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This study aims to evaluate the environmental impact using a life cycle assessment with 5

categories, namely Global Warming Potential (GWP), Stratospheric Ozone Depletion
LGIZI:: cle assessment (SOD), Terrestrial Acidification (TAC), Freshwater Eutrophication (FEU), and Human
Péllety ’ Carcinogenic Toxicity (HCT) for each pellet. The results of twig and leaf pellets were,
' respectively, GWP of 3.05 kg COzeq and 0.54 kg COzeq; SOD of 1.6x107% kg CFCII eq
and 1.35x107 kg CFClI-eq; TAC of 0.0131 kg SOz-eq and 0.0018 kg SOz»eq;, FEU of
0.0059 kg P-eq and 0.0006;, HCT 0.538 kg 1.4-DCB-eq and 0.0130 kg 1.4-DCB-eq. Based

Environmental impact,

Renewable energy.

Corresponding Author: on the result, the production of twig pellets has a higher environmental impact than that of
D<) edyhartulistiyoso@apps.ipb.ac.id leaf pellets. However, when compared to conventional fuels, the impact caused by twig
(Edy Hartulistiyoso) pellets is still within acceptable limits and is comparatively lower.

1. INTRODUCTION

Energy consumption is closely linked to urbanization, modernization and industrialization. The energy sector accounts
for 35% of global CO: emissions that have reached 37 billion metric tons (IPCC, 2014), while fossil fuels still supply
80% of global energy needs (IEA, 2024). For example, at IPB University energy use for laboratories, offices, and
facilities is still largely dependent on conventional electricity. Large-scale use of fossil fuels increases emissions of
gases such as SOz, NO., and CO:, which cause environmental problems (Farobie ef al., 2022).

Dependence on conventional energy exacerbates environmental impacts (Martins ez al., 2019). For the reduction of
CO: emissions and mitigation global warming, a transition to carbon-neutral energy is essential (Saleem et al., 2022).
Biomass, with its closed carbon cycle, presents a viable alternative (Cetinkaya et al., 2024). As an agriculture-based
institution covering 267 hectares, IPB University generates substantial biomass waste, including twigs, leaves, and
food scraps. Thus, it is responsible for implementing sustainable waste management to support environmentally sound
development (Kumaat et al., 2023).

Based on DPSPLK IPB data in 2018, the IPB campus produces around 188 tons of organic waste per year, with the
contribution of organic waste in the form of twigs and leaves reaching 75 tons per year. This potential could be utilized
as a source of renewable energy to support the principle of sustainability in the campus environment. The type of
renewable energy that can be produced is biopellets, which offer various environmental advantages in terms of
transportation, use, and storage (Hernandez et al., 2019).
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Evaluating the sustainability of pellet production through the Life Cycle Assessment (LCA) approach is a crucial
step in meeting energy needs while mitigating environmental impacts to support the clean energy transition (Saosee et
al., 2020). One of the main challenges in applying the LCA method is the process of collecting accurate and
comprehensive data to support the inventory system (Siregar et al., 2020). Local data inventories often face limitations
in accessing relevant datasets from available databases (Supriyanto et al., 2025).

Several studies have analyzed the environmental performance of pellet production from various biomass sources,
including wood residues and forestry by-products (Ruiz ez al., 2018). LCA-based assessments of pellet production's
environmental impact have also increased in recent years (Sgarbossa ef al., 2020). Additionally, research on
greenhouse gas (GHG) emissions from pellet production indicates that biomass pellets, such as wood pellets, can
significantly reduce GHG emissions compared to fossil fuels (Buchholz et al., 2017). These findings support the
potential of organic waste pellets as a sustainable energy source with lower environmental impact.

This study aims to analyze and compare the environmental impacts of each stage of pellet production using the
LCA approach with twigs and leaf raw materials. The results are expected to provide insights for sustainable organic
waste management. The benefits include reducing waste volume, reducing greenhouse gas emissions, and producing
environmentally friendly renewable energy.

IPB University has the potential to become a role model for other educational institutions in implementing a
renewable energy-based waste management system. In addition, this research can be a medium of education and
innovation for students, academic staff, and the general public, to introduce and implement sustainable and science-
based environmental management practices.

2. MATERIALS AND METHODS

Data collection and research were conducted from August to November 2024 in the Bogor Agricultural University
Campus Area, specifically at the Spirit Park IPB Landfill (TPA) and Lewikoppo Renewable Energy Laboratory,
Department of Mechanical Engineering and Biosystems IPB, Dramaga District, Bogor Regency (Figure 1).

2.1. Goal and Scope

This research focused on the pellet production process based on organic waste in the IPB University Dramaga Campus
area, which includes dry twig and leaf waste as presented in Figure 2. The pellet production process included the
transportation of raw materials from various organic waste collection locations in the IPB area, the raw material
preparation process, and the palletization stage followed by drying the pellets.
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Figure 1. The overall location of the study
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Figure 2. Twig and leaves that potentially can be explored as feedstock for pellet production
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Figure 3. System boundaries of organic waste-based pellet production

Life cycle inventory data was collected from the IPB Spirit Park landfill and the Department of Mechanical and
Biosystem Engineering's Renewable Energy Laboratory, using the cradle-to-gate boundary as illustrated in Figure 3.
The scope of this research was chosen to evaluate the extent to which organic waste-based pellet production in the IPB
area contributes to environmental impacts. The results of this study are expected to be implemented in a sustainable
organic waste management strategy and have the potential as an environmentally friendly alternative energy source
while reducing the accumulation of organic waste in the IPB area. This study does not cover production processes
such as the cultivation of the main raw materials and the distribution of pellets to consumers or direct utilization in
industries because this distribution is carried out outside the IPB area.

2.2. Pelet Production

For a comprehensive and systematic understanding of the biopellet production process, the next section presents a
flow chart that outlines the production stages sequentially in accordance with the system boundaries that have been
established. The flow chart is designed to visualize the process flow in a structured manner, starting from raw materia
preparation, densification process, to the final stage of production.
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Figure 4. Biopellet production flow diagram

2.3. Life-Cycle Inventory

In this research, the inventory analysis stage aims to identify and collect inventory data covering inputs and outputs at
each stage of the organic waste-based pellet production process at the IPB Campus (Figure 4). Inventory analysis was
conducted using two approaches, namely primary data and secondary data. Primary data were obtained through direct
measurements during the raw material preparation and production processes carried out at the Renewable Energy
Laboratory and at Taman Semangat Landfill, as well as through interviews with management staff at the Landfill
Semangat Park.

The secondary data was collected from a literature review related to the previous production of pellets from
various types of materials. Data collection was carried out based on the objectives and limitations of the research that
had been determined in the previous stages. Based on the flowchart presented in Figure 4, data collection starts from
the process of transporting raw materials from all areas of the IPB Campus to the Landfill Spirit Park to the final stage
of pellets production presented in Table 1.

2.4. Life Cycle Impact Assessment

The environmental impact of the organic waste-based pellet production process at the IPB campus was analyzed
using SimaPro 9.5.0.2 software with the ReCiPe 2016 characterization method approach. This method was chosen as
it is one of the most commonly used LCA analysis approaches, as it uses characterization factors from the IPCC report
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Table 1. Inventory data quantification

Process stages Process sub-stages Inventory data Unit
Raw materials distribution Diesel fuel L
process Distance km
Biopellet production Drying and cleaning of Twigs kg
twigs and leaves Leaves kg
Human labour h
Dry twigs kg
Water vapours L
Dry leaves kg
Water vapours L
Material chopping Dry twigs kg
Human labour h
The electrical energy of the chopper machine kWh
Twig cuttings kg
Biomass waste kg
Material grinding Twig cuttings kg
Human labour h
Diesel fuel MJ
Dry leaves Kg
Human labour h
Diesel fuel MJ
Twig trituration kg
Leaves trituration kg
Biomass waste kg
Biopellet pressing Twig trituration kg
Human labour h
The electrical energy of the pelletizer machine kWh
Leaves trituration kg
Human labour h
Electrical energy kWh
Twig pellets kg
Leaves pellets kg
Drying of biopellets Twig pellets before kg
Leaves pellets before kg
Drying duration h
Dry twig pellets kg
Water vapours L
Dry leaves pellets kg
Water vapours L

with the most common methods (Martin-Gamboa et al., 2020), and it provides a range of universal characteristic
factors that are relevant to the Indonesian context. The ReCiPe 2016 method produces characterization analysis in 18
impact categories, but this study only focuses on the 5 most relevant impact categories based on the PROPER
regulation (KLHK RI, 2021) on mandatory environmental impact assessment. The impact categories analyzed
included Global Warming Potential (GWP), Stratospheric Ozone Depletion (SOD), Terrestrial Acidification (TAC),
Freshwater Eutrophication (FEU) and Human Carcinogenic Toxicity (HCT).

This analysis is important because energy production from conventional sources, such as coal, has serious
environmental impacts. Based on IPCC and Ecoinvent data (Table 2), every 1 kg of coal produced produces 2.3-2.8
kg of CO,, depending on the type of coal. The process of producing and burning coal also emits SO, and NOy, which
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Tabel 2. Environmental impact comparison reference for conventional fuels

Fuels Emission of CO: (kg CO2-eq per unit) Main Environmental Impacts

Coal 2.3-2.8 (per kg) Particulate emissions, SOz, NOx, ecosystem degradation
Petroleum 3.0-3.2 (per liter) Oil spill, GHG emissions, air pollution

Natural gas 1.9-2.3 (per m3) Methane emissions, NOx

Diesel 2.7-3.1 (per liter) Particulate emissions, NOx, SOz

Source: IPCC and Ecoinvent

emissions, which cause soil acidification and carcinogenic toxicity from fine particulates. In addition, coal mining
often damages the ecosystem. By comparing the environmental impacts of organic pellets and coal, this study
highlights the potential of organic pellets as a sustainable energy alternative.

2.5. Interpretation: The Final Stage of LCA

Life Cycle Assessment is a method for evaluating the environmental impacts of a product, process, or activity
throughout its life cycle, from production to end-of-life. Interpretation is the final stage of LCA, which is an analysis
involving data from the inventory analysis and impact assessment stages to identify opportunities to reduce the
environmental impacts of the product system under study. Interpretation is a crucial stage in LCA analysis because it
converts quantitative data from inventory analysis and impact assessment into significant insights. These insights can
aid in decision-making and provide useful information for formulating sustainability strategies.

3. RESULTS AND DISCUSSION
3.1. Inventory analysis

The inventory analysis in the production of pellets based on organic waste from twigs and leaves includes data
sources, a literature review, and an inventory that includes quantification of all input and output data in the production
process. This study used 11 datasets consisting of 9 datasets as input (Table 3) and 2 datasets as output (Table 4),
which were obtained from the SimaPro database. The data was used to compile an inventory classification at the twig
and leaf pellets production stage.

In this inventory of twig and leaf pellets, there are 2 ID datasets (electrical energy in grinding and pelletization), 1
IN dataset (water), 1 FR dataset (biomass waste), 3 RoW datasets (transportation, small pieces of twigs, and twigs

Table 3. Input data sources

Input Data Qty Unit Dataset Database

Transportation 133.34 ton km  Transport, freight, lorry 3.5-7.5 metric ton, EURO3 Ecoinvent 3
{RoW}| market for transport, freight, lorry 3.5-7.5 metric
ton, EURO3 | Cut-off, U

Forest residue products 325 kg 7 Forest products, EU27 EU & DK

Dry leaves 26.12 kg Compost {GLO}| market for compost | Cut-off, U Ecoinvent 3

Wood chips 31.15 kg Wood chips, dry, measured as dry mass {RoW}| market Ecoinvent 3
for wood chips, dry, measured as dry mass | Cut-off, U

Twig trituration 21.16 kg Sawdust, wet, measured as dry mass {RoW}| market for Ecoinvent 3
sawdust, wet, measured as dry mass

Water 9 L Tap water {IN}| market for tap water | Cut-off, U Ecoinvent 3

Chopping (electrical 0.89 kWh Electricity, low voltage {ID}| market for electricity, low Ecoinvent 3

energy) voltage | Cut-off, U

Diesel fuel 75.24 MJ Diesel, burned in agricultural machinery {GLO}| diesel, Ecoinvent 3
burned in agricultural machinery | Cut-off, U

Pelletizer (electrical 2.25 kWh Electricity, high voltage {ID}| market for electricity, high Ecoinvent 3

energy) voltage | Cut-off, U

RoW = Rest of World; GLO = Global; ID = Indonesia; EU & DK = Europa & Denmark; U = Unit process.
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Table 4. Output data sources

Output Data Qty Unit Dataset Database
Waste wood 9.52 kg Waste wood, untreated {GLO}| treatment of waste wood, Ecoinvent 3
biomass untreated, open dump, dry infiltration class (100mm) | Cut-off, U

Biomass waste 0.7 kg Biowaste, garden waste {FR}| treatment of garden biowaste, home Ecoinvent 3

composting in heaps | Cut-off, U
GLO = Global; FR = France; U = Unit process.

trituration), and 3 GLO datasets (dry leaves, diesel fuel energy, and wood biomass waste). In the production of twigs
and leaf pellets, the ID dataset used is relatively small and dominated by other datasets; this is due to the limited
inventory datasets in Indonesia. The determination of databases is done by considering the allocation and availability
of data based on the process and geographical aspects. Most of the databases used are from Ecoinvent 3 with a ‘cut-
off” allocation model, which is a common approach in life cycle analysis to manage material flows in multi-output
systems.

In the production process of biopellets made from twig and leaf organic waste, input and output inventory data are
presented in Table 4, which shows that the production capacity for twig biopellets is 9.85 kg/batch and leaf biopellets
is 9.9 kg/batch. The production of pellets from twigs and leaves requires varying amounts of raw materials, 32.50 kg,
and 26.12 kg, respectively, which are obtained from the Taman Semangat IPB landfill as the starting material. After
sorting and drying process for 12 hours, the weight of the raw material shrinks, resulting in 31.65 kg of dry twigs and
25.48 kg of dry leaves. The process of preparing raw materials for twigs is almost the same as for leaves; the only
thing that distinguishes it is the process of chopping twigs, which uses electrical energy due to differences in the
characteristics and material structure of twigs and leaves. In the chopping process, the dry twigs are cut into small
parts so that the weight is reduced from 31.65 kg to 31.15 kg. This process takes 1.35 hours with a total electrical
energy consumption of 0.89 kWh.

Furthermore, Table 5 shows in the crushing or grinding process, 31.15 kg of chopped branches were crushed for
1.16 hours with a diesel energy consumption of 75.24 MJ, resulting in a final weight of 21.16 kg. Meanwhile, dry
leaves that had an initial weight of 25.48 kg were crushed for 0.25 hours with a diesel energy consumption of 15.96
MJ, resulting in a final weight of 24.78 kg. Then, in the process of pressing twig pellets using 12 kg of twig powder
using a pelletizer machine for approximately 3 hours with a total electrical energy of 2.20 kWh for twig pellets and
2.25 kWh for leaf pellets. Pellets produced from dried twigs and leaves show differences in appearance characteristics.
Twig pellets tend to be dark brown close to black, while leaf pellets have a lighter brown colour, as shown in Figure 5.
The data obtained from this production process is then used for environmental impact analysis with SimaPro software
for sustainability analysis to optimize the efficiency of the production process and reduce the environmental footprint
of the pellets produced.

Figure 5. (a) Twig pellets; (b) Leaf pellets
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Table 5. Overall inventory analysis for biopellet production

Process sub-stages Inventory data Per batch Unit
Drying and cleaning of twigs Twigs 325 kg
and leaves Leaves 26.12 kg
Human labour 12 h
Dry twigs 31.65 kg
Water vapours 0.85 L
Dry leaves 25.48 kg
Water vapours 0.64 L
Material chopping Dry twigs 31.65 kg
Human labour 1.6 h
Electrical energy of chopper machine 0.89 kWh
Twig cuttings 31.15 kg
Biomass waste 0.5 kg
Material grinding Twig cuttings 31.15 kg
Human labour 1.2 h
Diesel fuel 75.24 MJ
Dry leaves 25.48 kg
Human labour 0.25 h
Diesel fuel 15.96 MJ
Twig trituration 21.16 kg
Leaves trituration 24.78 kg
Biomass waste 9.72 kg
Biopellet pressing Twig trituration 12 kg
Human labour 3.15 h
Electrical energy of pelletizer machine 2.2 kWh
Leaves trituration 12 kg
Human labour h
Electrical energy of Pelletizer 2.25 kWh
Twig pellets 9.85 kg
Leaves pellets 9.9 kg
Drying of biopellets Twig pellets before 9.85 kg
Leaves pellets before 9.9 kg
Drying duration 4 h
Dry twig pellets 8.47 kg
Water vapours 1.38 L
Dry leaves pellets 7.15 kg
Water vapours 2.75 L

3.2. Environmental Impact Analysis

The results of the characterization analysis that has been carried out show the environmental impact assessment results
on the life cycle of organic waste-based pellets. Each total environmental impact was calculated using SimaPro 9.5.0.2
software by adding all inventories through the processing menu.

In Table 6, the results of the characterization analysis of the total environmental impact of the entire life cycle of
each process stage per kg for twig pellets and leaf pellets. Twig and leaf-based pellet production is a sustainable
energy solution that produces lower CO. emissions compared to conventional fuels. Biopellets made from twigs have
a GWP value of 3.05 kg CO»-eq/kg of pellet, while pellets made from leaves have a GWP value of 0.54 kg CO»-eq/kg,
as presented in Table 6. Biopellets made from twigs have a SOD value of 1.3 x 107 kg CFC11-eq/kg of pellet, while
pellets made from leaves have a SOD value of 1.35 X 1077 kg CFC11 eq/kg, as presented in Tables 6. The twig
pellets have a TAC value of 0.011 kg SO,-eq/kg pellet production, while in the production of leaf pellets, the TAC
value is 0.0018 kg SO»-eq/kg as presented in Tables 6.
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Table 6. Environmental impact characterization analysis per kg of biopellets

Total/kg Biopellets

Impact category Unit Twig pellets Leaves pellets
Global warming potential (GWP) kg CO2-eq 3.05 0.54
Stratospheric ozone depletion (SOD) kg CFC11l-eq 1.3x10°¢ 1.35x 1077
Terrestrial acidification (TAC) kg SO2-eq 0.011 0.0018
Freshwater eutrophication (FEU) kg P-eq 0.005 0.0006
Human carcinogenic toxicity (HCT) kg 1.4-DCB-eq 0.538 0.13

In Tables 6, the overall environmental impact of FEU is also presented in the production of 0.005 kg P-eq/kg twig
pellets and 0.0006 kg P-eq leaf pellets, after which the HCT impact on the entire production process of 0.538 kg 1.4-
DCB-eq/kg twig pellets and 0.130 kg 1.4-DCB-eq/kg leaf pellets as presented in Table 5. To understand the
environmental impacts of pellet production based on organic waste in the form of twigs and leaves, a Life Cycle
Assessment (LCA) analysis was conducted.

Figures 6 summarizes the percentage contribution of various inputs and processes to different environmental
impact categories, such as climate change (GWP), ozone layer depletion (SOD), and others. The results of this
research will be the basis for identifying areas that require improvement and optimisation, so as to make a significant
contribution to policy development at IPB University. To achieve this, integration of research results with institutional
policies is required, which can be realised through the implementation of a structured waste management programme,
the use of environmentally sound technology, and active participation of students and staff in waste sorting activities.
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Figure 6. Environmental impacts of biopellet production based on production steps: (a) Twig pellet, (b) Leaves pellet

3.3. Global Warming Potential (GWP)

The environmental impact of the production of twig-based pellets is mainly due to the grinding process of the material
using diesel-fueled diesel engines as well as the presence of small pieces of twigs. The GWP contribution of each of
these factors is 40% (Figure 7a) equivalent to 1.21 kg CO»-eq and 22% (Figure 7a) or equivalent to 0.68 kg CO»-eq.
Meanwhile, the environmental impact of leaf-based pellet production is caused by the pelletization process that uses
electrical energy as well as the material grinding process. The GWP contribution of each of these factors is 48%
(Figure 7b) equivalent to 0.265 kg CO;-eq and 41% (Figure 7b) or equivalent to 0.222 kg CO,-eq. Based on the LCA
analysis in SimaPro on twig pellets, each solar energy produced in the grinding process contributes 1.21 kg CO;-eq to
GWP. The dominant emissions released are carbon dioxide (fossil) and methane (fossil), at 1.06 kg CO-eq and 0.131
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kg CO,-eq, respectively. In addition, 1 kg of small pieces of chopped twigs contributed 0.68 kg CO»-eq to GWP, with
the dominant emissions released being carbon dioxide (fossil) and methane (fossil), at 0.57 kg CO,-eq and 0.09 kg
CO»-eq, respectively.

(@) (b)

. Biomass waste
Products residue 8% .
14% Diesel fuel

Pelletizer, 10% 41%

Wood chips
22%

Diesel fuel
40%

Pelletizer,
48%

Figure 7. Major contributors of GWP from biopellets production: (a) Twig pellets; (b)Leaves pellet

In addition, twigs as the main raw material for pellets can increase GWP if not managed sustainably. LCA analysis
with SimaPro showed that 1 kg of twigs contributed to a GWP of 0.439 kg CO,, with major emissions of carbon
dioxide (fossil) 0.413 kg CO; and nitrous monoxide 0.0099 kg CO,. The pelletization process using electrical energy
also contributes to GWP, where 1 kg of twig pellets produces 0.303 kg CO,, with major emissions of carbon dioxide
(fossil) 0.29 kg CO, and nitrous monoxide 0.00177 kg CO..

The pelletization of leaf pellets contributed 0.265 kg of CO,eq with the dominant emissions being carbon dioxide
(fossil) at 0.254 kg CO;-eq and methane (fossil) at 0.008 kg CO,-eq. In addition to pelletization, the pellet leaf
pelletization process contributed to a GWP of 0.222 kg CO;-eq with the dominant emissions being carbon dioxide
(fossil) at 0.19 kg CO»-eq and methane (fossil) at 0.092 kg CO,-eq. In addition, leaf as In addition, biomass waste and
material grinding processes contribute to GWP, with the main emissions being Carbon dioxide (fossil) at 0.017 kg and
0.1952 kg CO»-eq, respectively.

The difference in GWP contribution between twig- and leaf-based pellets stems from their material properties.
Twigs, with higher lignocellulose content, require more intensive grinding due to their dense structure, thus increasing
diesel consumption which contributes to the high GWP. In contrast, leaf-based pellets have a lower lignin content, thus
requiring higher compaction pressure, which leads to electricity use and contributes to high GWP, this is similar to
previous studies conducted by Laschi ef al. (2016) and Hamedani ef al. (2019).

Based on the results of research related to wood-based pellet production by Chen ef al. (2019), show that the
transportation process of wood raw materials contributes significantly to the increase in CO: emissions compared to
other processes. However, this condition is different from the production of twig and leaf-based pellets in the 267 ha
IPB Dramaga Campus area, where transportation is not a major factor contributing to emissions. This is due to the
relatively short distance, about 12 km, from several waste collection points to the final disposal site. Thus,
transportation in this production activity does not contribute significantly to the increase in CO: emissions.

3.4. Stratospheric Ozone Depletion (SOD)

The contribution of SOD in production twig pellets is 1.3x10°¢ kg CFCll-eq/kg, and in leaf pellets, the SOD
contribution is 2.42x1077 kg CFC11-eq. In twig pellets, the grinding of materials and the use of small pieces of twigs
caused significant environmental impacts (Figure 8a); the crushing of materials and the use of small pieces of twigs
contributed to SOD of 3.93x1077 kg CFC11-eq/kg of pellets. Meanwhile, for leaf pellets, material grinding contributed
to SOD by 53% (Figure 8b). In the twig pellets, based on the LCA analysis in SimaPro, the grinding process involving
diesel fuel contributed to stratospheric ozone depletion of 3.9x10~7 kg CFC11-eq with the dominant emissions being
nitrous monoxide at 3.78%1077 and methane and bromotrifluoro at 1.34x1078 kg CFC11-¢eq.
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Figure 8. Major SOD contributors for biopellet production: (a) Twig pellets; (b) Leaves pellet
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In addition, small twig pieces also contribute to stratospheric ozone depletion by 3.9x107 with dominant emissions
of nitrous monoxide by 3.83x107 kg CFCll-eq and methane and bromotrifluoro (halon 1301) by 4.27x107° kg
CFCl11-eq. The unchopped twigs also contributed to SOD, with the main emissions being methane bromotrifluoro
(Halon 1301) at 4.72x10° kg CFC11-eq and nitrous monoxide at 4.83x10~7 CFCl1-eq. Similarly, the pelletization
process produces dominant emissions of dinitrogen monoxide at 6.53%x107% kg CFC11-eq and methane bromotrifluoro
(Halon 1301) at 1.1x10~ kg CFC11-eq. The LCA analysis in SimaPro for leaf pellets showed that the grinding process
also contributed 7.22x107® kg CFC11-eq/kg pellets. The dominant emissions generated are nitrous monoxide at
2.98x107'% kg CFC11-eq and methane emissions, bromotrifluoro at 6.88x107® kg CFC11-eq on stratospheric ozone
depletion. In addition, the compaction and transportation processes contribute to SOD, with the main emissions being
dinitrogen monoxide at 5.72x1078 kg CFC11-eq kg and 6.05x10~° kg CFC11-eq, respectively.

3.5. Terrestrial Acidification (TAC)

The soil acidification contribution (TAC) in the production of twigs and leaf pellets is presented in Figures 9. The TAC
in twig pellets was 0.011 kg SO»-eq/kg pellets, with a significant environmental impact coming from the material
grinding process, which contributed 42% (Figure 9a). Based on the LCA analysis in SimaPro, the dominant emissions
released are nitrogen oxides at 0.003 kg SO»-eq and sulfur dioxide at 0.001 kg SO,-eq. The diesel used as diesel fuel
in the material refining process contains sulfur, which can produce sulfur dioxide. If released in large quantities, these
emissions have the potential to cause acid rain, which impacts soil quality and disrupts ecosystems.

In addition, twig waste contributes to the Total Acidification Potential (TAC), based on LCA in SimaPro with the
main emissions being ammonia (0.00015 kg SO»-eq), nitrogen oxides (0.00129 kg SO»-eq), and sulfur dioxide
(0.00138 kg SO»-eq). Chopped twigs also contribute, with the dominant emission being nitrogen dioxide at 0.00109 kg

(@) (b)

Products
residue
18%

Pelletizer
8%

Pelletizer
48% Diesel fuel

50%

Wood chips

Diesel fuel 24%

42%

Figure 9. (a). Major TAC of twig pellets contributor; (b). Major TAC of leaves pellet contributor
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S0O;-eq. The pelletization process also contributes to emissions, with sulfur dioxide as the main component at 0.00017
kg SO,-eq. Meanwhile, the TAC contribution of leaf pellets was 0.002 kg SO»-eq per kg of pellets, with the largest
impact coming from the material grinding process, which contributed 38% (Figure 9b) per kg of pellets. The material
grinding process in twig pellets contributes to the TAC of 0.005 kg SO»-eq. In the case of leaf pellets, the crushing
process contributes to a TAC of 0.0008 kg SOeq, with the dominant emissions released being sulfur dioxide of
0.00033 kg SO»-eq and nitrogen oxide emissions of 0.00058 kg SO,-eq.

3.6. Freshwater Eutrophication (FEU)

The contribution of freshwater eutrophication (FEU) to the production of twig pellets can be seen in Figure 10a. The
contribution of FEU as phosphorus equivalent is 0.005 kg P-eq per kg of twig pellets. The significant environmental
impact is caused by the final product of the twig pellet chopping and grinding process, which is wood biomass waste
with a contribution percentage of 75% (Figure 10a) or about 4.38%107 kg P-eq per kg of twig pellets to FEU.

Based on the LCA analysis in SimaPro for twig pellets, every 1 kg of woody biomass waste that is not treated
appropriately or sustainably can contribute to an FEU of 0.004 kg P-eq. The dominant emissions from woody biomass
waste left over from processing twig pellet production include Chemical Oxygen Demand (COD) of 0.003 kg P-eq
and phosphate of 8.46x10°¢ kg P-eq. Wood biomass waste increases COD due to the high organic compounds
contained in it which can cause a lot of oxygen to break down. In addition, based on the LCA analysis in Simapro, the
process of compaction and grinding of materials contributes to FEU, with the main emissions generated in the form of
Phosphate of 0.0005 kg P-eq and 0.000158 kg P-eq.

(a) (b)
Chopping 4%

Bioamss Diesel fuel
waste 8%
13%

Diesel fuel
5%

Waste wood A Pelletizer 10%

biomass

Pelletizer
79%

Figure 10. Major FEU contributor for biopellet production: (a) Twig pellets; (b) Leaves pellet

Meanwhile, the contribution of FEU in leaf pellets was 0.0006 kg P-eq per kg pellets. The significant
environmental impact of pellet production on FEU was caused by pelletization using electrical energy by 79% (Figure
10b) or about 4.84x10~* kg P-eq/kg. Based on the LCA analysis in SimaPro for leaf pellets, the pelletization process
contributes to TAC of 4.84x107* kg P-eq, with the dominant emissions released in the form of phosphate of 0.00048
kg P-eq and Chemical Oxygen Demand (COD) of 1.64x107%. In addition, biomass waste and the material grinding
process contribute to FEU, with the main emissions being at 1.21 kg and 0.03 kg, respectively.

3.7. Human Carcinogenic Toxicity (HCT)

The contribution of carcinogenic human toxicity (HCT) in the production of twigs and leaf pellets can be analyzed
based on Figures 11a and 11b. In twig pellets, the HCT value reached 0.538 kg 1.4-DCB-eq/kg of pellets, with the
material grinding process as the main contributor to the environmental impact. This process contributed 61% or
approximately 0.326 kg 1.4-DCB-eq to the total HCT value (Figure 11a). Based on the LCA analysis in SimaPro, the
material grinding process in twig pellets contributes quite a bit compared to other processes, which is 0.538 kg 1.4
DCB-eq per kg of pellets. The dominant emissions released are chromium (VI) and formaldehyde with respective
values of 0.323 kg 1.4-DCB-eq and 4.65x107° kg 1.4 DCB-eq. In addition, based on the LCA analysis using SimaPro,
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Figure 11. Major HCT contributors for biopellet production: (a) Twig pellets; (b) Leaves pellet

small pieces of branches and compaction of materials contribute to HCT, with the main emissions being Chromium
(VD) at 1.21 kg and 0.03 kg, respectively.

Meanwhile, in leaf pellets, the HCT contribution is lower, at 0.129 kg 1.4-DCB eq/kg pellets, with the largest
impact coming from the material grinding process, which contributes 75% or about 0.097 kg 1.4-DCB-eq to the total
HCT value and with the dominant emission contribution in the form of Chromium (VI) 0.0594 kg 1.4-DCB-eq to
(Figure 11b). In addition, pelletization also contributes to HCT of 0.0278 kg with the dominant emission of Chromium
(VI) 0.0263 kg 1.4-DCB-eq/kg.

The high HCT value in the material grinding process, especially in twig pellets, is due to the use of diesel engines
fueled by diesel. Diesel combustion in diesel engines produces emissions of harmful compounds such as polyaromatic
hydrocarbons (PAHs), benzene, formaldehyde, and fine particulate matter (PMys), which are known to be
carcinogenic. These compounds can be released into the environment and accumulate in soil, air, and water, increasing
potential human health risks from long-term exposure (Yuda & Assomadi, 2023). In addition, heavy metal emissions
from diesel combustion may also contribute to increased environmental toxicity, compounding the impact of HCT in
the pellet's life cycle.

4. CONCLUSION

The environmental impact of twig pellet production is, on average, higher than that of leaf pellets. For each kg of twig
pellets contribute to global warming by 3.05 kg COz-eq, SOD by 1.3x107% kg CFC11-eq, TAC by 0.011 kg SO»-eq,
FEU by 0.005 kg P-eq, and HCT by 0.538 kg 1.4-DCB-eq. Meanwhile, per kg of leaf pellets contributed to global
warming by 0.54 kg COz-eq, SOD by 1.35x1077 kg CFC11-eq, TAC by 0.0018 kg SO»-¢q, FEU by 0.0006 kg P-eq,
and HCT by 0.130 kg 1.4-DCB-eq. The majority of the contribution to the environmental impacts of both pellet
production processes comes from the grinding stage, which utilizes diesel fuel as the main energy source. The
benefits of this research are expected to reduce the volume of organic waste, reduce greenhouse gas emissions, and
produce renewable energy products that are environmentally friendly. Based on the result, the production of twig
pellets has a higher environmental impact than that of leaf pellets, especially at the grinding stage, which used diesel
fuel. For this reason, further research can focus on optimizing the grinding process, conducting LCA with more system
boundaries, and exploring other organic wastes for sustainable solutions. In addition, research on improving the
quality of pellets and developing supportive policy can increase the use of pellets as an environmentally friendly
renewable energy source.
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