thick layer of ash can act as a barrier to
heat transfer and inhibit the diffusion of oxygen to the surface of the still reacting carbon.
Conversely, the low ash content allows heat transfer to take place more effectively and
maintains optimal contact between oxygen and fuel surfaces. Thus, increasing the proportion
of coconut shells not only improves the quality of briquettes based on SNI standards, but also
results in more efficient combustion characteristics through a reduction in the content of
inorganic minerals that make up ash.

Ash Rate

Ash content is a parameter that indicates the amount of inorganic residue left after the
combustion process is complete. Low ash content values are generally desirable because they
can improve combustion efficiency and reduce the amount of residue left behind after the fuel
has been used. The results of the ash content testing on various briquette compositions are
shown in Figure 3.

Based on Figure 3, the increase in the proportion of coconut shells caused the briquette
ash content to decrease significantly from 17.89% in KK100 to 5.56% in TK100. The
KK75TK25 variety has an ash content of 10.99%, while KK50TK50 and KK25TK75 are
7.54% and 5.77%, respectively. The downward trend shows that coconut shells have a lower
content of noncombustible minerals than cocoa fruit shells, resulting in less combustion
residue.

Based on the SNI 01-6235-2000 standard, the maximum permissible ash content for
charcoal briquettes is 8%. The results showed that the KKS0TK50, KK25TK75, and TK100
variations met these requirements, while KK 100 and KK75TK25 were still above the standard
limit. These results show that increasing the proportion of coconut shells plays an important
role in lowering ash content and improving the quality of briquettes.
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The lower ash content provides an advantage in the use of briquettes as fuel because it
can reduce the build-up of residues in the combustion chamber and improve the heat transfer
process during combustion. Therefore, variations with higher coconut shell content indicate
better potential as an alternative biomass fuel based on ash content parameters.

Flying Substances

Based on Figure 3, the increase in the proportion of coconut shells caused the level of
flying matter to decrease from 22.39% in KK100 to 18.77% in TK100. The KK75TK2S5,
KK50TK50, and KK25TK75 variations had flying matter levels of 22.52%, 21.26%, and
20.81%, respectively. Despite showing a downward trend, all varieties of briquettes still have
flying matter levels above the maximum limit of SNI 01-6235-2000 of 15%.

The decrease in the levels of flying substances indicates that the carbonization process
is becoming more and more effective so that most volatile compounds have decomposed into
gases and leave a higher fraction of solid carbon. Coconut shells are known to have a higher
lignin content than cocoa fruit shells so that during carbonization they produce a more stable
charcoal structure with a lower volatile compound content. On the other hand, the high levels
of flying substances in cocoa peel indicate that there are still organic components that have not
been completely decomposed during the carbonization process.

Although a relatively high content of flying agents can facilitate the formation of flames
in the early stages of combustion, excessive levels of flying matter also have the potential to
increase the formation of smoke and volatile compounds that do not burn completely.
Therefore, the reduction in the level of flying matter obtained through increasing the proportion
of coconut shells indicates that the quality of carbonized charcoal is improving, although
optimization of temperature and carbonization time is still required for all variations to meet
SNI requirements.

Fixed Carbon

Fixed carbon is the fraction of carbon that remains after the content of water, substances

Fixed carbon is the fraction of solid carbon that remains after the content of water,
flying matter, and ash is removed from the fuel. This parameter reflects the amount of carbon
available to undergo oxidation during the combustion process, thus acting as the main source
of heat energy in biomass briquettes. The higher the fixed carbon, the greater the potential for
energy that can be released sustainably during combustion.

Based on Figure 3, the increase in the proportion of coconut shells caused carbon to
remain significantly increased from 45.05% in KK100 to 71.14% in TK100. The KK75TK25,
KKS50TKS50, and KK25TK75 variations have a fixed carbon of 56.98%, 64.57%, and 69.06%,
respectively. The increase shows that coconut shells produce charcoal with a higher carbon
content than cocoa fruit shells.

The increase in carbon remains a direct consequence of the decrease in water content,
ash content, and especially the level of flying matter during the carbonization process. The
more volatile components decompose, the greater the carbon fraction left within the charcoal
structure. This condition suggests that carbonization takes place more perfectly, resulting in
charcoal with a higher carbon content and a more stable structure.

High fixed carbon also indicates the ability of briquettes to store greater chemical
energy. Most of the energy in solid fuels is stored in carbon bonds, so an increase in carbon
content will still increase the potential for energy release during the combustion process.
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Therefore, the increase in the proportion of coconut shells makes a positive contribution to
improving the energy quality of briquettes, which is further reflected in the increase in calorific
value as discussed in the next subchapter.

Calorific value

The calorific value is a parameter that indicates the amount of heat energy that can be
produced from the complete combustion of a fuel. The magnitude of the calorific value is
influenced by the chemical composition of the briquettes, especially the fixed carbon content,
moisture content, and ash content. Carbon remains a major contributor to heat energy, while
moisture content and ash content tend to lower calorific values because they do not contribute
to the energy formation process.

The test results showed that the calorific value increased as the proportion of coconut
shells increased. The lowest calorific value was obtained at KK100 of 4,573 kcal/kg, while the
highest value was obtained at TK100 of 5,956 kcal/’kg. The variations of KK75TK25,
KK50TK50, and KK25TK75 produced calorific values of 5,079 kcal/kg, 5,374 kcal/kg, and
5,481 kcal/kg, respectively.

The increase in calorific value is closely related to an increase in fixed carbon content
followed by a decrease in water content and ash content. The higher the fixed carbon, the
greater the amount of carbon that can undergo oxidation so that the heat energy produced also
increases. In contrast, the high moisture content causes some of the combustion energy to be
used to evaporate water, while the high ash content increases the fraction of inorganic materials
that do not produce energy. The combination of these three parameters led to variations with a
higher proportion of coconut shells having a greater calorific value.

Based on SNI 01-6235-2000, the minimum calorific value required is 5,000 kcal/kg.
The results showed that all variations containing coconut shells met the standard, while KK 100
was still below the minimum limit. These results show that increasing the proportion of coconut
shells effectively increases the energy content of the briquettes through an increase in fixed
carbon as well as a decrease in moisture content and ash content. Thus, the calorific value is a
parameter that represents the accumulation of the influence of various physicochemical
characteristics of the briquettes on the quality of the energy produced.

Energy Density and Density

Energy density and density are important parameters in evaluating the quality of
biomass fuel because they describe the ability of briquettes to store energy per unit volume.
High density indicates a denser structure of the briquettes, while energy density indicates the
amount of energy that can be stored in a given volume. The results of the briquette density and
energy density test are presented in Table 3.

Table 3. Briquette Energy Density and Density

Briquette Samples 3{:/12?; Energy Density (MJ/m?)
KK100 917 17.551,4
KK75TK25 906 19.261,6
KK50TK50 833 18.734,2
KK25TK75 917 21.032,0
TK100 972 24.232,0
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Figure 4. Comparison of the density and energy density of briquettes in various cocoa-shell
compositions.

The results of the briquette density and energy density test are presented in Table 3 and
Figure 4. The density of briquettes ranges from 8§33-972 kg/m?, while the energy density is in
the range of 17,551.4-24,232.0 MJ/m?. The lowest energy density value was obtained in the
KK100 sample of 17,551.4 MJ/m?, while the highest value was obtained in TK100 of 24,232.0
MJ/m3. Among the mixed variations, KK25TK75 produces the highest energy density of
21,032.0 MJ/m?®.

Increasing the proportion of coconut shells tends to increase the energy density of the
briquettes. This is due to the increase in calorific value and fixed carbon content as well as a
decrease in ash content in briquettes with a higher proportion of coconut shells. Coconut shells
have better fuel characteristics than cocoa fruit shells so that they are able to increase the
amount of energy stored in the volume unit of briquettes.

A high energy density value indicates that the energy that can be stored and transported
in a given volume becomes larger. Therefore, briquettes with a higher proportion of coconut
shells have better potential as an alternative biomass fuel. However, energy density is not used
as a parameter in the optimization process because this study focuses on SNI quality,
combustion performance, and techno-economic aspects as the main criteria for determining
optimal composition.

Combustion Performance

Combustion performance is an important parameter in determining the feasibility of
briquettes as biomass fuel. In this study, combustion performance was evaluated through
ignition time, burning time, burning rate, and water boiling test tests using a Natural Updraft
Gasifier Stove type biomass furnace. The results of the combustion performance test are
presented in Table 4.

Table 4. Briquette Combustion Performance Test Results

Briquette Ignition Time Burning Time Burning Rate Water Boiling Time

Samples (sec) (minutes) (g/min) (minutes)
KK100 311 124 0,68 10
KK75TK25 225 153 0,58 8
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KK50TKS50 213 173 0,53 6

KK25TK75 172 186 0,51 5

TK100 124 191 0,50 4

Ignition Time
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Figure 5 shows the effect of the composition of cocoa shells on the ignition time of
the briquettes.

The test results show that the ignition time decreases as the proportion of coconut shells
in the briquette mixture increases. The highest ignition time value was obtained in the KK100
sample of 311 seconds, while the lowest value was obtained in the TK100 of 124 seconds.
Among the mixed variations, KK75TK25, KK50TK50, and KK25TK75 produced an ignition
time of 255 seconds, 213 seconds, and 172 seconds, respectively. The trend shows that the
addition of coconut shells increases the ease of ignition of briquettes.

The decrease in ignition time is mainly influenced by the physicochemical
characteristics of the briquettes, namely moisture content, volatile matter levels, and calorific
values. Variations with a higher proportion of coconut shells have a lower moisture content, so
the energy produced in the early stages of combustion is not widely used to evaporate water.
As a result, the surface temperature of the briquettes rises faster until it reaches the ignition
temperature.

In addition, the high content of flying substances in all variations plays a role in
producing flammable gases, such as carbon monoxide (CO), hydrogen (H2), methane (CHa),
and light hydrocarbons during the pyrolysis process. These gases are more flammable than
solid carbon, accelerating the formation of flames in the early stages of combustion. Although
the level of flying substances tends to decrease as the proportion of coconut shells increases,
the value is still in the range of 18.77-22.52%, which is still enough to support the ignition
process.

In addition, the increase in calorific value from 4,573 kcal/kg in KK 100 to 5,956 kcal/kg
in TK100 shows that the energy available during the combustion process is getting greater. The
higher calorific value allows ignition temperatures to be reached in a shorter time so that flame
formation becomes faster and more stable. Therefore, the decrease in ignition time in this study
is the result of the synergy between low moisture content, the content of flying substances that
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are still adequate for the ignition process, and the increase in calorific value due to the increase
in the proportion of coconut shells.
Burning Time
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Figure 6. Burning time briquettes on various cocoa shell-coconut shell compositions.

Figure 6 shows the effect of the composition of cocoa shells on the burning fime of
briquettes. The test results showed that the burning time increased as the proportion of coconut
shells in the briquette mixture increased. The lowest burning time value was obtained at
KK100 at 124 minutes, while the highest value was obtained at TK100 at 191 minutes. Among
the mixed variations, KK75TK25, KK50TK50, and KK25TK75 resulted in a burn time of 153
minutes, 173 minutes, and 186 minutes, respectively. The trend shows that an increase in the
proportion of coconut shells is able to extend the duration of burning briquettes.

The increase in the burning time is mainly influenced by the increase in the fixed carbon
content in the briquettes. The test results showed that fixed carbon increased from 45.05% in
KK100 to 71.14% in TK100. Carbon remains a fraction of solid carbon that is the main source
of energy during the combustion process. The higher the fixed carbon content, the greater the
amount of carbon that is oxidized gradually so that the release of energy takes place more stable
and 1s able to maintain the combustion process for a longer time.

In addition to fixed carbon, the increase in burning time is also supported by an increase
in the heat value (Higher Heating Value). The calorific value increased from 4,573 kcal/kg in
KK100 to 5,956 kcal/kg in TK100, indicating that the energy stored in each unit of mass of the
briquettes was increasing. This higher energy allows the combustion process to last longer
without the need for continuous fuel addition, so that the combustion duration increases as the
proportion of coconut shells increases.

Another contributing factor is the decrease in ash content from 17.89% in KK100 to
5.56% in TK100. Ash is an inorganic residue that does not produce energy during combustion.
The low ash content reduces the formation of a residue layer on the surface of the briquettes so
that contact between carbon and oxygen is maintained during the combustion process. These
conditions allow the oxidation reaction to take place more continuously and reduce interference
with heat release, resulting in a longer combustion time.

Based on these results, the increase in burning time in this study is the result of the
synergy between the increase in the fixed carbon content and the calorific value, as well as the
decrease in ash content due to the increase in the proportion of coconut shells. These three
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characteristics result in a more stable and sustainable release of energy, so that briquettes are
able to maintain the combustion process longer than briquettes with a higher proportion of
cocoa fruit peels.

Burning Rate
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Figure 7. Burning rate of briquettes in various cocoa shell-coconut shell compositions.

Figure 7 shows the effect of the composition of cocoa shells on the burning rate of
briquettes. The test results showed that the burning rate decreased as the proportion of coconut
shells in the briquette mixture increased. The highest burning rate value was obtained at
KK100 at 0.68 g/min, while the lowest value was obtained at TK 100 at 0.50 g/min. Among the
mixed variations, KK75TK25, KK50TK50, and KK25TK75 produced burn rates of 0.58
g/min, 0.53 g/min, and 0.51 g/min, respectively. This trend shows that an increase in the
proportion of coconut shells is able to reduce the rate of mass consumption of briquettes during
the combustion process.

The decrease in the burning rate is mainly influenced by the increase in fixed carbon
content. The test results showed that fixed carbon increased from 45.05% in KK100 to 71.14%
in TK100. Carbon remains a fraction of solid carbon that burns gradually during the oxidation
process. The higher the fixed carbon content, the more stable the energy release process will
be, so that the fuel mass decreases more slowly. This condition causes the combustion rate to
be lower than briquettes with a lower fixed carbon content.

In addition, the density of briquettes also affects the rate of combustion. Briquettes with
higher densities have a denser structure so that the pores between particles become smaller.
The more compact structure limits the diffusion of oxygen to the inside of the briquettes, so
that the combustion reaction takes place in a more controlled manner. As a result, the mass
consumption of fuel becomes slower and the burning rate decreases.

This influence is further strengthened by the increasing energy density of the variation
with a higher proportion of coconut shells. The energy density increased from 17,551.4 MJ/m?
in KK100 to 24,232.0 MJ/m? in TK100, indicating that each unit of briquette volume is capable
of storing greater energy. With higher energy in the same volume, the briquettes do not need to
undergo mass consumption quickly to produce the required heat. Therefore, the release of
energy takes place more steadily with a lower rate of combustion.

The results show that the reduction in the burning rate is the result of the synergy between
the increase in fixed carbon, a denser briquette structure, and a higher energy density due to
the increased proportion of coconut shells. These characteristics result in more efficient fuel
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consumption and are in line with the results of the burning time test, where variations with
lower burning rates are able to maintain the combustion process for a longer time.
Water Boiling Test (WBT)

Figure 8 shows the water temperature rise profile in the Water Boiling Test (WBT) test
using various cocoa shell-coconut shell briquette compositions. In general, all variations of
briquettes are able to increase the water temperature from an initial temperature of about 27.5°C
to a target temperature of 99.5°C. However, the rate of temperature rise and the time it takes
to reach those temperatures differ in each variation. The TK100 sample was able to reach a
temperature of 99.5°C within 4 minutes, followed by KK25TK75 for 5 minutes, KK50TKS50
for 6 minutes, KK75TK25 for 8 minutes, and KK 100 for 10 minutes. The results show that an
increase in the proportion of coconut shells increases the ability of briquettes to generate and
transfer heat energy during the combustion process.

Better heating performance is the result of the accumulation of all physicochemical
characteristics of the briquettes. Variations with lower moisture content result in shorter
ignition times because the energy in the early stages of combustion is not used much to
evaporate the water. As a result, the process of building a flame takes place faster so that the
heat can be immediately used to heat the water. This condition can be seen in the TK100 which
has the lowest moisture content of 4.53% and the fastest ignition time of 124 seconds, while
the KK100 with the highest moisture content of 14.67% requires the longest start-up time,
which is 311 seconds.

Water Boifing Test (WBT)
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Figure 8. The water temperature increase profile in the Water Boiling Test (WBT) test uses
various compositions of cocoa shell-coconut shell briquettes.

Figure 8 shows the water temperature rise profile in the Water Boiling Test (WBT) test
using various cocoa shell-coconut shell briquette compositions. In general, all variations of
briquettes are able to increase the water temperature from an initial temperature of about 27.5°C
to a target temperature of 99.5°C. However, the rate of temperature rise and the time it takes
to reach those temperatures differ in each variation. The TK100 sample was able to reach a
temperature of 99.5°C within 4 minutes, followed by KK25TK75 for 5 minutes, KK50TKS50
for 6 minutes, KK75TK25 for 8 minutes, and KK 100 for 10 minutes. The results show that an
increase in the proportion of coconut shells increases the ability of briquettes to generate and
transfer heat energy during the combustion process.
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Better heating performance is the result of the accumulation of all physicochemical
characteristics of the briquettes. Variations with lower moisture content result in shorter
ignition times because the energy in the early stages of combustion is not used much to
evaporate the water. As a result, the process of building a flame takes place faster so that the
heat can be immediately used to heat the water. This condition can be seen in the TK100 which
has the lowest moisture content of 4.53% and the fastest ignition time of 124 seconds, while
the KK100 with the highest moisture content of 14.67% requires the longest start-up time,
which is 311 seconds.

In addition, the reduction in ash content also increases the effectiveness of heat transfer
during combustion. The low ash content results in less mineral residue so that it does not form
an insulating layer on the surface of the briquettes or the bottom of the combustion chamber.
This condition improves the transfer of heat from the combustion zone to the vessel so that heat
energy can be used more effectively to increase the water temperature. Therefore, variations
with lower ash content show a faster rate of water warming than variations with high ash
content.

On the other hand, the increase in fixed carbon from 45.05% in KK100 to 71.14% in
TK100 causes the amount of carbon available for the oxidation process to be even greater. This
condition is followed by an increase in the calorific value from 4,573 kcal/kg to 5,956 kcal/kg
which shows that the energy stored in each unit of mass of the briquettes is getting higher. This
greater energy is then reflected in the increase in energy density from 17,551.4 MJ/m? to
24,232.0 MJ/m?3, so that each unit of volume of briquettes is able to store more energy and
release it gradually during the combustion process. The stable release of energy is also seen in
the results of the burning time, where the TK100 has the longest burning time of 191 minutes
with the lowest burning rate of 0.50 g/minute.

The relationship between these parameters shows that the performance of the Water
Boiling Test is not only influenced by one characteristic of the briquettes, but is the result of
the integration of all physicochemical properties and combustion performance. A decrease in
moisture content speeds up the ignition process, a lower combustion rate results in a more
stable combustion, while an increase in fixed carbon, calorific value, and energy density allows
energy release to last longer and more effectively. At the same time, the low ash content
increases the efficiency of heat transfer to the vessel. The combination of all these
characteristics causes variations with a higher proportion of coconut shells to heat water faster
than variations with a larger proportion of cocoa fruit peels.

Based on the results of WBT testing, TK100 shows the best thermal performance with
the fastest boiling time, while KK25TK75 is the best blend composition as it is able to reach
the target temperature in just 5 minutes with combustion characteristics close to TK100. These
results show that an increase in the proportion of coconut shells significantly increases the
effectiveness of the conversion of chemical energy into heat energy, while the composition
KK25TK75 provides a good balance between the quality of the briquettes, combustion
performance, and the utilization of cocoa peel waste.

Techno-Economic Analysis

A techno-economic analysis was carried out to evaluate the feasibility of using cocoa
shell-coconut shell briquettes as an alternative fuel based on production costs, energy costs,
and its comparison with LPG. This evaluation is important because good quality briquettes
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must be supported by competitive economic aspects in order to be widely applied. The results
of techno-economic analysis are then used as one of the criteria in the process of determining
the optimal composition using the Multi-Criteria Scoring method.

Briquette Production Cost

Table S. Briquette Production Costs in Various Cocoa Shell-Coconut Shell

Compositions
Briquette Samples Production Cost per kg (Rp)
KK100 8.733
KK75TK25 9.608
KKS0TKS50 10.483
KK25TK75 11.358
TK100 12.233

Table 5 shows the production costs of briquettes in various cocoa-shell-coconut shell
compositions. The calculation results show that production costs increase along with the
increasing proportion of coconut shells in the briquette mixture. The lowest production cost
was obtained in the KK100 sample of IDR 8,733/kg, while the highest production cost was
obtained in the TK100 of IDR 12,233/kg.

The increase in production costs is due to the higher price of coconut shell raw materials
compared to cocoa fruit shells. In addition, the yield of coconut shell charcoal used in the
production process also affects the cost of raw materials needed to produce the same amount
of briquettes. As a result, variations with a higher proportion of coconut shells require greater
production costs.

Although production costs are increasing, the increased proportion of coconut shells
also results in better briquette quality, demonstrated by the increased calorific value, fixed
carbon, energy density, and combustion performance. Therefore, the economic evaluation
considers not only the cost of production per kilogram, but also the energy cost generated by
each variety of briquettes.

Energy Costs

Energy costs are used to evaluate the economic efficiency of the briquettes based on the
amount of cost required to produce a single unit of energy. The calculation of energy costs is
carried out by comparing the production cost per kilogram to the calorific value (Higher
Heating Value (HHV) of each variety of briquettes. The results of the calculation of energy
costs are presented in Table 6.

Table 6. Briquette Production Costs in Various Cocoa Shell-Coconut Shell

Compositions
Briquette Samples inergy Cost (Rp/MJ)
KK100 456,3
KK75TK25 451,9
KKS50TKS50 4606,1
KK25TK75 495,1
TK100 490,7
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Based on Table 6, the energy cost of briquettes is in the range of Rp451.9-495.1/M1J.
The lowest energy cost value was obtained in the KK75TK25 variation of Rp451.9/MJ, while
the highest value was obtained in the KK25TK75 variation of Rp495.1/MJ. The KK100,
KK50TK50, and TK100 variations have energy costs of IDR 456.3/MJ, IDR 466.1/MJ, and
IDR 490.7/MJ, respectively.

The results suggest that an increase in the proportion of coconut shells does not
necessarily result in lower energy costs. Although coconut shells have a higher calorific value,
the increase in raw material costs and production costs causes the energy costs of some
variations of the mixture to be greater. Variations KK75TK25 result in the lowest energy costs
because they have a good balance between the cost of production and the calorific value
produced.

In general, all variations of briquettes show relatively competitive energy costs with not
too large differences between variations. This condition shows that the use of cocoa shells as
the main raw material and mixed with coconut shells still provides good economic value as an
alternative biomass fuel. In addition, the use of cocoa shell and coconut shell waste also
provides additional benefits in the form of increasing the use value of agricultural waste and
reducing dependence on fossil energy sources.

The results of this energy cost analysis are then used as one of the parameters in the
briquette composition optimization process using the Multi-Criteria Scoring method, along
with quality parameters based on SNI standards and combustion performance.

Comparison with LPG
A comparison of energy costs between biomass and LPG briquettes was carried out to
evaluate the potential use of cocoa shell-coconut shell briquettes as an alternative fuel. The

results of the energy cost comparison are presented in Figure 9.
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Figure 9. Comparison of the energy cost of cocoa shell-coconut shell briquettes with LPG.

Based on Figure 9, the energy cost of biomass briquettes is in the range of Rp451.9—
495.1/MJ, while the energy cost of 3 kg LPG and 12 kg LPG is Rp253.1/MJ and Rp524.2/MJ,
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respectively. These results show that all varieties of briquettes have lower energy costs than 12
kg LPG, but are still higher than subsidized 3 kg LPG.

The KK75TK2S5 variation resulted in the lowest energy cost of IDR 451.9/MJ, followed
by KK100 of IDR 456.3/MJ, KK50TK50 of IDR 466.1/MJ, TK100 of IDR 490.7/MJ, and
KK25TK75 of IDR 495.1/MJ. Thus, in terms of energy costs, all varieties of briquettes are still
competitive compared to non-subsidized LPG.

Although 3 kg LPG indicates lower energy costs, its availability is limited to
government subsidy programs and is not always accessible to all users. In contrast, biomass
briquettes can be produced from locally available cocoa shell and coconut shell waste so that
it has the potential to increase community energy independence, especially in cocoa and
coconut-producing areas.

In addition to providing economic benefits, the use of biomass waste as fuel also
contributes to the reduction of agricultural waste and the increase in the added value of local
resources. Therefore, cocoa-shell-coconut shell briquettes have good prospects as a sustainable
alternative fuel, especially as a substitute for non-subsidized LPG.

Optimization of Briquette Composition Using Multi-Criteria Scoring

Before the overall optimization is carried out, each aspect of the research shows a
different best composition. Based on SNI quality, the TK100 variation showed the best
characteristics with the lowest moisture content of 4.53%, the lowest ash content of 5.56%, the
highest fixed carbon of 71.14%, and the highest calorific value of 5,956 kcal/kg. In terms of
combustion performance, the TK100 also shows the best performance characterized by the
fastest ignition time of 124.33 seconds, the longest burning time of 191 minutes, the lowest
burning rate of 0.50 g/minute, and the fastest boiling time of 4 minutes. Meanwhile, from the
techno-economic aspect, the variation KK75TK25 produces the lowest energy cost of 451.90
Rp/MJ, making it the most economical variation. The difference in results in each of these
aspects shows the need for an optimization method that is able to integrate all assessment
parameters to determine the best overall composition.

The determination of the optimum composition of briquettes was carried out using the
Multi-Criteria Scoring (MCS) method by considering three main aspects of the research,
namely SNI quality, combustion performance, and techno-economy. The rating weights used
are 40% for SNI quality, 40% for combustion performance, and 20% for techno-economy. The
weighting is determined because the quality and performance of combustion are the main
parameters that determine the feasibility of briquettes as biomass fuel, while the techno-
economic aspect is used as a supporting parameter to assess cost efficiency

The value of each parameter is first normalized using the benefit and cost criterion
approach. Parameters that have characteristics that are getting bigger the better, such as fixed
carbon, calorific value, burning time, and energy density, are normalized using the equation
(11).

X;

Ni =
Xmaks
Meanwhile, parameters that have characteristics that are smaller the better, such as moisture

content, ash content, ignition time, burning rate, and energy cost, are normalized using
Equation (12).
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N; = X,
Description:
. N;= the normalization value of the ith parameter
. X;;j= value of the i parameter
. Xmax= maximum value of the parameter
. Xmin= minimum value of the parameter

Next, the total score of each variation is calculated using Equation (13).

n

S= Z (Wi X N;)

i=1
Description:
e S =total score
o W;= weight of the i-1 parameter
e N;=the normalization value of the ith parameter
e n =the number of parameters used
The results of the calculation of the total score for each variety of briquettes are presented in
Table 8.

Table 8. Multi-Criteria Scoring Results of Briquette Composition

Briquette SNI Quality Combustion Techno- Total Score
Samples Score Performance Score Economics
Score
KK100 22,87 21,82 17,15 61,84
KK75TK25 27,76 26,51 17,95 72,21
KKS50TKS50 32,91 31,02 17,43 81,36
KK25TK75 36,81 34,77 17,81 89,39
TK100 40,00 40,00 19,21 99,21
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Figure 10. The total score of the briquette composition optimization results using the Multi-
Criteria Scoring method.

Based on Table 8 and Figure 10, the total score increases as the proportion of coconut
shells in the composition of the briquettes increases. The KK 100 variation obtained the lowest
total score of 61.84, while the TK100 obtained the highest score of 99.21. The trend of
increasing the score shows that the addition of coconut shells has a positive influence on the
quality of briquettes, combustion performance, and techno-economic aspects.
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The TK100 variation obtained the highest score in all assessment criteria, namely the
SNI quality score of 40.00, the combustion performance score of 40.00, and the techno-
economic score of 19.21. This result is in line with the characteristics of TK 100 which has the
highest heat value of 5,956 kcal/kg, fixed carbon of 71.14%, energy density of 24,232 MJ/m?,
fastest ignition time of 124.33 seconds, and longest burning time of 191 minutes.

Among the mixed variations, KK25TK75 produced the highest total score of 89.39.
This value shows that the composition of 25% cocoa shell and 75% coconut shell is able to
produce a quality and combustion performance that is close to TK100. Therefore, KK25TK75
can be considered the best blend composition because it is able to increase the utilization of
cocoa shell waste without significantly degrading the performance of the briquettes.

Overall, the optimization results show that the use of coconut shells as the main raw
material results in the best briquette characteristics. However, KK25TK75 has high potential
as an optimal mixture composition because it is able to provide a balance between quality,
combustion performance, and techno-economic aspects, while increasing the use of cocoa shell
waste as a raw material for biomass briquettes.

CONCLUSION

Increasing the proportion of coconut shells positively affected the quality of biomass
briquettes. The TK100 variation exhibited the best quality characteristics, with a moisture
content of 4.53%, ash content of 5.56%, fixed carbon content of 71.14%, calorific value of
5,956 kcal/kg, and energy density of 24,232 MJ/m?. Combustion performance also improved
with increasing coconut shell proportions. The TK100 variation showed the shortest ignition
time of 124.33 seconds, the longest combustion duration of 191 minutes, the lowest combustion
rate of 0.50 g/min, and the ability to reach a temperature of 99.5°C in the Water Boiling Test
within 4 minutes.

The technoeconomic analysis showed that the production cost of briquettes ranged from
Rp8,733 to Rp12,233/kg, while energy costs ranged from Rp451.90 to Rp495.12/M1J. All
briquette variations had lower energy costs than 12 kg LPG, which was Rp524.22/M]J,
indicating their potential as competitive alternative fuels.

Based on the Multi-Criteria Scoring method, with weighting factors of 40% for SNI
quality, 40% for combustion performance, and 20% for technoeconomic aspects, the TK100
variation achieved the highest total score of 99.21 and was therefore determined as the optimal
composition. Among the blended variations, KK25TK75 obtained the highest score of 89.39
and was recommended as the best mixed composition because it provided a balance between
briquette quality, combustion performance, and technoeconomic aspects.
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