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ABSTRACT

The rise in industrial activity and human population has increased fossil fuel consumption. Consequently, Indonesia has
promoted a decarbonization program to achieve carbon neutrality or net-zero emissions, including developing renewable energy
from biomass. However, comprehensive information on the potential biomass sources for power plants remains limited. To
address this, this study investigated the potential of four local shrub species (bungur, Lagerstroemia speciosa; locong,
Ganophyllum falcatum; latte, Myrsine avenis; and terasa, Mischocarpus sundaicus) and bamboo (paring: Gigantochloa atter)
as alternative energy sources for co-firing in power plants. These materials were processed into biopellets and evaluated
according to the Indonesian National Standard 8951-2020. The results indicated that shrub and bamboo biopellets met the
Indonesian National Standard requirements for density, moisture, ash, carbon, and mineral contents. Compared to bamboo,
shrub biopellets exhibited superior properties, including higher density, lower moisture and ash contents, higher fixed carbon,
and higher calorific value, whereas the volatile and mineral contents were similar for both. Among the shrubs, M. avenis
showed the most promise for further development because it had the lowest moisture (3.2%), ash (1.5%), K,O (0.18%), and
Na,O (0.0001%) contents and a relatively high calorific value (3,836 kcal/kg) compared to the other materials tested.
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1. INTRODUCTION

The decreasing availability of fossil fuels, which are
nonrenewable energy sources, is a critical concern. Con-
currently, the dependence on fossil fuels is rising owing
to urbanization, industrialization, and population growth,
which have led to increased public consumption (Ibitoye

et al., 2021). Global energy consumption has reached

15.100 million tons of oil equivalent, predominantly
from fossil fuels (EIA, 2022). Recent data indicate that
fossil fuels account for approximately 80% of global
energy demand. The extensive exploitation and con-
sumption of fossil fuels has led to severe environmental
issues, including greenhouse gas emissions and envi-
ronmental degradation (Ortega-Ramirez et al., 2022).

These environmental impacts underscore the urgent need
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to address the declining availability of fossil fuels and
develop renewable, sustainable, clean, and environmen-
tally friendly energy sources. The transition to renewable
energy is crucial for mitigating environmental degrada-
tion, ensuring clean environments, and promoting healthy
living conditions (Ibitoye et al., 2021).

Despite the potential uses of biomass, its application
faces challenges. A primary concern is balancing land
use between food production and biomass cultivation.
Energy crop cultivation does not compromise food
security, particularly in developing regions (He et al.,
2024; Nemethy and Szemethy, 2019). Additionally, the
logistics of biomass collection, transportation, and pro-
cessing present significant hurdles, particularly in remote
areas with underdeveloped infrastructure (Nemethy and
Szemethy, 2019). Integrating biomass production with
existing agricultural and forestry practices can mitigate
some of these issues and create a synergistic relationship
that enhances food and energy security (Shanmugam et
al., 2024). Moreover, the environmental impact of bio-
mass energy depends heavily on the sustainability of the
biomass feedstock. Unsustainable harvesting practices
can lead to deforestation, soil degradation, and biodiver-
sity loss (Cao and Wyatt, 2020; Nemethy and Szemethy,
2019; Shanmugam et al., 2024). Therefore, implement-
ing sustainable management practices is crucial to ensure
that biomass production does not negatively impact the
environment. Life cycle assessments have been exten-
sively used to evaluate the environmental impacts of
biomass energy systems and to develop strategies for
minimizing negative outcomes (Kikuchi et al., 2020).

In Indonesia, more than 90% of the electricity is
generated by coal-fired power plants, which rely on
fossil fuels and are not environmentally friendly (Perkasa
et al., 2023). To address this issue, the state-owned
electricity company Perusahaan Listrik Negara is ex-
ploring biomass-based energy as a potential alternative.
However, the use of wood for biomass production is not

feasible due to the risk of deforestation. As a significant

amount of unproductive land remains underutilized in
Indonesia (Nurfaizah et al., 2023; Rakuasa et al., 2024),
this study aimed to identify shrub species suitable for
producing biopellets for co-firing in existing coal-fired
power plants. Co-firing, which involves substituting a
portion of coal with biomass, offers a promising pathway
for reducing carbon emissions and effectively utilizing
local biomass resources (Roy et al., 2024).

Various alternative energy sources, such as solar,
wind, geothermal, and biomass energy, have been re-
searched and developed. Biomass is a highly profitable
energy source because of its abundant availability and
rapid renewability (Qizi, 2020; Tareen et al., 2018).
Biomass is derived from lignocellulosic organic mate-
rials, including forestry products, agricultural by-products,
and plantation residues (Siregar et al., 2020). In addition
to being plentiful and renewable, biomass is environ-
mentally friendly. Indeed, Siregar et al. (2020) noted
that gas emissions from biomass-based fuels are readily
absorbed by plants, enhancing their ecological benefits.

Biomass utilization as a renewable energy source
often takes the form of pellets known as biopellets.
Biopellets are produced by processing biomass into a
powder, which is then dried and compressed at high
temperature and pressure to form uniform pellets. In
Indonesia, biopellets used for power generation must
comply with the quality standards set by Indonesian
National Standard (SNI) 8951:2020, which require a
high calorific value linked to the high carbon content of
lignocellulosic materials. Additionally, the raw materials
for biopellets should be easy to cultivate and should
undergo rapid growth cycles.

The distance between biomass sources and power
plants can be prohibitive due to high transportation costs.
Therefore, the selection of shrub species is critical for
ensuring the feasibility and sustainability of biopellet
production for co-firing purposes. This study aims to fill
gaps in the research by investigating the properties and

potential of four Indonesian shrub species to contribute
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to the broader goal of enhancing Indonesia’s renewable
energy portfolio and reducing its reliance on fossil fuels.
In particular, this study explored lignocellulosic materials
from shrub species with short rotation periods that are
promising for the development of biomass-based fuels
suitable for co-firing in electric steam power plants. The
goal was to identify the potential of these natural ma-
terials as alternative renewable energy sources and to
support efforts to reduce fossil fuel use in electricity

generation.

2. MATERIALS and METHODS

2.1. Materials preparation

Branches with a diameter of 3-5 cm of four lesser-
known shrub species [bungur {Lagerstroemia speciosa
(L.) Pers.}, locong {Ganophyllum falcatum Blume}, latte
{Myrsine avenis (Blume) A.DC.}, and terasa {Mischo-
carpus sundaicus Blume}] from a local community
forest in Indonesia were selected as the primary raw
materials for producing biopellets. Additionally, paring
bamboo (Gigantochloa atter) was selected for compa-
rison because of its high growth rate and availability in
nature, which is almost the same as that of shrubs. This
bamboo has been widely used as a raw material for
biopellets in various studies. The initial densities of
these raw materials were 0.78, 0.68, 0.81, 0.65, and 0.64
g/em’, respectively. The measured moisture contents
were 7.14%, 8.70%, 7.34%, 8.11%, and 8.31%, respec-
tively.

To prepare the materials, raw shrubs and bamboo
were cleaned to remove contaminants such as dirt,
stones, and other foreign materials that could negatively
affect biopellet quality. After cleaning, the raw materials
were naturally dried under sunlight to further reduce
their moisture content and maintain environmental sus-
tainability by avoiding additional energy consumption
(Hendrik Sanjaya et al., 2024).

Once dried, the shrubs and bamboo were processed
into a powder using milling equipment. Initially, the
hammer mill broke larger pieces into smaller fragments.
This ensured that the materials were manageable for
further processing. Subsequently, a ball mill was used to
ground the fragments into a fine powder. The ball mill-
ing process is critical because it enhances the uniformity
and surface area of the powder, which is essential for
producing high-quality biopellets (Abdul Latif et al,
2019).

After milling, the resulting powder was passed
through a 100-mesh (150 pm) sieve to ensure uniform
particle size. The fine powder collected during this
process was used for biopellet production. Consistent
particle size is vital for the densification process because
it affects the mechanical properties and combustion

efficiency of biopellets (Yusuf and Inambao, 2019).

2.2. Biopellet production

Biopellets were produced by compressing the pre-
pared powder into specific shapes and sizes using a hot
press. Initially, 4 g of powder from each shrub and
bamboo material was carefully measured and placed in
a mold. The conditions for imprinting biopellets are
listed in Table 1, which outlines the parameters used
during the pressing process.

The hot press machine was set to apply a pressure of
25 kg/em® for 60 s at 200C. These conditions were
chosen based on preliminary tests and existing literature
to ensure optimal densification and mechanical stability
of the biopellets (Hendrik Sanjaya et al., 2024).

Table 1. Conditions set when imprinting biopellets

Parameter Conditions

Pressure 25 kg/em?
Pressing time 60 s
Temperature 200C
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During the pressing process, high pressure and tem-
perature cause the lignin in the biomass to soften and
act as a natural binder, which helps bind the particles
into a solid form. The application of heat also reduces
the moisture content and improves the durability of the
biopellets (Mather et al., 2024).

The target dimensions for the biopellets were a dia-
meter of 16 mm and length of 20 mm. Achieving a
consistent size and shape is crucial for ensuring uniform
combustion properties and handling characteristics in
co-firing applications (Hendrik Sanjaya et al., 2024).
After pressing, the biopellets were allowed to cool and
harden to form a dense and compact structure suitable
for power generation.

The produced biopellets, as depicted in Fig. 1, were
subjected to a series of quality assessments, including
density, moisture content, ash content, and calorific value
measurements, to ensure that they met the SNI (8951:
2020) requirements for biomass fuels. These quality
checks are essential to confirm the suitability of bio-
pellets for use as renewable energy sources in co-firing

processes.

2.3. Quality testing

The quality of the biopellets was assessed according
to the Indonesian National Standard SNI 8951-2020,

which outlines the specific requirements for biomass

fuels (Table 2). Quality tests included measurements of
density, ash content, moisture content, volatile matter
content, fixed carbon content, net calorific value, pota-
ssium content, sodium content, and total sulfur content.
In addition, the burning rate of the biopellets was tested
to evaluate their combustion performance and longevity.

Density: The density of the biopellets was measured
to ensure they met the minimum requirement of 0.5
g/em’ as specified by SNI 8021. High-density biopellets
generally exhibit better combustion efficiencies and
energy content.

Ash content: The ash content, which should not
exceed 4%, was determined using the SNI 06-3730 me-
thod. Lower ash content is preferable because it results
in less residue and cleaner combustion.

Moisture content: The moisture content was tested
according to SNI 01-1506 and limited to a maximum of
12%. A low moisture content is crucial for efficient
energy release during combustion and for preventing
mold growth during storage.

Volatile matter content: The volatile matter content
was assessed using the SNI 06-3730 standard, with a
maximum allowable limit of 70%. This parameter affects
the ease of ignition and the combustion characteristics
of the biopellets.

Fixed carbon content: The fixed carbon content,
which should be at least 14%, was tested using the SNI
06-3730 method. A higher fixed carbon content indi-

1 cm

Fig. 1. Produced biopellets. From left to right: Lagerstroemia speciosa, Ganophyllum falcatum, Myrsine avenis,

Mischocarpus sundaicus, and Gigantochloa atter.
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Table 2. Biopellet quality specifications according to SNI 8951-2020

Parameter Unit, min/max Condition Testing method
Density g/em’, min 0.5 SNI 8021
Ash content %, max 4 SNI 06-3730
Moisture content %, max 12 SNI 01-1506
Volatile content %, max 70 SNI 06-3730
Fixed carbon content %, min 14 SNI 06-3730
Calor value kcal/kg/kg, min 4,040 SNI 01-6235
Potassium content (as K,O) %, max 20 SNI 8951
Sodium content (as Na,O) %, max 5 SNI 8951
Total sulfur content %, max 0.01 SNI 8951

Conditions set for utility purpose.

cates better fuel stability and energy density.

Net calorific value: The net calorific value, a critical
parameter for evaluating the energy content of biopellets
at constant pressure, was determined using SNI 01-6235.
The minimum requirement was 4,040 kcal/kg.

Potassium (K,O) and sodium (Na,O) contents: The
potassium and sodium contents were measured in terms
of K,O and Na,O to ensure that they did not exceed
20% and 5%, respectively, as outlined in SNI 8951.
High levels of these elements can cause slagging and
fouling of combustion equipment.

Total sulfur content: The total sulfur content, which
should not exceed 0.01%, was assessed to ensure com-
pliance with SNI 8951. A low sulfur content is essential
for minimizing SO, emissions and reducing environ-
mental impacts.

Burning rate: Burning rate tests were conducted to
investigate the burning performance and lifetime of
biopellets. This involved measuring the mass loss of the
biopellets in grams per minute during combustion. The
tests were performed in a furnace at 950C for 7 min.
The burning rate provides insight into the combustion
efficiency and duration of biopellets under high-tempe-

rature conditions (Sutanto and Jelita, 2024).

By adhering to these stringent quality standards, the
biopellets produced from the selected shrub species and
bamboo were evaluated to ensure their suitability as
renewable energy sources for co-firing applications. This
contributes to sustainable energy solutions for Indonesia
(Sutanto and Jelita, 2024).

3. RESULTS and DISCUSSION

3.1. Density

Fig. 2 shows that the density of the biopellets pro-
duced met the SNI requirements for utility purposes.
Similar findings were reported by Hajad er al. (2023)
and Yunianti ef al. (2024) for biopellet production using
shrubs such as Calliandra tetragona, Lantana camara,
Chromolaena odorata, Leucaena leucocephala, and
Gliricidia sepium, finding that biopellets from these
shrubs provided a density ranging from 0.6 to 1.3 g/em?’,
depending on the production method and particle size of
the raw material. The high density of the biopellets was
caused by a reduction in porosity owing to the small
particle size of the raw material (< 0.15 mm), which led

to smaller gaps between the biopellet particles (Sutanto
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Fig. 2. Density of biopellets from various sources of raw materials.

and Jelita, 2024). Previous research has shown that a
biomass particle size below 100 mesh (< 0.15 mm)
results in low ash content, high calorific value, and high
carbon content (Ju et al., 2020).

As shown in Fig. 2, M. sundaicus biopellets had the
highest density, whereas G. falcatum biopellets had the
lowest. Despite the similar weight of the raw material
and volume of the molding tool used for both shrubs
and bamboo, the density of the generated biopellets
varied. This variation was attributed to the springback
effect of the biopellet immediately after the compression
load was removed. This phenomenon also reported
during wood compression treatment at high temperatures
was observed in this study (Yunianti et al., 2019). The
height of the mold was set at 20 mm; however, M.
sundaicus and G. atter biopellets measured 21 mm in
length, compared to 24 mm for G. falcatum and L.
speciosa biopellets, indicating a higher springback.
Thus, it can be concluded that a higher springback
results in a lower density. This finding aligns with that
of Ratnasingam et al. (2022), who reported that spring-
back increases with wood density, thereby affecting the
overall density of the compressed material.

Recent studies have highlighted the importance of

particle size and compression conditions in determining
the density and quality of biopellets. For instance, Mather
et al. (2024) found that smaller particle sizes and higher
compression pressures lead to higher densities and better
mechanical properties of biopellets. Additionally, Lee et
al. (2019) confirmed that optimizing the particle size
and compression parameters significantly improved the

density and combustion efficiency of the biopellets.

3.2. Ash content

The results of the ash content measurements in Fig. 3
show that the ash content of the biopellets produced
from all materials tested met the SNI requirements for
utility purposes. A low ash content in shrub biopellets
(L. leucocephala and G. sepium) was also reported by
Yunianti et al. (2024), ranging from 1.7% to 2.7%. The
ash content of shrub biopellets (C. tetragona, L. camara,
and C. odorata) studied by Hajad et al (2023) was
lower, ranging from 0.5% to 0.6%. This indicated that
each type of shrub contained varying amounts of ash.

Additionally, shrub-derived biopellets have a lower
ash content than those derived from bamboo. This finding
is consistent with that reported in Yang et al (2021),
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Fig. 3. Ash content of biopellets from various sources of raw materials.

which found that bamboo generates higher ash content
than wood, potentially causing serious technical safety
problems during the combustion process.

Among the raw materials tested in this study, the
biopellets produced from M. avenis had the lowest ash
content. This suggests that using M. avenis as a source
for biopellet production can minimize the negative impact
of ash. Additionally, a low ash content is associated
with a high calorific value and carbon content (Eka
Putri and Andasuryani, 2017; Iskandar et al, 2019;
Muzakir, 2017).

Compared to recent studies, Abdul Latif et al. (2019)
biopellets with lower ash content typically exhibit
improved combustion efficiency and reduced emissions,
supporting the suitability of M. avenis for high-quality
biopellet production. Furthermore, Hendrik Sanjaya ef
al. (2024) highlighted that a lower ash content in bio-
mass fuels can significantly enhance their thermal pro-
perties and reduce the maintenance frequency in com-
bustion systems, which is consistent with the findings of

this research.

3.3. Moisture content

The results in Fig. 4 show that the moisture content

of the biopellets produced from shrubs and bamboo met
the SNI requirements for utility purposes. Compared to
the moisture content of shrub biopellets in previous
studies, which ranged from 4.9% to 7.0% (Hajad et al.,
2023; Yunianti et al., 2024), the moisture content of the
shrub biopellets in this study was slightly lower, ranging
from 3.2% to 5.7%. There are a lot of possible factors
that influence the difference in moisture content, includ-
ing the moisture content of the raw materials, shrub
species, and the storage conditions of the biopellets.

The moisture content of the shrubs and bamboo was
reduced by approximately 30%-60% after pelletization.
This significant reduction was due to the high tempe-
ratures (200T) used in the biopellet production process,
which degraded the free hydroxyl groups of the primary
chemical components of the raw material. Consequently,
the hygroscopicity of the biopellets decreases. Conse-
quently, the hygroscopicity of the biopellets decreases.
Lower moisture content results in faster ignition times,
indicating better quality and increased profitability for
consumers (Tun et al., 2020).

Previous studies reported that the moisture content of
biopellets negatively affects their mechanical properties,
making them more susceptible to damage (Cubero-Abarca
et al., 2014; Hendrik Sanjaya et al., 2024). Among the
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Fig. 4. Moisture content of biopellets from various sources of raw materials.

five raw materials tested, the biopellets made from M.
avenis had the lowest moisture content, whereas those
made from Paring bamboo had the highest. Nonetheless,
the felt shrub also needs to be considered a good raw
material, as it had a slightly higher moisture content
than M. avenis but exhibited the greatest reduction in
moisture content during pelletization.

Fig. 4 also shows that raw materials from shrubs
produced biopellets with a relatively lower moisture
content than those from bamboo. This aligns with the
findings of other recent studies. For instance, San Juan
et al. (2018) reported that lower moisture content in
biomass pellets leads to improved combustion efficiency
and stability. Additionally, Ahmad Fauzy er al. (2023)
found that optimizing the drying process and controlling
the moisture content are critical for enhancing the dura-

bility and performance of biomass pellets.

3.4. Levels of volatile substances

The results of the test for the volatile matter content
of the biopellet products indicate that the volatile matter
content of the biopellets was slightly above the maxi-

mum threshold required by SNI (Fig. 5). The same phe-

nomenon was observed in biopellets made from shrubs
of L. leucocephala, G. sepium, C. tetragona, L. camara,
and C. odorata. Shrub biopellets have been reported to
produce volatile substances ranging from 73.5% to
74.4% (Hajad et al., 2023; Yunianti et al., 2024). These
results suggest that the five materials tested have the
potential to cause excessive air pollution. Therefore,
further studies are needed to explore methods for reduc-
ing the volatile matter content of the biopellets produced
in this study, such as pre- and post-treatments at high
temperatures.

A high organic matter content, including carbon, hy-
drogen, and oxygen, in biomass is reported to cause
high levels of volatile matter (Ibitoye et al, 2021;
Jamradloedluk and Lertsatitthanakorn, 2017; Kansai et
al., 2018; Lee et al., 2019). The high levels of volatile
matter in biomass-based raw materials present a signi-
ficant challenge for their utilization as energy sources.

Chen et al. (2019) found that reducing the volatile
matter content in biomass pellets can improve combus-
tion stability and reduce emissions. Additionally, Nugraha
and Hantoro (2019) determined that pretreatment pro-
cesses, such as torrefaction, can significantly lower the

volatile matter content in biomass, enhancing its suita-
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Fig. 5. Biopellets volatile matter content from various sources of raw materials.

bility for energy production. Further research is required
to address the high volatile matter content observed in
biopellets in this study.

3.5. Fixed carbon content

The fixed carbon content of biopellets from the five
types of raw materials tested in this study was above the
minimum threshold required by SNI for the utility
product category (= 14%; Fig. 6). M. sundaicus had the
highest fixed carbon content (18.0%) among the raw
materials tested. These results are similar to those
reported by Hajad er al. (2023) and Yunianti et al
(2024), where the fixed carbon content of shrub bio-
pellets produced from L. leucocephala, G. sepium, C.
tetragona, L. camara, and C. odorata ranged from
18.7% to 18.9%. Previous research has attributed the
high carbon content to the high lignin content of bio-
mass, as lignin contains more carbon than other primary
components of wood, such as cellulose and hemicellu-
lose (Jeguirim et al., 2014).

A high fixed carbon content in biopellets is beneficial
because it indicates better energy density and combus-
tion efficiency. Recent studies support these findings.
For instance, Mather et al. (2024) found that biomass

with a higher lignin content tended to produce biopellets
with higher fixed carbon content and improved thermal
properties. Similarly, Sutanto and Jelita (2024) demons-
trated that optimizing the lignin content of biomass
materials could significantly enhance the fixed carbon
content, thereby improving the overall performance of
biopellets.

Among the raw materials tested, M. sundaicus stood
out due to its high fixed carbon content, making it a
promising candidate for high-quality biopellet produc-
tion. This aligns with the results of recent research,
emphasizing the role of lignin in enhancing the fixed
carbon content and thermal stability of biomass fuels
(Ahmad Fauzy et al., 2023).

3.6. Net calorific value

Although the carbon content of the biopellet samples
produced in this study met the SNI requirements, the
calorific value was slightly below the minimum thres-
hold required by the SNI for the utility product category
(4,040 kcal/kg). This contrasts with previous studies
which reported that biopellets made from shrubs of L.
leucocephala, G. sepium, C. tetragona, L. camara, and

C. odorata provided slightly higher calorific values,
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Fig. 6. Fixed carbon content of biopellets from various sources of raw materials.

ranging from 4,204 to 4,682 kcal’kg (Hajad et al., 2023;
Yunianti et al., 2024). The differences in the amounts of
lignin and extractives in the biomass caused this pheno-
menon.

The low calorific value produced in this study might
have been caused by the low content of lignin and ex-
tractives in the shrubs, as the calorific value of biomass
is highly dependent on the amount of these chemical
components. As reported by Rahman e al. (2013), the
lignin content in shrubs is only approximately 6% of the
dry weight, whereas in wood, it is approximately 21%-
29%, depending on the type of wood. Furthermore,
although there has been no research reporting the
amount of extractives in shrubs, there was no indication
of odor or color in the presence of flammable extrac-
tives in the raw shrubs used in this study.

Fig. 7 shows that the calorific value of biopellets
produced from shrubs tended to be higher (3,776 kcal/
kg) than that of biopellets produced from bamboo (3,694
kecal/kg). This is because shrubs retain most of the
chemical characteristics of wood, whereas bamboo is
mostly composed of starch stored in the parenchymal
tissue.

M. avenis and L. speciosa had almost the same

calorific value, at 3,836 and 3,845 kcal/kg, respectively,
which were higher than those of the other tested mate-
rials. To increase the calorific value of biopellets from
M. avenis and L. speciosa to meet the SNI requirements,
it is recommended to mix them with other raw mate-
rials, such as coconut shell waste (4,634 kcal/kg), that
provide a higher calorific value (Ahmad Fauzy et al.,
2023).

Recent studies have highlighted the importance of
optimizing the blending of raw materials to enhance the
calorific value of biomass pellets. For instance, Triani et
al. (2022) demonstrated that mixing high-calorific-value
materials with lower-value ones could significantly
improve the overall energy output of biomass pellets.
Additionally, Hendrik Sanjaya et al. (2024) demonstra-
ted that incorporating of agricultural residues with high
calorific value can enhance the combustion efficiency

and calorific value of biopellets.

3.7. Mineral content

Biomass contains various minerals in quantities
smaller than those in its primary components. Some of

these minerals such as potassium (K,O), sulfur (S), and
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Fig. 7. Calorific value of biopellets from various sources of raw materials.

sodium (Na,O) are harmful to the environment. There-
fore, the National Standardization Agency of Indonesia
has set maximum limits for the contents of these mine-
rals, as presented in Table 2. Fig. 8 shows that the
amount of K,O in all biopellet raw materials tested in
this study was very low compared with the maximum
amount permitted by SNI (20%). The average amount of
K,0 in the biopellet samples produced from shrubs was
the same as that produced from bamboo (0.26%). These

values were much lower than those for shrub biopellets

from L. leucocephala (1.5%) and G. sepium (2.9%)
reported by Yunianti et al. (2024). For this quality para-
meter, M. avenis showed the best results, with the lowest
K;0 content (0.18%) among the biopellets.

Compared to K,O, the amount of S in the biopellet
samples was lower. The average S content in the shrub
biopellets was approximately 0.06%, whereas that in the
bamboo biopellets was approximately 0.07%. Although
the amount of S in the shrub biopellets was lower than
that in the bamboo biopellets, both met the SNI require-
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Fig. 8. Mineral content of biopellets from various sources of raw materials.
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ments (0.1%). G. falcatum biopellets had the lowest S
content among all samples tested.

However, analysis of the Na,O content showed im-
pressive results. Both the shrub and bamboo biopellets
had Na,O amounts far below the maximum threshold
permitted by the SNI (5%). M. sundaicus biopellets had
the highest Na,O content, whereas M. avenis had the
lowest. Although all the tested materials met the SNI
requirements, M. sundaicus produced the highest levels
of K;0, S, and Na,O.

Recent studies have highlighted the importance of
minimizing the mineral content of biomass to reduce
environmental impacts and improve combustion effici-
ency. For example, Hendrik Sanjaya et al. (2024) repor-
ted that lower potassium and sulfur contents in biomass
fuels reduce slagging and fouling in combustion sys-
tems. Additionally, they emphasized that controlling the
mineral content, especially that of potassium and sodium,
is crucial for enhancing the thermal stability and emi-

ssion characteristics of biomass pellets.

3.8. Burning rate

Fig. 9 shows that shrub biopellets had a higher

0.50 -
0.40 A
0.30 A

0.20 A

Burning rate (g/min)

0.10 A

burning rate (0.39 g/min) than bamboo biopellets (0.36
g/min). A high burning rate indicates that biopellets
burn more easily and quickly. Although the carbon con-
tent of the shrubs was higher than that of the bamboo
(Fig. 6), they burned faster. Specifically, L. speciosa and
M. avenis had higher carbon levels than other biopellet
materials (Fig. 6) but burned faster (0.42 and 0.41
g/min, respectively) than G. falcatum (0.38 g/min), M.
sundaicus (0.38 g/min), and G. atter (0.37 g/min). This
result contrasts with that of Mendoza Martinez et al.
(2019), who reported that high carbon content indicates
a low burning rate.

This phenomenon is attributed to variations in density
and moisture content between the material sources.
Higher density and moisture content resulted in a slower
burning rate. As presented in Figs. 1 and 3, G. atter
biopellets had high moisture content and density, leading
to a slower burning rate. In contrast, M. avenis had the
lowest moisture content among the tested materials,
which resulted in a higher buming rate. Although G
falcatum exhibited the lowest density, its high moisture
content resulted in a relatively low burning rate.

Recent studies have also examined the impacts of

moisture content and density on the burning rate of bio-

0.42 041
I i I i :
0.00 T T T T l

L. speciosa  G. falcatum

M. avenis

M. sundaicus G. atter

Raw material sources

Fig. 9. Burning rate of biopellets from various sources of raw materials.
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pellets. For instance, Nugraha and Hantoro (2019) found
that biopellets with lower moisture content and higher
density tend to burn faster owing to their reduced igni-
tion resistance and more efficient combustion. Similarly,
Jiang et al. (2020) reported that optimizing the moisture
content and density of biomass pellets can significantly
enhance their combustion performance, which supports
the findings of this study.

4. CONCLUSIONS

The shrub and bamboo biopellets met the quality
parameters of density, moisture content, ash content,
carbon content, and mineral content required by the SNI.
The biopellets from shrubs were superior, exhibiting
higher density, lower moisture content, lower ash con-
tent, higher fixed carbon content, and higher calorific
values than the bamboo biopellets. The volatile and
mineral contents of the shrub and bamboo biopellets
were relatively similar.

Different shrub species exhibited advantages. For
example, L. speciosa generated the highest calorific
value (3,845 kcalkg), G. falcatum had the lowest
volatile matter (74.7%) and sulfur content (0.005%), and
M. sundaicus exhibited the highest density (0.85 g/cm?)
and fixed carbon content (18%). However, M. avenis
was the most promising overall, with the lowest moisture
content (3.2%), ash content (1.5%), K;O content (0.18%),
and Na,O content (0.0001%) and a relatively high calo-
rific value (3,836 kcal/kg). These characteristics make it
a strong candidate for co-firing. Such biomass sources
can be developed on unproductive land owned by com-
munities near steam power plant sites.

Unfortunately, the volatile matter and calorific value
of both the shrubs and bamboo did not meet the SNI
requirements. Therefore, further research is needed to
reduce the levels of volatile matter in shrubs and in-
crease their calorific value. Moreover, the addition of

other materials that meet the SNI requirements, such as

wood, should be considered as an alternative to increase
the calorific value and reduce volatile matter in shrub

biopellets.

CONFLICT of INTEREST

No potential conflict of interest relevant to this article

was reported.

ACKNOWLEDGMENT

This research was funded by the Collaborative
Fundamental Research Program (No. 00323/UN4.22/PT.
01.03/2023) of Hasanuddin University.

REFERENCES

Abdul Latif, N.I.S., Ong, M.Y., Nomanbhay, S. 2019.
Hydrothermal liquefaction of Malaysia’s algal bio-
mass for high-quality bio-oil production. Engineering
in Life Sciences 19(4): 246-269.

Ahmad Fauzy, F., Hartati, E., Marganingrum, D. 2023.
Optimizing utilization of hazardous waste and bio-
mass as solid fuel for co-firing. Jurnal Presipitasi:
Media Komunikasi Dan Pengembangan Teknik
Lingkungan 20(1): 165-174.

Cao, AN., Wyatt, T. 2020. The Sustainable Development
Goals Link to Human Security: An Exploration of
Illegal Logging in Vietnam. In: The Emerald Hand-
book of Crime, Justice and Sustainable Develop-
ment, Ed. by Blaustein, J., Fitz-Gibbon, K., Pino,
N.W.,, and White, R. Emerald Publishing, Leeds,
UK.

Chen, R., Ai, Y., Zhang, T., Rao, Y., Yue, H., Zheng, J.
2019. Numerical simulation of biomass pellet com-
bustion process. International Journal of Heat &
Technology 37(4): 1107-1116.

Cubero-Abarca, R., Moya, R., Valaret, J., Filho, M.T.
2014. Use of coffee (Coffea arabica) pulp for the

- 551 -



S. SUHASMAN et al.

production of briquettes and pellets for heat genera-
tion. Ciencia e Agrotecnologia 38(5): 461-470.

Eka Putri, R., Andasuryani, A. 2017. Studi mutu briket
arang dengan bahan baku limbah biomassa. Jurnal
Teknologi Pertanian Andalas 21(2): 143-151.

Hajad, M., Harianto, S., Karyadi, JN.W., Mastur, AL,
Prayoga, M.K., Khomaen, H.S., Faustine, E.,
Nainggolan, 1., Majid, F.A., Syahputra, M.H.,
Adipradana, G.A. 2023. Potential and characteristic
of biomass pellet from tea plantation wastes as re-
newable energy alternative. Journal of Agricultural
Engineering 12(3): 619-631.

He, Y., Jaiswal, D., Long, S.P,, Liang, X.Z., Matthews,
M.L. 2024. Biomass yield potential on U.S. marginal
land and its contribution to reach net-zero emission.
GCB Bioenergy 16(2): e13128.

Hendrik Sanjaya, E., Sayfulloh Alwy, M., Khafid
Syahroni, A., Atif Fikri, A., Bachri, S., Leksono
Edy, D., Din, M.EM.D. 2024. The potential of
biomass co-firing in overcoming coal limitation in
steam power plants. E3S Web of Conferences 473:
1-8.

Ibitoye, S.E., Jen, T.C., Mahamood, R.M., Akinlabi, E.T.
2021. Densification of agro-residues for sustainable
energy generation: An overview. Bioresour Biopro-
cess 8(1): 75.

Iskandar, N., Nugroho, S., Feliyana, M.F. 2019. Uji
kualitas produk briket arang tempurung kelapa
berdasarkan standar mutu sni. Jurnal Ilmiah
Momentum 15(2): 103-108.

Jamradloedluk, J., Lertsatitthanakorn, C. 2017. Influen-
ces of mixing ratios and binder types on properties
of biomass pellets. Energy Procedia 138: 1147-1152.

Jeguirim, M., Limousy, L., Dutournie, P. 2014. Pyrolysis
kinetics and physicochemical properties of agropel-
lets produced from spent ground coffee blended
with conventional biomass. Chemical Engineering
Research and Design 92(10): 1876-1882.

Jiang, X., Cheng, W.,, Liu, J., Xu, H., Zhang, D., Zheng,

Y., Cai, H. 2020. Effect of moisture content during
preparation on the physicochemical properties of
pellets made from different biomass materials.
BioResources 15(1): 557-573.

Ju, YM.,, Lee, HW,, Kim, A, Jeong, H., Chea, K.S.,
Lee, J., Ahn, B.J., Lee, S.M. 2020. Characteristics
of carbonized biomass produced in a manufacturing
process of wood charcoal briquettes using an open
hearth kiln. Journal of the Korean Wood Science
and Technology 48(2): 181-195.

Kansai, N., Chaisuwan, N., Supakata, N. 2018. Carboni-
zed briquettes as a tool for adding value to waste
from rain tree (Samanea saman) and coffee ground/
tea waste. Engineering Journal 22(6): 47-63.

Kikuchi, Y., Nakai, M., Kanematsu, Y., Oosawa, K.,
Okubo, T., Oshita, Y., Fukushima, Y. 2020. Appli-
cation of technology assessments to co-learning for
regional transformation: A case study of biomass
energy systems in Tanegashima. Sustainability Sci-
ence 15(5): 1473-1494.

Lee, J., Sarmah, A.K., Kwon, E.E. 2019. Production and
Formation of Biochar. In: Biochar from Biomass
and Waste: Fundamentals and Applications, Ed. by
Ok, Y.SS., Tsang, D.C.W,, Bolan, N., and Novak,
J.M. Elsevier, Amsterdam, The Netherlands.

Mather, TN., Siva, N., Jauregui, M., Klatte, H.,
Lambert, J.D., Anderson, C.T. 2024. Preparation
and compositional analysis of lignocellulosic plant
biomass as a precursor for food production during
food crises. Current Protocols 4(6): ¢1090.

Mendoza Martinez, C.L., Sermyagina, E., de Cassia
Oliveira Carneiro, A., Vakkilainen, E., Cardoso, M.
2019. Production and characterization of coffee-pine
wood residue briquettes as an alternative fuel for
local firing systems in Brazil. Biomass and Bio-
energy 123: 70-77.

Muzakir, M.T. 2017. Pemanfaatan kulit buah kakao
menjadi briket arang menggunakan kanji sebagai

perekat. Jurnal Serambi Engineering 2(1): 124-129.

- 552 -



J. Korean Wood Sci. Technol. 2024, 52(6): 539-554

Nemethy, S., Szemethy, L. 2019. The sustainability of
woody biomass feedstock production and landscape
management: Land use, phytoremediation, biodiver-
sity, and wildlife habitats. Ecocycles 5(1): 44-55.

Nugraha, E.L., Hantoro, R. 2019. Torrefaction of empty
fruit bunch as fibrous biomass pre-treatment. Mate-
rials Science Forum 964: 151-155.

Nurfaizah, D., Pravitasari, A.E., Lubis, I., Saizen, I.
2023. Land cover changes and spatial planning
alignment in East Java province. IOP Conference
Series: Earth and Environmental Science 1133(1):
012049.

Ortega-Ramirez, A.T., Beltran Rodriguez, D.G., Becerra
Ospina, N.L., Lima e Silva, WK., Campelo, E., Da
Silva Sousa, AM.M. 2022. Environmental aspects
of natural resources and their relationship to the
exploitation of fossil fuels: A reflection on sustain-
ability. Fuentes, el reventon energético 20(2): 43-54.

Perkasa, P., Umardi, Z., Natalia, Z.H. 2023. Impact of
the increase in fuel cost for Jawa Madura Bali
electricity system due to carbon tax implementation
plan in 2022. In: Bali, Indonesia, Proceedings of the
2023 4th International Conference on High Voltage
Engineering and Power Systems (ICHVEPS), pp.
123-126.

Qizi, AN.Y. 2020. Energy-saving texnologies and
alternative energy sources. In: East Java, Indonesia,
Proceedings of the ICECRS, 8.

Rahman, M.M., Tsukamoto, J., Rahman, M.M.,
Yoneyama, A., Mostafa, K.M. 2013. Lignin and its
effects on litter decomposition in forest ecosystems.
Chemistry and Ecology 29(6): 540-553.

Rakuasa, H., Karuna, J.R., Latue, P.C. 2024. Urban
landscape transformation: Land cover change analy-
sis in Sirimau sub-district, Ambon city. Journal of
Data Analytics, Information, and Computer Science
1(2): 63-70.

Ratnasingam, J., Ab Latib, H., Choon Liat, L., Reza
Farrokhpayam, S. 2022. Comparative steam bending

characteristics of some planted forest wood species
in Malaysia. BioResources 17(3): 4937-4951.

Roy, R., Bandi, S., Li, X., Schooff, B., Kuttler, R.,
Aichele, M., Montgomery, S., Tuttle, J., Smith, S.J.,
Wendt, J.O.L., Iverson, B.D., Fry, A. 2024. Syner-
gistic reduction of SO, emissions while co-firing
biomass with coal in pilot-scale (1.5 MW,) and
full-scale (471 MW,) combustors. Fuel 358(Part B):
130191.

San Juan, J.L.G., Sy, C.L., Tan, R.R. 2018. A multi-
objective optimization model for the design of a
biomass co-firing supply network. Chemical Engi-
neering Transactions 70: 223-228.

Shanmugam, H., Raghavan, V., Rajagopal, R., Goyette,
B., Lyu, L., Zhou, S., An, C. 2024. Evaluating
sustainable practices for managing residue derived
from wheat straw. Bioengineering 11(6): 554.

Siregar, K., Luthfi Machsun, A., Sholihati, S., Alamsyah,
R., Ichwana, 1., Christian Siregar, N., Syafriandi, S.,
Sofiah, 1., Miharza, T., Muhammad Nur, S., Anne,
O., Hendroko Setyobudi, R. 2020. Life cycle impact
assessment on electricity production from biomass
power plant system through life cycle assessment
(LCA) method using biomass from palm oil mill in
Indonesia. E3S Web of Conferences 188: 00018.

Sutanto, B., Jelita, M. 2024. Comparative analysis of
electrical energy potential from coconut dregs bio-
briquettes using the pyrolysis method with biomass
and direct burning types. Protek: Jurnal Ilmiah
Teknik Elektro 11(2): 87-96.

Tareen, W.U.K., Anjum, Z., Yasin, N., Siddiqui, L., Farhat,
1., Malik, S.A., Mekhilef, S., Seyedmahmoudian,
M., Horan, B., Darwish, M., Aamir, M., Chek, L.W.
2018. The prospective non-conventional alternate
and renewable energy sources in Pakistan: A focus
on biomass energy for power generation, transpor-
tation, and industrial fuel. Energies 11(9): 2431.

Triani, M., Tanbar, F., Cahyo, N., Sitanggang, R.,
Sumiarsa, D., Lara Utama, G. 2022. The potential

- 553 -



S. SUHASMAN et al.

Yunianti, A.D., Kidung, T.P., Suhasman, Taskirawati, I.,
Agussalim, Muin, M. 2019. Modified densification

process for increasing strength properties of pine

implementation of biomass co-firing with coal in
power plant on emission and economic aspects: A
review. EKSAKTA: Journal of Sciences and Data
Analysis 3(2): 83-94.

Tun, M.M., Raclavska, H., Juchelkova, D., Ruzickova,

and Gmelina wood from community forests. Journal
of the Korean Wood Science and Technology 47(4):

1., Safa¥, M., Strbov4, K., Gikas, P. 2020. Spent
coffee ground as renewable energy source: Evalua-
tion of the drying processes. Journal of Environ-
mental Management 275: 111204.

418-424.

Yunianti, A.D., Pangestu, K.T.P., Bastian, F., Pari, G.,

Darmawan, S. 2024. Dataset of biopellet characteri-

stics from various low-economic lignocellulosic

U.S. Energy Information Administration [EIA]. 2022.

International. https://www.eia.gov/international/over

materials produced using different method. https://
ssrn.com/abstract=4815329
Yusuf, A.A., Inambao, F.L. 2019. Bioethanol production

techniques from lignocellulosic biomass as alterna-

view/world
Yang, J., Feng, Z., Ni, L., Gao, Q., He, Y., Hou, Y., Liu,

Z. 2021. Thermal characteristics of ash from bam-
boo and masson pine blends: Influence of mixing
ratio and heating rate. ACS Omega 6(10): 7008-
7014.

- 554 -

tive fuel: A review. International Journal of Advan-
ced Research in Engineering and Technology 10(3):
259-288.



