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Abstract

The growth of Indonesia’s manufacturing industry has the potential to increase greenhouse gas (GHG) emissions. Therefore,
this sector needs to become a key focus of emission control programs, aligned with the Sustainable Development Goals.
The limited research comparing the contributions of manufacturing subsectors to national GHG emissions motivated this
study. This research aims to (i) estimate projected GHG emissions from fuel consumption across medium- and large-scale
manufacturing subsectors in Indonesia from 2025 to 2060 and (ii) determine the energy matrix with the lowest-emission
scenario approaching the NZE-2060. GHG emissions are projected using LEAP software under four scenarios: business as
usual (BAU), emission reduction (ER), clean transition 1 (CT-1), and clean transition 2 (CT-2). The projection results show
that GHG emissions in 2060 will reach 593,520.08 Gg CO,eq (BAU), 320,734.36 Gg CO,eq (ER), 125,835.03 Gg COeq
(CT-1), and 72,834.14 Gg CO,eq (CT-2). The CT-2 scenario produces the lowest emissions closest to the NZE-2060 target,
while the ER scenario represents the most realistic pathway considering Indonesia’s renewable energy potential, but has
to be complemented by other decarbonization efforts such as CCU/CCS technologies and biomass certification to achieve

NZE-2060.
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1. INTRODUCTION

Climate change is influenced by the increase in greenhouse
gases (GHGs) in the atmosphere. GHGs are atmospheric
gases that are naturally occurring or generated through hu-
man activities. These gases have the ability to emit radiation
and enhance the greenhouse effect (Filonchyk et al., 2024).
Types of natural GHGs include water vapor (H2O), carbon
dioxide (COy3), nitrous oxide (N2O), methane (CHy), and
ozone (O3) (Soeder, 2021). Meanwhile, synthetic GHGs in-
clude hydrofluorocarbons (HFCs), perfluorocarbons (PFCs),
sulfur hexafluoride (SFg), and chlorofluorocarbons (CFCs)
(Kim et al., 2024; Zhu et al., 2024).

Human activities are the main contributors to the in-
crease in GHG emissions, one of which is the manufacturing
industry (Panagiotopoulou et al., 2022). Uncontrolled en-
ergy consumption in this sector can lead to a decline in air
quality and cause air pollution (Xiao and Liu, 2023). Other
consequences include deteriorating human health and envi-
ronmental damage resulting from the disruption of natural
ecosystem functions (Graciela, 2023; Health Effect Insti-

tute, 2024). Emissions in the manufacturing industry sector
are classified into direct emissions from the production pro-
cess and fuel combustion, and indirect emissions such as
electricity (Zhu et al., 2024).

The industrial manufacturing sector contributed 20.39%
to the national Gross Domestic Product (GDP) in 2023.
However, this sector generates 33% of total emissions across
all sectors (Secretariat General of the National Energy Coun-
cil, 2024). The energy demand is still dominated by non-
renewable fossil fuels (Hariwan et al.; 2021).

The highest industrial density in Indonesia is detected on
Java (Ministry of Industry Republic of Indonesia, 2024b). In
2022, the province with the highest industrial units was West
Java, followed by East Java, Central Java, Banten, and the
Special Capital Region of Jakarta. In contrast, provinces
with the fewest manufacturing industries included West
Sulawesi, Gorontalo, North Maluku, Maluku, and North
Kalimantan (Statistics Indonesia, 2024). The distribution of
manufacturing industries by province is presented in Figure
1.
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Figure 1. Number of Manufacturing Industry Distributions Across Indonesia in 2022

Decarbonization is considered as one of the most effective
way to reduce emission. Some decarbonization initiatives
that can be implemented in mufacturing sectors include im-
proving energy efficiency by using environmentally friendly
machinery and efficient production system, transitioning
fuels and materials from fossil to biomass, and electrification
(Gielen et al., 2019; Micieta et al., 2016).

Although several emission-reduction strategies have been
implemented, their application remains far from optimal.
According to the Ministry of Environment and Forestry
Republic of Indonesia (2024), compliance among business
operators remains at only 42.96%. Furthermore, only 245
out of 32,193 manufacturing industries in Indonesia have
received green industry certification (Ministry of Industry
Republic of Indonesia, 2024a).

Research related to emission control based on energy con-
sumption modeling has been conducted at the national and
regional levels. For example, Denis (2016) developed emis-
sion reduction scenarios in Semarang, which were business-
as-usual, energy management, and optimistic scenarios.
These scenarios were based on assumptions such as average
Gross Regional Domestic Product (GRDP) growth, biomass
consumption, electrification, and technological modifica-
tion. A similar study was conducted in Bengkulu Province
by Veven (2023). At the national level, projections have
been made by Anindhita et al. (2024); Firmansyah et al.
(2023); Siagian et al. (2017); Zaekhan et al. (2022), us-
ing macro approaches such as the Asia-Pacific Integrated
Model/Computable General Equilibrium (AIM/CGE), Seem-
ingly Unrelated Regression (SUR), and the Long-range En-
ergy Alternatives Planning (LEAP) system to model energy
and emission scenarios using various assumptions. In global
level, energy and emission modelling have been highly de-
veloped in international studies, leading to the creation of
various scenarios such as SA90, IS92, SRES, and RCP/SSP
by IPCC, and also APS, STEPS, and NZE by International
Energy Agency (Girod et al., 2009; International Energy
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Agency, 2024; Pedersen et al., 2021).

However, most studies using LEAP or other energy mod-
els tend to be conducted at the national or inter-sectoral
level. This approach is unable to show differences in fuel
consumption and emission patterns at the subsector level,
particularly in the manufacturing industry. Furthermore,
the focus on sector-level comparisons makes analysis within
a particular sector less in-depth, resulting in less specific
mitigation strategies. Therefore, this study analyzes fuel
consumption and GHG emissions in the medium- and large-
scale manufacturing subsectors in Indonesia through 2060.
This research is expected to provide a more detailed picture
in determining the lowest-emission energy combination in
subsector level of manufacturing industry towards the 2060
NZE target.

2. EXPERIMENTAL SECTION

2.1 Data Sources

Data for medium- and large-scale manufacturing industries
were collected from Statistics Indonesia. It includes fuel
consumption (both fossil and non-fossil), production index,
output value, and GDP, from 2010-2022. This data serves
as the baseline for the emissions modeling in this study. The
base year was set at 2021, and validation was performed
using 2022 data, based on data availability. Data from other
years was used to estimate industrial activity growth.

2.2 Data Processing

Fuel consumption data, originally presented in physical unit
(volume), were converted into energy units (terajoules, TJ)
using calorific values. The calorific values for unit conversion
of energy content is shown in Table 1. Emission modeling is
based on the energy consumption of each subsector. This
study focuses on calculating scope 1 greenhouse gas emis-
sions, namely, direct emissions from the use of energy from
fuel combustion in the industrial sector. Emissions included
in scope 2 (emissions from power plants) and scope 3 (emis-
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sions from the upstream-downstream supply chain), and
emissions from industrial processes (IPPU) are excluded.
Biomass is assumed not to contribute in carbon dioxide emis-
sions, following IPCC guidelines, but is included in methane
and nitrous oxide calculations. Electricity is assumed to
be generated from renewable energy sources and therefore
produces zero emissions.

2.3 LEAP Modelling Framework

This study uses a forecasting method by examining potential
greenhouse gas emissions under several fossil and non-fossil
fuel consumption scenarios up to 2060. The application used
to model energy and emissions is the Low Emission Analysis
Platform (LEAP) software version 2024.4.0.15. Data from
2021 was chosen as the base year due to the availability
of the most up-to-date data. It is also chosen to avoid
distortions associated with Covid-19 period. For this process,
energy consumption and energy intensity data need to be
entered into the current account as baseline data. The
2021 production output value is entered as the activity level.
Energy intensity is assumed to remain constant over the
projection period, implying no technological change. The
energy intensity is counted using Equation (1).

TE;

IEj = (1)
J

where IE refers to energy intensity (TJ per IDR output
value); TE is total energy in Terajoule; T'A is total activity,
which is the output value in IDR; and j is the subsector.

Emission variations at each projection period are deter-
mined based on the average growth of the production index
from 2010 to 2019. Specifically for the ISIC 19, the average
GDP growth of the Coal Products and Petroleum Refining
Industry from 2010 to 2019 was used due to the lack of
production index data for this subsector. The equation used
to calculate the average annual growth is shown in Equation

(2)-

(Ptj — PU]‘)

R; =
7 P’U,j

x 100 (2)

where R denotes as percentage growth rate of annual
activity over the observed period (%), Pt is the final year
production index/GDP (2019), and Pu is the initial year
production index/GDP (2010). To avoid data bias due
to the COVID-19 pandemic, 2020 was excluded from the
calculations. However, the growth rate from 2021 to 2022
uses actual data from both years as a correction factor.
The growth rate is assumed to be constant and is applied
uniformly across the projection years. The activity growth
rates for each subsector are shown in Table 2.

Based on the energy intensity and growth rate of the
activity level, the energy in the projection years is estimated
using Equation (3).
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TE]TI = IEJ X (TAj(nfl) X RJ) (3)

where TE is total energy (TJ), I[E is energy intensity
(the value is considered fixed since 2021), T'A is total activity
at base year (2021), R is growth rate, n is projection year,
and j is for subsector.

The scenarios used in this study are differentiated based
on the fuel share of each type of fuel and energy efficiency
or energy reduction efforts. The basic linear interpolation
formula, as shown in Equation (4), is applied to LEAP by
entering the “interp” command to set the fuel share and
energy efficiency projections for the specified years according
to the created scenario.

(Year;y —Yeary,)

TEy =TE,+ |TEey + TEy,|- (Yeare, — Yeary,)
ey Y

where 1y is the intermediate value or projected value, ey
is the end year value, and fy is the first year value.

2.4 Emission Calculation

The final energy consumption obtained from the LEAP mod-
eling results was then calculated for emission projections
using the emission factors shown in Table 1. The types of
greenhouse gases calculated in this study include carbon
dioxide (COg), nitrous oxide (N2O), and methane (CHy).
The limitations of national emission factors prompted this
study to use a combination of national and global emission
factors for each greenhouse gas. Referring to the IPCC
greenhouse gas inventory guidelines, biomass is not con-
sidered to contribute to the calculation of carbon dioxide
emitted by the sector but is instead accounted for in agri-
culture, forest, and other land use (AFOLU). Therefore, in
this study, biomass is assumed to contribute only to CHy
and NoO. Meanwhile for electricity is charged to the energy
sector and therefore not taken into account. In the scenario,
electricity is assumed to be generated from renewable en-
ergy sources such as water, wind, and solar, resulting in zero
emissions. The emission calculation is carried out according
to Equation (5).

where Em refers to emission, TE refers to energy con-
sumption, F'E is the emission factor, j is subsector, and i is
for fuel type.

The three types of greenhouse gases were then converted
into a single unit of measurement, carbon dioxide equivalent
(COge). This unit of measurement is used to compare the
impacts of the three different types of GHGs, taking into
account their global warming potential (GWP). The GWP
value in this study refers to the IPCC Assessment Report 6.
The formula for COge is shown in Equation (6).
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Table 1. Energy Conversion and Emission Factor
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Fuel Type Energy Conversion Emission Factor (FE)

COq CHy N,O

(ton/TJ) (kg/TJ)"****  (kg/TJ)
Gasoline 35.93 x 10~5 TJ/liter* 72.80*** 3 0.6
High-speed diesel 39.68 x 1076 TJ/liter* 74.437%* 3 0.6
Industrial diesel oil 40.43 x 1075 TJ/liter* 74.07*** 3 0.6
Biosolar 39.68 x 1076 TJ/liter* 70.80*** 3 0.6
Coal 21.14 x 1073 TJ/ton* 99.70*** 10 1.5
Briquette 21.8 x 1073 TJ /ton* 97.50™ 10 1.5
Natural gas 1.05 x 1072 Joule / MBTU**  57.60*** 1 0.1
LPG 52.15 x 1076 TJ /kg T1.87%** 1 0.1
Fuel oil 42.58 x 1075 TJ/liter* 75.17%* 3 0.6
Biomass 14.06 x 1072 TJ /ton* - 30 4
Electricity 3.75 x 1073 Joule/kWh* charged to the energy sector, not taken into
account

Notes: 1 BOE = 0.006118 TJ

*Ministry of Energy and Mineral Resources Republic of Indonesia, 2025

**Directorate General of Electricity, 2018

***Ministry of Energy and Mineral Resources Republic of Indonesia, 2020

****The Fiscal Policy Agency, 2013
FHFFK[POC, 2006

Table 2. Growth Rate in Each Subsector

ISIC AvgR (%) R 20212022 (%)

ISIC Avg R (%) R 20212022 (%)

10 8.35 3.77
11 4.64 10.03
12 2.65 16.16
13 -3.03 -6.1
14 6.26 24.9
15 6.93 1.81
16 -3.06 -7.43
17 -0.56 4.68
18 6.9 -0.55
19 -0.79 3.72
20 3.75 -1.82
21 9.01 -8.73

22 0.87 -3.86
23 4.35 -6.65
24 4.46 12.42
25 4.32 11.97
26 -1.32 11.03
27 5.23 6.55
28 4.47 29.95
29 4.51 9.66
30 -3.03 2.08
31 2.76 -21.56
32 -1.66 -3.11
33 -3.55 18.17

Em; ;)COze = (Em(; ;) CO2 x GWPCOy)
+ (Em(j,i)CH4 X GWPCH4)
+ (Em(j7i)N20 X GWPNQO)

(6)

where EmCOqe refers to carbon dioxide equivalent (kg
COge), EmCOy is carbon dioxide emission (kg), GWPCO-
is carbon dioxide global warming potential (1), EmCHy is
methane emission (kg), GWPCH, is methane global warm-
ing potential (fossil: 29.8; non fossil: 27), EmN2O is nitrous
oxide emission (kg), and GWPN,O is nitrous oxide global
warming potential (273), j is subsector, and i is for fuel

type.

© 2026 The Authors.

2.5 Model Validation

Model validation is necessary to determine the model’s relia-
bility in predicting data close to the actual data. This study
uses 2022 energy consumption data as the actual data to
compare with the modeling data. Validation is determined
based on the mean absolute percentage error (MAPE) in
Equation (7).

MaAPE = 2= 100% (7)
a

where a means actual or observed total energy (T'E)
in 2022 and m is the predicted total energy (T'E) in 2022.

Prediction results are considered excellent if the MAPE
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value is < 10; good if the MAPE value is between 10 and
20; and reasonable if the MAPE value is between 20 and 50
(Hu and Jiang, 2017).

2.6 Scenario Development

The analysis is performed under 4 (four) scenarios which are
BAU, ER, CT-1, and CT2. These scenarios are designed
to represent a range of pathways from baseline conditions
to policy and technology transitions. This framework is
used to compare the impacts of maintaining current trends,
implementing existing policies, and adopting low-carbon
policy.

1. Business as usual (BAU) if the trends of industrial
activities and fuel share remain unchanged, and the
production output growth rate per sub-sector follows
the average annual production (or GDP for ISIC 19)
growth rate from 2010-2019. There is no specific pol-
icy for energy transition and energy efficiency. This
scenario serves as a reference for comparison.

2. Emission reduction (ER) based on the introduction
of energy efficiency policy from the National Energy
General (2025: -17.4%; 2030: -21.9%; 2050: -38.9%).
Energy transition policy from fossil to renewable en-
ergy is also implemented, following the energy mix
target in the National Energy Plan in the final indus-
trial sector demand modeling section. However, it was
adjusted for 2050 by not adding the percentage of fuel
and gas, and not reducing the percentage of electricity
to the fuel share in 2025. This assumption is used to
remain in line with the energy decarbonization target.
Fuel shares used in ER scenario are listed in Table 3.

3. Clean transition 1 (CT-1) based on the activity growth
rate per sub-sector follows the average annual produc-
tion growth rate from 2010 to 2019, with the same
fuel share and energy intensity as the BAU scenario.
Replacing all fossil fuels (except gas) with bioenergy
and electricity from renewable energy by 2060 based
on previous study by Herndndez and Fajardo (2021).

4. Clean transition 2 (CT-2) represents a more ambi-
tious pathway. It is based on the activity growth rate
per subsector follows the average annual production
growth rate from 2010 to 2019. Energy intensity and
fuel share until 2050 are the same as the ER scenario
(already taking energy efficiency into account). Re-
placing all fossil fuels (except gas) with bioenergy and
electricity from renewable energy by 2060.

3. RESULTS AND DISCUSSION

3.1 Fuel Energy Demand Projection from The Man-
ufacturing Industry

Projecting GHG emissions from industrial activities is a cru-

cial step in understanding the potential for climate change.

Variations in fuel types, fuel consumption volumes, and activ-

ity growth trends mean that each type of industry has a dif-

ferent potential for GHG emissions growth. Therefore, pro-
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jections of emissions from each manufacturing subsector are
necessary to identify long-term trends as a reference for more
targeted emission control policies (Deutsche Gesellschaft fiir
Internationale Zusammenarbeit (GIZ), 2021).

Energy consumption projections from fuel consumption
in the manufacturing industry are separated for ISIC outside
ISIC 19 and ISIC 19 due to different activity growth assump-
tions. Activity growth for ISIC outside ISIC 19 is based on
production index growth, while ISIC 19 uses GDP growth
due to data limitations. The ISIC code of each subsector is
shown in Table 4. The abbreviation (ABB) will be used in
the graphic to clearly depict the condition of each subsector.

The energy demand of large and medium-sized manufac-
turing industries (excluding ISIC 19) in 2021 was estimated
at 4,762.9 petajoules (PJ) (Figure 2). The subsectors with
the highest energy consumption were the rubber, rubber
goods, and plastics industry (ISIC 22) and the food industry
(ISIC 10), with 1,801.8 PJ and 1,529.7 PJ, respectively. This
is due to the high biomass consumption in both subsectors.
Meanwhile, the lowest energy consumption in 2021 was in
the printing and reproduction of recorded media industry
(ISIC 18), with only 0.9 PJ.

However, based on the modeling results, the highest
energy consumption in 2060 is in the food industry (ISIC
10) and the basic metal industry (ISIC 24), which reached
33,434.2 PJ and 3,198.3 PJ, respectively. This shift is due
to the average annual growth rate of the food and basic
metal industries reaching 8.35% and 4.46%, respectively,
while the rubber, rubber goods, and plastic industries only
grew by 0.87% per year. Meanwhile, the lowest projected
energy consumption in 2060 is in the repair and installation
services subsector of machinery and equipment (ISIC 33),
which is only 0.6 PJ.

The error equivalent results for the energy model, com-
pared to actual data from 2022, showed values no greater
than 21.39%, indicating that the model is considered rea-
sonable. Validation was conducted using 2022 data, as it
is the most recent year with consistent data availability of
subsector level. A longer time series for validation would im-
prove the robustness of the model. However, recent dataset
(currently only available up to 2023) do not provide sufficient
disaggregation for subsector analysis. Therefore, single-year
validation represents the most appropriate approach.

3.2 GHG Emission Projection from Fuel Consump-
tion

GHG emissions from fuel consumption depend on the type
of fuel used (Martins et al., 2021). Therefore, the subsec-
tor with the highest energy consumption does not always
produce the highest emissions. Although some subsectors ex-
hibit high energy consumption, their emissions contribution
can vary depending on the type of fuel used.

Based on the results of this study, GHG emissions in 2021
from the manufacturing industry amounted to 83,046.66
GgCOge. The largest GHG emissions were generated by
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Table 3. Fuel Share Accommodated in the ER Scenario
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Fuel type Fuel share
2025 2030 2040 2050
Fuel oil <6.40% <6.40% < 6.40% < 6.40%
Coal (including briquettes) < 31.80% < 30.50% < 28.10% < 25.90%
Gas (including LPG) < 28.30% < 2830% < 28.30% < 28.30%
Bioenergy > 11.40% > 11.70% > 12.30% > 12.90%
(unless the percentage has been fulfilled from electricity)
Electricity >24.10% > 25.10% > 26.90% > 28.50%

(unless the percentage has been fulfilled from bioenergy)

Table 4. List of Subsectors of the Manufacturing Industry in Indonesia

ISIC ABB Description ISIC ABB Description
10  Food Food products 22 Rubber and plastic Rubber and plastic prod-
ucts

11 Beverages Beverages

12 Tobacco
13 Textile

Tobacco products
Textiles

14  Wearing apparel Wearing apparel

15  Leather and etc Leather and related prod-
ucts

Wood and products of
wood and cork (except
furniture)

Paper and paper prod-
ucts

Printing and reproduc-
tion of recorded media
Coke and refined
petroleum products
Chemicals and chemical
products

Basic  pharmaceutical
products and pharmaceu-
tical preparations

16 Wood and etc

17 Paper

18  Printing

19  Coke and petroleum
20 Chemical

21 Pharmaceutical

Other non-metallic min-
eral products

Basic metals

Fabricated metal prod-
ucts, except machinery
and equipment
Computer, electronic,
and optical products
Electrical equipment

23 Non metallic mineral

24 Basic metal
25  Metal product

26  Computer and optic
27  Electrical equipment
28  Machinery Machinery and equip-
ment n.e.c.

29  Motor vehicles Motor vehicles, trailers,
and semi-trailers

Other transport equip-
ment

Furniture

30 Other transport
31 Furniture

32 Other manufacturing Other manufacturing

33  Repair and installation Repair and installation
of machinery and equip-
ment

the textile industry subsector (ISIC 13), reaching 21,570.79
GgCOqe, followed by the food industry subsector with
19,041.30 GgCOqe (Figure 3). The textile industry is known
to produce high emissions (Alici et al., 2024). However,
based on 2021 data, the textile industry is not the subsector
with the highest energy consumption. This is due to the
dominance of coal in the energy mix. The food industry
was found to have the highest energy consumption in 2021,
with biomass as the dominant fuel. Biomass use can sig-
nificantly reduce carbon dioxide emissions, but still poses
risks through increased methane and nitrous oxide emissions.
This is because methane and nitrous oxide emissions pro-

© 2026 The Authors.

duced by biomass are greater than those from fossil fuels,
with higher emission factors (IPCC, 2006). The climate
change potential (global warming potential) of these two
gases is also greater than that of carbon dioxide, namely 27
times greater for methane and 273 times greater for nitrous
oxide, respectively (Oshita et al., 2014). The printing and
reproduction of recorded media produced the least emissions,
in line with its energy consumption.

Based on the business-as-usual (BAU) scenario, total
GHG emissions from the manufacturing industry are pro-
jected to reach 593,520.09 Gg COse. It represents a nearly
eightfold increase compared to 2021. The average annual in-
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Figure 3. GHG Emissions from Fuel Consumption in Each Manufacturing Subsector in 2021

crease is approximately 5.2%. Several subsectors continue to
experience increasing emissions, while others show declining
emissions. This is influenced by the production growth rate
used as the assumed activity level growth in this study. The
results of the GHG emission projections for each subsector
in the BAU scenario are shown in Figure 4.

The industrial subsectors that experienced an increase in
GHG emissions due to positive production growth were ISIC
10, ISIC 11, ISIC 12, ISIC 14, ISIC 15, ISIC 18, ISIC 19,
ISIC 20, ISIC 21, ISIC 22, ISIC 23, ISIC 24, ISIC 25, ISIC

© 2026 The Authors.

27, ISIC 28, ISIC 29, and ISIC 31. The largest increase in
GHG emissions was experienced by the food industry, which
rose from 19,041.3 GgCOaqe in 2021 to 416,166.56 GgCOsqe
in 2060. This condition was caused by the large energy
consumption of the food industry and positive production
growth reaching 8.35% per year.

The subsectors that experienced a decrease in GHG emis-
sions due to negative production growth were ISIC 13, ISIC
16, ISIC 17, ISIC 26, ISIC 30, ISIC 32, and ISIC 33. The
dependence of the textile industry (ISIC 13) on the need
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for raw materials in large quantities and prices that are
often expensive due to imports, coupled with the pressure of
imported textiles from China, makes this industry increas-
ingly difficult to develop in Indonesia (Asmara et al., 2014).
The paper and paper goods industry (ISIC 17) in Indonesia
also faces ecolabel challenges, where the raw materials are
mostly derived from wood that is considered illegal and
not environmentally friendly, so it is hampered in export-
ing (Simangunsong and Wulandari, 2016). The computer,
electronics, and optics industry (ISIC 26) is a significant
contributor to Indonesia’s manufacturing industry. However,
this subsector experiences difficulty in obtaining imported
raw materials which are essential for production (Martawar-
daya et al., 2023). The largest decline was experienced by
the wood, wood products, and cork (excluding furniture),
and woven goods from bamboo, rattan, and similar materials
(ISIC 16), from 8,766.47 GgCOxqe in 2021 to only 2,491.21
GgCOqe in 2060 (-71.58%). This industry experienced a
production decline of up to -3.06% per year. Suboptimal
product marketing is a constraint on the development of
this subsector (Mutaqin et al., 2022).

The ER (emission reduction) scenario considers emission
reduction efforts through the transition from fossil fuels
to renewable energy and energy efficiency, referring to the
National Energy General Plan (RUEN) targets. Through
these efforts, GHG emissions are projected to be 45.96%
lower than the BAU scenario, or 320,734.36 Gg COseq in
2060 (Figure 5). The largest emission reductions occur in
the textile subsectors (ISIC 16), at -94.71%. Fuel use in this
subsector in 2021 was dominated by coal, reaching 90.89%.
Most of the coal produced and used in Indonesia is low rank
coal which can emit high amount of methane as on of the
GHG emission (Arisanti et al., 2017). Therefore, in addition
to negative production growth, the energy efficiency and
coal consumption reduction scenario can significantly reduce
emissions. A similar situation is also experienced by the
wood and bamboo industry (ISIC 16). Meanwhile, there are
also industries whose emissions have decreased significantly
despite positive production growth, which are ISIC 22 and
ISIC 31. Energy efficiency not only reduces emission, but
also contributes in enhancing corporate sustainability (Erwin
and Asbanu, 2018).

The decarbonization efforts implemented in the Clean
Transition 1 (CT-1) scenario focus on the total transition
of all fossil fuels to renewable energy (biomass and biofuels)
and electricity from renewable energy sources, except for
natural gas and LPG, which are maintained. The projected
GHG emissions for each subsector in this scenario are shown
in Figure 6, with total GHG emissions in 2060 projected at
125,835.03 Gg CO2eq or a decrease of -78.8% compared to
the BAU scenario. The ISIC 13, ISIC 14, ISIC 15, ISIC 16,
ISIC 18, ISIC 31, and ISIC 33 industries in this scenario also
experienced a significant decrease in emissions compared to
the BAU scenario, similar to the ER scenario. The food
industry (ISIC 10) and the electrical equipment industry
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(ISIC 27) are also having significant emissions reduction.

This scenario utilizes only a total transition from fossil
fuels to renewable energy, without involving energy effi-
ciency efforts. However, the resulting emission reductions
are greater than the ER scenario, which utilizes energy ef-
ficiency and fossil fuel reduction. Several subsectors, such
as ISIC 10, ISIC 12, ISIC 14, and ISIC 15, which initially
experienced positive growth, resulted in steadily increasing
emissions. However, between 2050 and 2060, when the total
transition from fossil fuels to renewable energy is imple-
mented, emissions decrease significantly, resulting in a peak
in 2055 before declining in 2060.

The Clean Transition 2 (CT-2) scenario differs from CT-
1 in terms of the projected fuel share of gas and LPG in
2060. The CT-1 scenario assumes the fuel share of gas and
LPG is projected to be the same as the initial condition
until 2060, while in the CT-2 scenario, the fuel share of gas
and LPG is assumed to be a maximum of 26.3% following
the RUEN. This condition results in the projected GHG
emissions in 2060 only increasing by around 5.57% compared
to the conditions in 2025. The total projected aggregate
GHG emissions in 2060 with the CT-2 scenario are only
72.834,1 Gg COqe, or decreasing by 87.73% compared to the
BAU scenario (Figure 7). There are more subsectors that
experience a decrease in emissions compared to the ER sce-
nario and the CT-1 scenario, namely ISIC 19, ISIC 20, ISIC
21, ISIC 23, ISIC 25, ISIC 26, ISIC 28, ISIC 29, and ISIC 32.
This shows that the total transition from fossil energy to
renewable energy, accompanied by energy efficiency efforts,
contributes to a greater reduction in GHG emissions. GHG
emissions tend to increase until 2055 and then decrease in
2060 because the total transition to renewable energy in
this study is assumed to be implemented from 2050 to 2060,
after previously being reduced slowly from 2025 to 2050.

Emission trends across scenarios are mainly caused by
the differences in activity growth, fuel type used, and pol-
icy intervention. In BAU, emissions keep increasing, which
showing how production growth drives emissions when no
action is taken. The ER scenario reducing the increase of
emissions through energy efficiency aligned with the Na-
tional Energy Plan. Meanwhile, CT-1 and CT-2 lead to
more noticeable reduction as fossil fuels are replaced with
renewable energy. This suggests that decarbonization in
manufacturing sector require not only policy support but
also shift in technology and energy use.

3.3 Optimal Energy Matrix Towards NZE-2060

Efforts to reduce greenhouse gas emissions to mitigate the
impacts of climate change, also known as decarbonization
(Kolmasiak, 2024; Victor-Gallardo et al., 2022), are aimed
at reducing emissions and boosting the economy (Groves
et al., 2020). The scenario implemented in this study covers
only three of the five pillars of industrial decarbonization:
energy efficiency, fuel substitution, and low-carbon elec-
tricity and electrification. The other two pillars, process
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upgrades and carbon capture, utilization, and/or storage,
were not implemented in this study due to their specific
technology requirements for each type of equipment. Fur-
thermore, CCU/S technology is still under development
and is currently available only for the cement and fertilizer
industries.

The energy mix in the base year (2021) was generally
dominated by biomass and coal. However, this dominance
differed at the subsector level. Subsectors that predomi-
nantly used coal included ISIC 13, ISIC 14, ISIC 15, ISIC

© 2026 The Authors.

16, ISIC 17, and ISIC 20. Meanwhile, subsectors that pre-
dominantly used biomass were ISIC 10, ISIC 11, ISIC 21,
ISIC 22, ISIC 24, and ISIC 27. Gas fuel was used more
in ISIC 20, ISIC 25, and ISIC 29. Electricity was predom-
inantly used in ISIC 12, ISIC 18, ISIC 23, ISIC 26, ISIC
28, ISIC 30, ISIC 31, ISIC 32, and ISIC 33. Scenarios were
then developed for transition to electricity from renewable
sources but with different fuel shares.

Based on the projection results, the largest GHG emis-
sion reduction can be achieved through the CT-2 scenario,
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combining efforts to transition to electricity and renewable
energy sources, and energy efficiency. The ER scenario can
only reduce emissions by a maximum of 81.87%, CT-1 by
a maximum of 99.4%, and CT-2 by a maximum of 99.5%,
at ISIC 13 and ISIC 16 (Table 5). This condition occurs
because the dominant energy used in this subsector in 2021
was dominated by coal, reaching 90.73% and 90.89%. As is
known, coal is the largest contributor to emissions compared
to other types of fuel. Therefore, decarbonization interven-
tions in this type of fuel can have a significant impact on

© 2026 The Authors.

GHG emission reductions. Figure 8 shows the comparison
in GHG emissions between all scenarios.

Based on the projection results, the scenario with the
lowest emissions in 2060 is the CT-2 scenario, followed by
CT-1, ER, and BAU, as shown in Table 6. The CT-2
scenario, which combines energy efficiency and fossil fuel
transition, is capable of reducing emissions by up to 87.73%
compared to the BAU scenario.

As a note, either CT-1 or CT-2 scenario assume that
electricity used is fully sourced from renewable energy, so
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Table 5. Percentage of Emission Reduction in Each Scenario Compared to the BAU Scenario

ISIC  Emission Reduction (%) ISIC  Emission Reduction (%)
ER (%) CT-1 CT-2 ER (%) CT-1 CT-2
10 -38.90 -81.26 -88.55 22 -38.90 -9.55  -44.74
11 -38.90 -53.24 -71.43 23 -48.51 -55.563 -72.55
12 -63.78  -67.54 -79.36 24 -38.90  -25.89 -54.72
13 -81.87  -99.40 -99.36 25 -53.90 -44.02 -76.83
14 -75.05  -99.08 -99.39 26 -50.56  -60.28 -75.62
15 -80.16  -98.45 -99.04 27 -3890 -73.55 -83.80
16 -81.23  -99.46 -99.50 28 -61.64 -56.60 -73.35
17 -44.12  -65.44 -79.84 29 -70.81 -12.40 -78.05
18 -72.39  -85.18 -90.89 30 -50.53 -44.12 -65.81
19 -73.37  -13.31 -81.50 31 -73.55  -77.87 -86.26
20 -56.81  -64.37 -84.19 32 -45.74  -64.04 -78.02
21 -41.41  -54.53 -72.21 33 -76.88  -79.55 -87.06
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Figure 8. Comparison of GHG Emissions from Fuel Consumption Between Proposed Scenarios

Table 6. Remaining GHG Emissions for Each Scenario in 2060

Scenario Remaining GHG emissions in 2060 (Gg CO2e) Reduction compared to BAU scenario
BAU 593,520.08 -

ER 320,734.36 -45.96%

CT-1 125,835.03 -78.80%

CT-2 72,834.14 -87.73%

upstream emissions associated with electricity generation
are 0. Therefore, it will closely depended on the availability
of the renewable energy in Indonesia. The renewable energy
potential available in Indonesia, based on the RUEN data
for various energy sources, is only 443,208 MW. Excluding
bioenergy, the availability of renewable energy in Indonesia
is approximately 410,554 MW for all sectors. The final
energy demand modeling results based on the Indonesia
General Energy Planning for industrial fuels in 2050 are

© 2026 The Authors.

approximately 40.3%. Therefore, assuming all sectors uti-
lize renewable energy, the available renewable energy for
the industrial sector is 178,612.82 MW, and the remaining
renewable energy, excluding bioenergy, is 165,453.26 MW.
The total renewable energy requirement in 2060 for
the CT-2 scenario is 25,133,831.93 TJ, or equivalent to
796,354.39 MW (conversion 1 TJ/s = 1 million MW). If the
biomass requirement is not taken into account, considering
that this energy source can be met from industrial manufac-
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turing waste, then the renewable energy requirement for this
scenario is 4,023,057.37 TJ, or equivalent to 127,570.31 MW.
Although when compared to the overall potential, it is still
sufficient, but later this medium and large industrial sector
will utilize about 77.1% of the existing renewable energy
potential, even though there are still other sectors, such
as micro and small industries, transportation, households,
and commercial, that need to be met. Likewise, the CT-1
scenario requires more renewable energy in 2060, reaching
40,984,215.19 TJ or equivalent to 1,299,600.94 MW, with
a non-biomass renewable energy requirement of 207,415.71
MW.

The most feasible scenario, based on Indonesia’s renew-
able energy potential, is the ER scenario. This scenario is
projected to require 22,558,333.79 TJ of renewable energy,
equivalent to 715,320.07 MW, by 2060. The need for re-
newable energy outside of biomass for this scenario is still
smaller than the potential for renewable energy for industry,
which is only 46,536 MW. Indonesia has set a roadmap to-
ward NZE 2060 through some commitments, including Paris
Agreement to Enhanced NDC which strengthened emissions
reduction target from 29%-41% to 31.89%-43.2% aligned
with a 1.5°C pathway (International Energy Agency, 2022).
In this study, the ER scenario represents the current policy
commitments, as this scenario is based on energy efficiency
targets outlined in the National Energy Plan. However, the
ER scenario does not fully reduce emissions from the man-
ufacturing sector to net zero by 2060. It leaves 320,734.36
Gg COqe remaining, which is limited in achieving net zero
emissions target in 2060. Some emission modelling stud-
ies show similar findings, indicating that energy efficiency
alone is not sufficient to achieve NZE-2060 (Firmansyah
et al., 2023; Li et al., 2023; Liu et al., 2024). Therefore, it
needs to be combined with other efforts that are also part
of decarbonization in order to achieve the NZE-2060 target.

Some programs can be implemented, such as upgrading
processes and technologies for carbon capture, utilization,
carbon capture storage, and reforestation. Technology plays
a crucial role in reducing emissions in the manufacturing
sector. It is not only applied to core facilities, but also to
supporting facilities such as office equipment, vehicles, and
lighting. The use of energy-efficient lighting in the food,
beverage, and textile industries has been shown to reduce
energy requirements and operational costs (ClimateWorks
Centre, 2025).

Carbon capture utilization (CCU) is a major emission
reduction technology currently being developed in the man-
ufacturing sector. CCU technology captures carbon dioxide
emitted by utilities and converts it into various by-products,
such as fuels or chemicals, that can then be traded, generat-
ing additional profits (Lamberts-Van Assche et al., 2023).
However, CCU is currently still in the research and devel-
opment stage and is only targeted for implementation in
Indonesia in 2040.

The ER scenario is still dominated by biomass fuels.
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Therefore, one important effort is to ensure the biomass used
is low-emission and, if possible, certified. This is not only
to obtain low-emission biomass, but also to ensure that the
biomass used is sourced from environmentally sustainable
sources with a minimal carbon footprint (Wisniewski and
Kistowski, 2020). Combining fossil and biomass can be a
promising step in energy transition efforts. For example
mixing oil sludge with biomass as an alternative fuel in
cement industry (Ningsih et al., 2019).

Renewable energy investment in Indonesia faces several
challenges. For example in biodiesel supply, issues include
deforestation associated with palm oil-based feedstocks, in-
stitutional conflicts, and limited support for alternative
sources (Kabinawa, 2014). In addition, energy infrastruc-
ture has also been a major challenge in supporting decar-
bonization in manufacturing sector. High investment costs
leading to shared responsibilities between the government
and the private sector (Ministry of National Development
Planning/National Development Planning Agency and Eco-
nomic Research Institute for ASEAN and East Asia, 2021).

4. CONCLUSIONS

Based on the modeling results, CT-2 scenario generates
lowest GHG emissions closest to the 2060 net zero emission
target for the Indonesian manufacturing industry compared
to the other scenarios. However, the most feasible energy
matrix when adjusted to Indonesia’s renewable energy po-
tential is the ER scenario To achieve the 2060 net-zero
emissions target from the manufacturing industry sector,
the implementation of the ER scenario needs to be com-
bined with other decarbonization efforts, such as the use of
CCU/CCS technology, biomass certification, and reforesta-
tion. Current emission reductions fall short of Indonesia’s
NDC targets. This shows that strong government support
is needed. Specific decarbonizations plans for each manufac-
turing subsector, along with rules, guidance, and monitoring,
are crucial to achieve the NZE 2060 target.
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