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A B S T R A C T

Managing energy transitions in developing countries is essential to ensuring a stable and affordable energy 
supply for both society and industry. The social, economic, and environmental impacts of this transition are 
typically assessed using various energy models, with dynamic system approaches providing a more compre
hensive representation than conventional methods. This study presents an Indonesia’s energy system dynamics 
model, co-developed with key stakeholders—including experts from technical ministries, research institutions, 
NGOs, and energy companies—to evaluate energy security policies. A participatory approach enabled stake
holders to define the model’s structure, select data, formulate policy scenarios, and assess simulation outcomes 
through meetings and focus group discussions, ensuring transparency and credibility. Stakeholders also play a 
crucial role in implementing scenario analyses and simulation insights. Notably, they emphasize the importance 
of maintaining fossil fuel supplies toward energy security, highlighting that policy modeling in Indonesia cannot 
overlook fossil fuel considerations. The resulting Participatory Energy System Dynamics Model (P/ESDM) in
tegrates five interconnected sub-models: Demography and Macroeconomics, Final Energy Demand and Total 
Emissions, Total Energy Supply, Policy Interventions, and Impact Assessments. P/ESDM was applied to simulate 
eight policy scenarios, including oil production strategies, crude oil export restrictions, refinery capacity 
expansion, electric vehicle promotion, biodiesel blend mandates, renewable energy capacity expansion, coal 
production management, and urban gas network development. Policy implications are derived from simulation 
results, and the model offers adaptability for other nations pursuing energy security.

1. Introduction

The global energy landscape is undergoing rapid transformation 
driven by technological advancements, environmental concerns, and 
evolving societal needs [1]. Understanding the intricate interplay be
tween energy supply and demand is crucial for developing sustainable 
energy systems [2]. However, many existing energy models predomi
nantly focus on the supply side, neglecting complex energy demand 
dynamics [3]. Challenges also arise in assessing policy effectiveness and 

stakeholder behaviour [4]. The need for novel or significantly adapted 
energy models is evident in developing countries, where distinct eco
nomic and social characteristics differ from developed nations [5,6].

Indonesia is a developing country undergoing an energy transition, 
the implementation of which will be shaped by various dynamics, 
including the burden of energy subsidies [7], the continued reliance of 
society on fossil fuels [8], particularly in the transportation sector [9], 
and the abundance of fossil energy resources [10]. Meanwhile, 
Indonesia has vast renewable energy potential—spanning bioresources 
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[11], solar [12,13], wind [14–16], hydro [17], and geothermal [18]. 
Several studies have explored the potential of converting these renew
able resources into alternative energy carriers such as biomass [19,20], 
biofuel [21–26], syngas [27–29], and hydrogen [30,31], highlighting 
their feasibility and scalability in supporting the energy transition. 
However, the oil and gas sectors are expected to remain a substantial 
part of the energy mix during the transition [9]. Moreover, previous NZE 
studies in Indonesia have often overlooked what will happen to coal and 
oil production and reserves when all energy demands are met by 
renewable energy [32–35]. Thus, rather than focusing on NZE path
ways, the objective of our study is to assess manageable pathways of 
energy transition. Specifically, we estimate the impacts of five fossil 
energy policies, two renewable energy policies, and one electric vehicle 
policy on energy demand and supply, the renewable energy share, and 
the resulting emissions. These policies are a primary concern for the 
Indonesian government. We aim for our findings to support the formu
lation of the National Energy General Plan (RUEN), which integrates 
both fossil and renewable energy sources [36].

To achieve this objective, we developed a system dynamics model, 
called the Participatory Energy System Dynamics Model (or P/ESDM), to 
represent energy systems in Indonesia. A system dynamic approach 
provides an integrated framework that visualizes the interdependence of 
economic, social, and environmental factors through feedback loops, 
enabling effective communication with non-expert stakeholders [10]. 
The P/ESDM is distinguished by its capacity to integrate diverse per
spectives, offering a comprehensive and adaptive framework for 
analyzing energy security strategies. By overcoming the limitations of 
traditional models—which often fail to capture the intricate in
terconnections between energy supply, demand, and socio-economic 
factors—the P/ESDM facilitates a more nuanced, context-specific un
derstanding of energy systems in developing nations. This approach not 
only advances academic discourse in energy system modeling but also 
equips policymakers and industry leaders with a robust tool to navigate 
the complexities of energy security.

Moreover, our study engaged both academic and non-academic 
stakeholders in the development of P/ESDM. Participatory approaches 
to energy modeling have emerged as essential, fostering stakeholder 
engagement and enhancing the legitimacy and robustness of outcomes 
[37]. By leveraging a participatory approach, it contributes to advancing 
energy system research in developing nations, particularly in assessing 
energy security and promoting stakeholder involvement.

The remainder of this article is structured as follows: Section 2 re
views the relevant literature to support our novelty claim. Section 3
outlines the methodology and participatory tools employed in our 
analysis. Section 4 presents the results of model development through a 
case study on Indonesia, while Section 5 discusses the model’s potential 
applicability in other developing nations. Finally, Section 6 synthesizes 
the findings and presents the conclusions.

2. Literature review

Various energy models have been utilized in energy system analysis 
in developing countries. The Low Emissions Analysis Platform (LEAP) 
model has been applied to estimate emission reductions as well as im
provements in energy security and equity from the NZE strategy plan in 
Nepal [37]. Moreover, Pramudya [34] and Langer [32] employed the 
Balmorel and Calliope energy models, respectively, to project electricity 
generation requirements, battery energy storage capacity, and inter- 
island grid interconnections to achieve NZE in Indonesia. The Latin 
American Deep Decarbonization Pathways project (DDP-LAC) used 
seven bottom-up and top-down energy models (GCAM, IMACLIM, LEAP, 
MESSAGE “ELENA”, OSeMOSYS, Pathways, and POLYSYS) to analyze 
the NZE transition in Argentina, Colombia, Costa Rica, Ecuador, Mexico, 
and Peru [38]. Other approaches used for low-carbon energy system 
analysis include agent-based modeling [39], econometric modeling 
[40], and input-output analysis [41].

System dynamics is an alternative approach for energy system 
analysis and has several advantages over other energy modeling ap
proaches. It holistically analyzes the entire system as an integrated 
whole [10]. This model can simulate energy stocks and flows, utilize an 
energy accounting framework, and examine the interactions among 
economic, social, and environmental systems. These features provide a 
thorough understanding of complex and non-linear energy systems [42]. 
It includes feedback mechanisms, helping to assess the impact of 
changes in one part of the system on other parts and the system. This 
feedback is visualized simply through flow diagrams, making it easier to 
communicate the model and its assumptions to non-academic 
stakeholders.

The analysis of energy systems using a participatory approach is 
steadily increasing. Participatory processes involve through dialogue 
and information gathering at the local and national levels [43], 
engaging expert and non-expert stakeholders to foster energy de
mocracy and build trust among them [44]. For example, Martinez- 
Hernandez [45] involved local community representatives, industry, 
and government to define bioenergy sustainability indicators. In terms 
of energy system modeling, Moallemi and Malekpour [46] formalized a 
participatory exploratory modeling framework consisting of three pha
ses: computational model development, scenario exploration, and con
tingency planning. These phases are conducted in an iterative and 
participatory manner, incorporating new inputs as they emerge. One 
example is the involvement of key stakeholders from the energy and 
transportation sectors to identify driving forces in future Danish trans
port scenarios, which were simulated using the energy system model 
TIMES-DK [47].

To assess the integration of participatory processes with the system 
dynamics approach, we conducted a search on the Scopus database on 3 
February 2025. We used the search string “system dynamic” OR “system 
dynamics” AND “participatory” applied to the article title, abstract, and 
keywords. This search yielded 478 articles, 13 of which are related to 
quantitative energy modeling as shown in Table 1. Most of the articles in 
Table 1 focus on studies at the state, city, and remote area levels.

Thus, participatory studies on dynamic energy systems at the na
tional level remain relatively underexplored. Konara and Tokai [48] 
conducted an energy system analysis at the national level in Sri Lanka, 

Table 1 
Quantitative energy system dynamics studies using participatory processes.

Location Participatory process Studies

Cascina 
Municipality, Italy

Two workshops for system mapping and system 
dynamic model developments

[50]

Ethiopia Stakeholder and expert consultation for 
scenarios and data

[49]

Flanders, Belgium Workshops and presentations of the developed 
system dynamics model to thematic and model 
experts

[51]

Greater London, UK Interviews and three workshops to build and 
validate the model

[52]

Mekong river basin, 
Cambodia

Six workshops, bilateral meetings, and expert 
interviews for visioning, CLD development, 
scenarios and policy interventions

[53]

Andalusia, Spain Interviews, four workshops, seminars, and 
communication to develop a system dynamic 
model, scenarios, and policy recommendations

[54]

Sri Lanka A questionnaire survey to determine the weights 
of sustainability indicators

[48]

Andalusia, Spain Interviews and a workshop to identify challenges 
and scenarios

[55]

Minnesota State, US Two regional workshops and two state-level 
workshops to provide scenarios

[56]

Remote area in Nepal A scenario planning session for obtaining inputs 
from stakeholders

[57]

Varamin Plain, Iran A workshop to develop a Mental Model [58]
Sardinia, Italy Participants play a serious game as policy makers 

in food, energy, water, climate and land 
management.

[59]
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assessing sustainability using 13 indicators. To derive weight values for 
each indicator, they engaged in a participatory process that included a 
questionnaire survey targeting both energy suppliers and consumers. 
Utilizing these weighted indicators, they evaluated the sustainability of 
various scenarios simulated within a system dynamics model with three 
sub-models: energy demand, energy supply and transformation, and 
emissions. Similarly, Dagne [49] performed a national-level energy 
system analysis to determine an NZE pathway scenario in Ethiopia. 
Government officials were consulted on model design and assumptions 
used in the scenarios. The model with six sub-models (i.e., population, 
energy, infrastructure, economy, land use, and environment) estimates 
the NZE transition’s impacts on macroeconomics, economic growth, 
employment, labor productivity, poverty, income inequality, land 
restoration, and investment cost.

Our study aims to build upon previous national-level studies of 
participatory energy system dynamic models that have focused exclu
sively on net-zero emissions—often overlooking oil and coal supply and 
demand during the transition. To extend these insights, our research 
actively engages key stakeholders at every stage of the analytical pro
cess, while addressing both fossil and renewable energy supplies to 
secure energy security. Our system dynamics model comprises five 
interconnected sub-models: demography and macroeconomic factors, 
final energy demand and total emissions, energy supply, policy mea
sures, and impact evaluations.

3. Method and data

This section provides a concise overview of the analytical method
ology employed in this study. The research began with a kick-off 
meeting with UNDP and the Ministry of National Development Plan
ning/BAPPENAS, where they provided guidance and outlined their ex
pectations (Fig. 1). Subsequently, we developed a system dynamics 
model and conducted policy and scenario analyses in collaboration with 
government institutions, research organizations, energy companies, and 
non-governmental organizations (NGOs). Based on these analyses, we 
formulated policy recommendations. For a more comprehensive expla
nation and additional information, please refer to the Appendix.

3.1. Participatory process

The participatory process encompassed several strategic meetings 
held at various stages, including the initiative’s initial phase, the pro
gression of model development, and the concluding presentation of the 
policy scenario analyses. Table 2 provides the details of the meetings 
and participants. The developed system dynamic model is named the 
Participatory Energy System Dynamics Model (P/ESDM).

The inaugural meeting, referred to as the kick-off meeting, took place 
on 7 January 2020. This meeting was organized by the Project Man
agement Unit (PMU) of the Partnership for Action on Green Economy 
(PAGE) within the United Nations Development Programme (UNDP), 
which was the funding provider for the project. The meeting also invited 
the Director of Environmental Affairs from the Ministry of National 
Development Planning who initiated the project. The primary objective 
was to integrate this energy sector’s dynamic system model with the 
dynamic system model of Low Carbon Development Indonesia (LCDI) 
established by the Ministry of National Development Planning together 

with the System Dynamics Bandung Bootcamp. The Director of Envi
ronmental Affairs outlined the objectives and expectations for the sys
tem dynamics model, followed by a discussion on the work plan led by 
the modeling team.

The initial model development was carried out by representatives 
from four units of the Ministry of Energy and Mineral Resources and 
representatives from the Agency for the Assessment and Application of 
Technology, from January to April 2020. On 28–29 April 2020, the 
modeling team then held a formal in-person meeting to review the 
progress of the dynamic system model development. The review 
concluded that it was necessary to create additional modules for EV 
policies, upstream oil and gas, oil and gas utilization policies for export 
and domestic use, as well as price and cost modules. The meeting also 

Fig. 1. Analysis steps.

Table 2 
Meetings and participants in the P/ESDM development.

Participants Agenda

1 2 3 4 5 6 7

A. Ministry of National Development Planning/Bappenas
1. Directorate of Environment √ √ √ √
2. Directorate of Energy, Mineral, and 

Mining Resources
√ √

3. Directorate of Energy, 
Telecommunication, and Information

√ √

B. Ministry of Energy and Mineral Resources
1. Secretariat of the Directorate General 

of New-Renewable Energy and Energy 
Conservation

√ √

2. Bureau of Communication, Public 
Information Services, and Cooperation

√ √ √ √ √ √

3. Bureau of Planning √ √ √ √ √ √
4. Research and Development Centre for 

Electricity, New-Renewable Energy, 
and Energy Conservation Technology.

√ √ √ √ √ √ √

5. Directorate General of Electricity √
6. Directorate General of Oil and Gas √
7. Directorate General of Coal and 

Mineral Resources
√

8. Centre for Human Resource 
Development in Electricity, New and 
Renewable Energy, and Energy 
Conservation

√ √ √ √

C. Other key stakeholders
1. Agency for the Assessment and 

Application of Technology
√ √ √ √ √ √

2. PMU UNPAGE Project, UNDP √ √ √ √ √ √
3. System Dynamics Bandung Bootcamp √ √ √ √ √ √
4. National Energy Council √
5. Ministry of Industry √
6. Ministry of Transportation √
7. The State-owned Electricity Company √
8. The State-owned Oil Company √
9. Indonesian Institute for Energy 

Economics (IIEE)
√ √ √

Note: List of agenda: 1. Kick-off (7 January 2020), 2. P/ESDM development 
(28–29 April 2020), 3. P/ESDM review (8 June 2020), 4. P/ESDM review (23 
July 2020), 5. P/ESDM integration to LCDI model (24 August – 23 November 
2020), 6. P/ESDM Finalisation (23–25 October 2025), and 7. FGD (25 November 
2020).
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provided updates on the latest data and information regarding key issues 
and programs in the energy and mineral resources sector.

The preliminary results and initial analyses were presented on 8 June 
2020, to key stakeholders. In addition to the Director of Environmental 
Affairs at the Ministry of National Development Planning and the PMU 
of the PAGE/UNDP project, we invited stakeholders from clean energy 
policymaking bodies (i.e., the Secretariat of the Directorate General of 
New Renewable Energy and Energy Conservation), and external system 
dynamic modelers (i.e., the System Dynamics Bandung Bootcamp and 
the Indonesia Institute for Energy Economics).

This meeting served as a critical platform for gathering insightful 
feedback to enhance the model and refine the policy scenario analyses. 
Key recommendations included improvements to the renewable energy 
power plant sub-module, the oil refinery sub-model, and the develop
ment of a sub-model for land requirement impacts, as well as the 
simplification of economic calculations for electricity tariffs. Other 
suggested enhancements involved the addition of a simulation control 
panel for transportation policy, including panels for adjusting load 
factors, operational levels, and travel distances.

The meeting also addressed the selection of variables, aiming to use 
endogenous variables as much as possible. This could be achieved 
through econometric regression to define the necessary equation spec
ifications. Additional issues discussed included carrying capacity related 
to constrained biodiversity and regional aspects. Detailed discussions 
were also held on biodiesel and coal policy scenarios. Another policy 
discussed was the green economy package, which includes the acceler
ation of solar energy programs, the sustainable energy fund, and market 
incentives.

Specifically, the UNDP requested an analysis comparing the effec
tiveness of two policies (namely EVs and rooftop solar PV) in reducing 
emissions. The meeting concluded with a recommendation for further 
coordination with the Ministry of Environment and Forestry, the 
Directorate General of Electricity, and the Directorate General of New 
and Renewable Energy and Energy Conservation to obtain the emission 
factors to be used, specifically tier-2 emission factors (national figures).

The amended results were re-evaluated with stakeholders on 23 July 
2020. This online meeting also aimed to review the P/ESDM model and 
define scenarios for each policy analyzed. This subsequent meeting 
featured the participation of the Director of Energy, Mineral, and Mining 
Resources, as well as the Director of Electricity, Telecommunications, 
and Information from the Ministry of National Development Planning. 
They have different perspectives on energy supply and demand and thus 
offered enhanced insights regarding the model development and the 
associated policy scenario analyses.

From August 24 to November 23, 2020, we held 12 online meetings 
focused on refining the P/ESDM model and integrating it into the LCDI 
model. These meetings specifically addressed the development of each 
policy module, validation of simulation outputs, and integration of P/ 
ESDM into the LCDI model. Additionally, discussions covered the policy 
implications of the simulation results.

The meetings were attended by the modeling team from the Ministry 
of Energy and Mineral Resources, representatives from the Ministry of 
National Development Planning of Indonesia, the System Dynamics 
Bandung Bootcamp, and the PMU UNDP. These 12 online meetings were 
later supplemented by an in-person meeting held from 23 to 25 October 
2020, in Bandung, which focused on finalizing P/ESDM and conducting 
an in-depth analysis of the simulation results. On November 25, 2020, 
we conducted a focus group discussion (FGD) to disseminate the findings 
of the system dynamics model development and policy scenario ana
lyses. The discussion involved representatives from the Ministry of En
ergy and Mineral Resources, the Ministry of National Development 
Planning, the PMU of the PAGE/UNDP project, and other relevant 
ministries.

During discussion, we explained that policies were simulated using 
three scenarios: the Business-as-Usual (BaU), Optimistic, and Custom 
scenarios. The results of the Custom scenario were not presented, as this 

feature allows policymakers to modify the control panel menu for each 
module. The outputs from the policy simulation included projections of 
energy demand and supply, energy mix, greenhouse gas emissions, land 
requirements, and economic impacts (i.e., export revenues, import 
reduction, investments, and subsidy expenditures).

The FGD also addressed model improvements and simulation results 
based on feedback from previous meetings, including the simulation of 
biodiesel and palm oil price impacts, the limitations of energy reserves, 
the influence of electricity prices from renewable energy on electricity 
demand, and the algorithm for adding power plants by energy type 
based on their economic viability and changes in electricity demand. 
This FGD also sought to outline a subsequent agenda for the application 
of the model and policy scenario analysis results in strategic decision- 
making processes within the respective ministries and agencies.

3.2. The participatory energy system dynamics model (P/ESDM)

The P/ESDM was developed using a system dynamics model to 
integrate it into the larger LCDI system dynamics model. The P/ESDM is 
grounded in the fundamental principles of systems thinking and dy
namic modeling [60,61] to address the complexity of Indonesia’s energy 
sector.

System dynamics, pioneered by Forrester [60], provides a structured 
approach to understanding nonlinear behaviors, time delays, and in
terdependencies within the systems. This approach recognizes the in
terconnections and feedback loops between various components of the 
system, including production, demand, environmental impact, and 
socio-economic outcomes. Compared to other modeling approaches, the 
system dynamic model offers a more comprehensive understanding of 
the interactions and feedback loops of variables within a non-linear, 
complex system [62]. Additionally, the visualizations and in
terpretations of a system dynamic model are relatively easier, allowing 
the model to be adjusted with new data and information more efficiently 
[63].

The P/ESDM encompasses five interrelated sub-models: (a) Demog
raphy and Macroeconomic; (b) Final Energy Demand and Total Emis
sions; (c) Total Energy Supply; (d) Policy Interventions; and (e) Impact 
Assessments, as shown in Fig. 2. The final energy demand and emissions 
sub-model integrates distinct modules addressing transportation, in
dustrial processes, residential consumption, commercial activities, 
miscellaneous energy users, and feedstock sectors. The total energy 
supply sub-model incorporates modules for the power generation sector, 
oil refining operations, biofuel production, gas and dimethyl ether 
(DME) utilization, coal conversion processes, and mining activities.

The policy interventions sub-model is structured into six modules: 
domestic market obligations (DMO) for coal and gas, renewable energy 
initiatives, biofuel mandates, and EV promotion. Finally, the impact 
assessments sub-model consists of two critical modules: land use dy
namics and investment evaluations.

Each module interacts synergistically, forming a network of feedback 
loops that collectively shape the system’s overall behaviour. The de
mographics and macroeconomic module serve as the primary driver of 
energy demand. The demographics module incorporates annual popu
lation growth projections, which are used to estimate total population 
and the number of households in rural and urban areas. These house
holds are further classified into electrified and non-electrified categories 
based on electrification ratio data and projections. The macroeconomic 
module calculates total and sectoral GDP using annual GDP growth data 
for five energy-consuming sectors: transportation, industry, residential, 
commercial, and other sectors.

Consequently, the energy demand module represents the total en
ergy demand from these five sectors plus the energy requirements for 
raw materials. Each of these six sectors is influenced by different factors. 
For instance, energy demand in the transportation sector is determined 
by the share of vehicles by technology type (e.g., internal combustion 
and hydrogen-electric vehicles), while energy demand in the industrial 
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sector is driven by industrial activity levels. The energy needs of each 
sector are then used to determine demand for various energy types, 
including electricity, coal, natural gas, petroleum products, LPG, 
renewable energy, and other refinery products.

Not all energy types are utilized across every sector. For example, 
electricity is used by the industrial, transportation, residential, and 
commercial sectors, whereas coal is exclusively consumed by the in
dustrial sector, including power plants. Finally, the consumption of each 
energy type is multiplied by its respective emission factor to estimate the 
total emissions produced.

The total primary energy supply module utilizes the estimated en
ergy demand by energy type in each sector, along with strategic policies 
and projects (e.g., increasing oil refinery capacity), to calculate total 
primary energy production, energy production by type, the volume of 
required energy imports, and the energy available for export. The pri
mary energy sources considered include coal, bioethanol, biodiesel, 
natural gas, petroleum products, biomass, biogas, hydro, geothermal, 
solar, wind, ocean energy, and municipal solid waste.

This module also incorporates sub-modules for energy production, 
which encompass power plants, oil refineries, biofuels, gas, dimethyl 
ether (DME), coal conversion, coal production, petroleum production, 
and natural gas production. Each of these sub-modules includes strategic 
project parameters and links to the policy intervention module.

The policy intervention module consists of three sub-modules. The 
first sub-module, coal domestic market obligation (DMO), directly im
pacts coal exports. The coal trade balance then influences coal prices, 
which subsequently affect coal demand and investment in the coal 
sector. The final impacts analyzed in this sub-module include changes in 
GDP, employment, and community income resulting from variations in 
coal investment and production values. The second sub-module, gas 
DMO, functions similarly to the coal DMO sub-module. The third sub- 
module focuses on electric vehicles (EVs), evaluating the impact of EV 
targets on the number of vehicles by technology type, investments in the 
automotive sector, luxury goods tax, value-added tax, and the trade 
balance for petroleum products.

The impact assessment module examines the effects on land, water, 
and investment requirements. The land and water sub-module calculates 
the water and land required for the production of natural gas, petro
leum, biodiesel, bioethanol, biomass, and electricity. The investment 

sub-module estimates the capital requirements for the construction of 
power plants, DME plants, coal gasification plants, biodiesel plants, 
biorefineries, methanol plants, petroleum refineries, and smelters. 
Although the P/ESDM includes this module, our paper does not present 
its simulation results, as it is not the primary focus of our analysis.

3.3. Policy scenarios

The design and analysis of scenarios leverage insights from previous 
stakeholder engagements and model validations. These scenarios aim to 
identify pathways for achieving sustainability goals while balancing 
energy security (energy supply and demand), economic growth, and 
environmental preservation. This approach enables a comprehensive 
evaluation of how different policy choices influence the energy system 
and related sectors over time.

The simulation framework incorporates user-defined parameters via 
a sub-scenario panel within the P/ESDM interface. This design facilitates 
scenario customization, allowing stakeholders to examine the long-term 
implications of various energy policies. We simulated eight energy 
policy scenarios, analyzed under two perspectives: the Business-as-Usual 
(BaU) Scenario and the Optimistic Scenario.

Scenario simulations are conducted by adjusting sliders on the con
trol panel of each module until the desired value or state is reached, as 
shown in Table 3. The first policy analysis focuses on the risk assessment 
of strategic project failures in the oil and gas sector, particularly 
regarding oil production and crude oil imports. Indonesia aims to pro
duce 1 million barrels of crude oil per day [64], with several key projects 
initiated to achieve this goal, including oil exploration, the imple
mentation of enhanced oil recovery (EOR), and reserve-to-production 
projects in oil and gas fields, such as Tangguh Train-3, Jambaran 
Tiung Biru (JTB), Indonesia Deep Water Development (IDD), and Masela 
[65]. The BaU scenario assumes these projects fail to be executed, while 
the Optimistic scenario assumes that these projects are fully completed 
on schedule.

The second policy analysis examines the DMO for crude oil pro
duction [66]. In the BaU scenario, the DMO accounts for 90 % of total 
crude oil production. The optimistic scenario proposes increasing the 
DMO to 100 %, ensuring that all domestically produced oil is consumed 
within the country, aims to reduce reliance on oil imports.
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The third policy analysis evaluates the impact of new refinery ca
pacity on crude oil, gasoline, and diesel imports. Indonesia has launched 
the Refinery Development Master Plan (RDMP) to expand refinery ca
pacity at four existing facilities: Cilacap, Balongan, Balikpapan, and 
Dumai. Additionally, two new Grass Root Refineries (GRR) are under 
construction in Tuban and Bontang [72]. The initial projects scheduled 
for completion include RDMP Balongan Phase 1 and RDMP Balikpapan 

Unit 1, each designed for a 50,000 barrels per day (bpd) capacity. By 
2025, three additional RDMP projects—Balongan Unit 2, Balikpapan 
Unit 2, and RDMP Cilacap—are expected to commence operations. By 
2026, RDMP Dumai (100,000 bpd), along with the new Tuban refinery 
(300,000 bpd) and the new Bontang refinery (300,000 bpd), is projected 
to become operational, collectively adding 952,000 bpd of refining ca
pacity by 2026. The BaU scenario assumes the cancellation of all re
finery projects, whereas the Optimistic scenario assumes that all projects 
are completed on schedule, ensuring increased domestic refining ca
pacity and reduced reliance on fuel imports.

The fourth policy analysis assesses the effects of accelerating the EV 
adoption on gasoline and diesel imports. In the BaU scenario, the EV 
market share is projected to reach 8 % for cars, 4 % for motorcycles, and 
0 % for buses by 2050. In contrast, the optimistic scenario anticipates a 
market share of approximately 50 % for electric cars [69], 100 % for 
electric motorcycles, and 20 % for electric buses by 2050.

The fifth policy analysis examines the impacts of increases in the 
biodiesel mix, crude palm oil (CPO) prices, Mid Oil Platt’s Singapore 
(MOPS), and CPO export levies on biodiesel utilization and diesel im
ports. The Optimistic scenario proposes a gradual increase in the bio
diesel and green diesel blend rate to 50 % [70] and the addition of an 
export levy on CPO if CPO prices exceed the reference export levy. 
Indonesia is actively promoting the development of green fuels through 
its existing refining infrastructure, utilizing both co-processing tech
niques and dedicated refineries. Key initiatives include the establish
ment of co-processing facilities for green diesel at Refinery Unit (RU) II 
Dumai, RU IV Cilacap, and RU VI Balongan, collectively designed to 
achieve a processing capacity of 2000 barrels per day (bpd), equivalent 
to 100,000 kiloliters (KL) annually [73]. Additionally, plans are un
derway to construct a standalone refinery unit at RU III Plaju with a 
capacity of 1 million KL per year, alongside modifications to RU IV 
Cilacap to enable the conversion of CPO into green diesel, green jet fuel, 
naphtha, and LPG at a rate of 6000 bpd [67].

The sixth policy analysis concentrates on the imperative acceleration 
of renewable energy capacity expansion. Under the BaU scenario, the 
historical average capacity augmentation over the past five years has 
been approximately 600 MW annually [74]. In contrast, the optimistic 
scenario forecasts a substantial increase to an average of 5 GW per year. 
This additional capacity in the optimistic scenario derives from a diverse 
array of renewable energy technologies: hydropower and mini-hydro 
systems contribute 2000 MW annually, geothermal energy adds 750 
MW, solar power accounts for 1000 MW, wind energy contributes 300 
MW, and bioenergy supplements the mix with 800 MW. Furthermore, it 
is anticipated that diesel power plants will be systematically decom
missioned by 2050.

The seventh policy analysis focuses on optimizing coal production. 
The BaU scenario assumes a coal production growth rate of 3.28 % per 
year [74], despite no corresponding increase in proven coal reserves. In 
contrast, the Optimistic scenario envisions a more conservative coal 
production growth rate of 0.5 % per year, accompanied by an annual 
increase in proven coal reserves of approximately 12 %. Under this 
Optimistic framework, Indonesia maintains its reliance on coal, com
plemented by the implementation of clean coal technology and Carbon 
Capture, Utilization, and Storage (CCUS) systems, ensuring a more 
sustainable approach to coal-based energy production.

The eighth policy analysis examines the implications of expanding 
the city gas network to reduce liquefied petroleum gas (LPG) con
sumption, imports, and subsidies. The government plans to develop 
urban gas networks in residential areas near natural gas sources or 
existing gas pipeline infrastructure. Since domestically produced natural 
gas is more efficient for direct use than for export or conversion into 
LPG, the government offers city gas at a lower price than LPG to 
incentivize households to transition to the urban gas network. In the 
Optimistic scenario, the number of city gas connections is projected to 
increase to 10 million households by 2030 and 30 million households by 
2050 [68]. In stark contrast, the BaU scenario assumes that no additional 

Table 3 
Policy scenarios to achieve energy security.

Policies Descriptions

Oil production of 1 million 
bpd

The success rates of oil exploration and EOR:  

• 0 % for BaU scenario; and
• 100 % for optimistic scenario.
The development progresses for IDD, JTB, Masela, 
and Tangguh projects:  

• Cancelled for BaU scenario; and
• On-track for optimistic scenario.

Redirecting oil exports for 
domestic needs

The DMO for crude oil production in 2020 to 2050:  

• 90 % for BaU scenario; and
• 100 % for optimistic scenario.

Constructions of six oil 
refineries

The construction progresses of RDMP Balongan #1 & 
$2, RDMP Balikpanan #1 & #2, RDMP Cilacap, 
RDMP Dumai, GRR Tuban, and GRR Bontang:  

• Cancelled for BaU scenario; and
• On-track for optimistic scenario.

EVs EV adoption rate in 2050:  

• BaU scenario: 8 % for cars, 4 % for motorcycles, 
and 0 % for buses; and

• Optimistic scenario: 50 % for cars, 100 % for 
motorcycles, and 20 % for buses.

Increased biodiesel mix Mandatory biodiesel mix:  

• BaU scenario: 30 %; and
• Optimistic scenario: 50 % since 2024, and green 

diesel production for 3.6 million kilo litres since 
2024.

Biodiesel price and subsidy:  

• BaU scenario: CPO price for US$ 250 per tons, 
MOPS for US$ 40 per bbl, 0 % VAT and no 
additional CPO export levy; and

• Optimistic scenario: CPO price for US$ 1250 per 
tons, MOPS for US$ 140 per bbl, and additional 
CPO export levy for US$10 per tons of CPO.

Renewable energy 
development

Annual increase of renewable energy power plant 
capacity:  

• BaU scenario: 600 MW for all renewable energy 
and no phase-out of oil-fuelled power plants.

• Optimistic scenario: 750 MW for geothermal, 
2000 MW for hydro power, 300 MW for wind 
turbine, 1000 MW for solar energy, and 800 MW 
for bioenergy. In addition, nuclear power plants 
with total capacity 2600 MW will be constructed 
gradually and oil-fuelled power plants will be 
phased-out after 2025.

Coal production 
management

Exploration and exploitation rate of coal reserves:  

• BaU scenario: No new reserves and 3.28 % 
increases per year of coal production.

• Optimistic scenario: 12 % increases per year of 
coal reserves and 0.5 % increases per year of coal 
production.

Expansions of urban gas 
networks

Total customers of urban gas networks by 2050:  

• BaU scenario: 887,000 customers with gas price 
for 15.6 ¢US$ per m3; and

• Optimistic scenario: 30 million customers with gas 
price for 28 ¢US$ per m3.

(Sources: [66–72].)
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city gas connections will be established after 2024.

3.4. Input data on demography and macroeconomic

Demographic and macroeconomic forecasts, such as population and 
gross domestic product (GDP), are key input data for modeling (see 
Table 4). For instance, RUEN utilized population and GDP data from 
2015 [75]. In our analysis, we assumed a declining population growth 
rate [76], resulting in a population increase from 255.6 million in 2015 
to 318.9 million by 2045 and 325.87 million by 2050, which is lower 
than the RUEN projection of 335.3 million. Similarly, GDP growth in 
RUEN was projected at 7.5 % in 2018, whereas actual values recorded 
5.17 % [36]. Therefore, we adopted data from [36], which projected 
GDP growth in 2050 at 4.73 %, compared to 6.3 % in RUEN. Conse
quently, per capita GDP is expected to rise from 19.98 million IDR in 
2000 to 183 million IDR in 2050. Additional data and assumptions are 
available in the P/ESDM.

4. Results

4.1. Oil production

In Fig. 3a, the BaU scenario forecasts that oil production will reach 
364 thousand bpd by 2030. From 2020 to 2050, the anticipated average 
oil production is projected to be 525 thousand bpd, or an average 
decline of 3 % per year. The average oil export will be 48 thousand bpd 
annually, generating approximately US$0.9 billion in revenue. Mean
while, the average oil import will be 632 thousand bpd per year, or 
equivalent to US$12 billion annually.

In contrast, oil production under the optimistic scenario is antici
pated to escalate to 1 million bpd by 2030, as illustrated in Fig. 3b. The 
average oil production from 2020 to 2050 is expected to be 942 thou
sand bpd, exhibiting an annual decline of only 0.6 %. The increase in oil 
production results in average annual oil exports rising to 114 thousand 
bpd, while at the same time, average annual oil imports drop to 114 
thousand bpd. Both exports and imports are valued at US$2.1 billion 
each. Compared to the BaU Scenario, the Optimistic Scenario has US 
$9.9 billion lower oil import values and US$1.2 billion higher oil export 
values, resulting in a total benefit of US$11.1 billion.

4.2. Diversion of oil exports for domestic refinery needs

Fig. 4 delineates the implications of increasing the DMO of crude oil 
production from 90 % (BaU) to 100 % (Optimistic Scenario). In the BaU 
scenario, the average annual export volume of is around 48 thousand 
bpd, equating to approximately US$ 905 million. Consequently, the 
anticipated average annual crude oil import volume is estimated at 632 
thousand bpd, incurring costs around US$ 12 billion.

The optimistic scenario leads to a significant reduction in the average 
annual export volume, which is 4.7 thousand bpd from 2020 to 2050, 
equating to approximately US$ 89 million. Concurrently, the forecasted 
average annual oil import volume is expected to diminish to 382 thou
sand bpd, with a value of US$ 7.3 billion, in stark contrast to the BaU 
scenario. This optimistic outlook yields an average annual savings of US 
$ 3.9 billion in the oil trade balance between 2025 and 2050. Such 

savings are realized through a reduction in oil imports amounting to US$ 
4.8 billion, notwithstanding a potential loss in export revenue totaling 
US$ 815 million.

4.3. Addition of refinery capacity

In the BaU scenario, the absence of enhanced refining capacity is 
poised to exacerbate the disparity between gasoline and diesel produc
tion and consumption, as illustrated in Fig. 5. The average annual crude 
oil import required for refineries stands at approximately 585,000 bpd, 
resulting in an economic outlay of around US$ 11.1 billion per year from 
2025 to 2050. Furthermore, the average annual imports of gasoline and 
diesel are estimated at 773,000 bpd, with a financial implication of US$ 
16.2 billion. Total average values of crude, gasoline, and diesel import 
will be US$ 27.3 billion per year.

In the optimistic scenario, average annual crude oil imports will 
escalate to 1.1 million bpd (Fig. 6), costing US$ 20.2 billion per year. In 
other words, crude oil imports will increase by approximately 477,000 
bpd, with a corresponding financial impact of US$ 9.1 billion annually, 
compared to the BaU scenario. However, domestic production of gaso
line and diesel will rise, leading to a reduction in average annual gaso
line and diesel imports to 407,000 bpd, valued at US$ 8.4 billion.

A comparative analysis of total oil, gasoline, and diesel imports be
tween the BaU and optimistic scenarios indicates an average annual 
increase in import expenditures amounting to US$1.3 billion. This 
finding implies that the optimistic scenario may not represent an ideal 
outcome when evaluated solely based on the yields of gasoline and 
diesel refining processes, as the import value of crude oil outweighs the 
savings derived from gasoline and diesel imports. These losses will turn 
into benefits if the DMO crude oil production policy in the previous 
section can be fully implemented. Moreover, the overall import value 
may be enhanced when considering additional refinery outputs, 
including aviation fuel, LPG, and various petrochemical products.

4.4. Electric vehicles (EVs)

Fig. 7 illustrates the demand and production for gasoline and diesel 
under both the BaU and optimistic scenarios. In the BaU scenario, the 
average annual imports of gasoline and diesel are projected to be 
approximately 773 thousand bpd, amounting to an economic value of 
US$ 16.2 billion per annum. In contrast, the optimistic scenario forecasts 
a reduction in average annual gasoline and diesel imports to 535 thou
sand bpd, with an import value of US$ 11.3 billion per year. This rep
resents a significant decrease of about 238 thousand bpd, translating to a 
savings of US$ 4.9 billion annually in fuel imports.

Nevertheless, the optimistic scenario for EV adoption presupposes 
the continuation of the BaU framework for renewable energy develop
ment, resulting in a substantial dependence on coal-fired power plants 
for electricity generation. Consequently, emissions under the optimistic 
EV scenario are projected to be higher, with an estimated 964 million 
tons of CO2 equivalent (CO2e) in 2030 and 2145 million tons of CO2e in 
2050. In comparison, the BaU scenario for EVs yields emissions of 960 
million tons of CO2e in 2030 and 2085 million tons of CO2e in 2050.

4.5. Increased biodiesel mix

In the BaU scenario, the policy of maintaining a 30 % biodiesel blend 
without the establishment of green refineries yields an average biodiesel 
consumption of 227,500 bpd annually, as illustrated in Fig. 8a. The 
average annual diesel import stands at approximately 116,000 bpd, 
incurring an import expenditure of US$2.5 billion per year. The 
renewable energy mix is projected to reach 10 % by 2025 and 8 % by 
2050. This trajectory is expected to culminate in CO2e emissions of 775 
million tons by 2025 and 2085 million tons by 2050.

Conversely, the optimistic scenario would augment biodiesel utili
zation by 62 % relative to the BaU scenario, reaching 368,700 bpd as 

Table 4 
Assumptions on GDP and population growth.

Year GDP growth (%) Population growth (%)

2020 5.40 1.21
2025 6.00 1.00
2030 5.93 0.80
2035 5.63 0.62
2040 5.43 0.48
2045 5.03 0.36
2050 4.73 0.24
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depicted in Fig. 8b. This scenario would result in a surplus diesel pro
duction of 26,000 bpd annually, facilitating exports with a potential 
revenue generation of US$557 million per year. The renewable energy 
mix is anticipated to expand to 13 % by 2025 and 10 % by 2050. 
Emissions in the optimistic scenario would amount to 757 million tons of 

CO2e in 2025 and 2045 million tons of CO2e in 2050. The increase in 
biodiesel production under the optimistic scenario necessitates a rise in 
land usage from 10,000 km2 in the BaU scenario to 25,000 km2 by 2030. 
By 2050, the land required for biodiesel cultivation is projected to 
escalate to 19,000 km2 in the BaU scenario and 35,000 km2 in the 

(a) BaU scenario (b) Optimistic scenario

Fig. 3. Projections for oil productions.
(Created by authors.)

(a) BaU scenario (b) Optimistic scenario

Fig. 4. Projections of oil export and utilization.
(Created by authors.)

(a) Crude oil imports (b) Gasoline and diesel imports

Fig. 5. Crude oil, gasoline, and diesel imports at the BaU scenario.
(Created by authors.)
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optimistic scenario.

4.6. Renewable energy developments

Fig. 9 illustrates the comparative growth trajectories of renewable 
energy generation capacity across two distinct scenarios. In the BaU 
scenario, the projected increase in renewable energy capacity reflects 
the historical trend observed over the past five years, which averages 
approximately 600 MW annually. Under this scenario, renewable energy 

capacity is anticipated to expand from 12 GW in 2025 to 26 GW by 2050, 
resulting in a contribution of 10 % to the energy mix in 2025, with a 
slight decline to 9 % by 2050.

Conversely, the optimistic scenario posits a more aggressive trajec
tory, forecasting an average annual increase of approximately 5 GW 
until 2050. In this scenario, renewable energy capacity is expected to 
surge from 23 GW in 2025 to an impressive 149 GW by 2050. The 
proportion of renewables within the primary energy mix is projected to 
escalate to 15 % by 2025 and 34 % by 2050. This optimistic outlook is 

(a) Crude oil imports (b) Gasoline and diesel imports

Fig. 6. Crude oil, gasoline, and diesel imports at the Optimistic scenario.
(Created by authors.)

(a) BaU scenario (b) Optimistic scenario

Fig. 7. Projections of gasoline and diesel production and consumption.
(Created by authors.)

(a) BaU scenario (b) Optimistic scenario

Fig. 8. Projections of diesel and biodiesel demands.
(Created by authors.)
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associated with a significant reduction in greenhouse gas emissions, 
with carbon dioxide equivalent emissions estimated at 726 million tons 
in 2025 and escalating to 1494 million tons by 2050.

4.7. Coal production management

This policy simulation posits that, in addition to the variations in 
production scenarios and enhancements in coal reserves, all other pa
rameters remain aligned with BaU conditions. Notably, an average 
escalation in coal demand of 5.1 % per year is anticipated from 2020 to 
2050. As illustrated in Fig. 10a, the BaU scenario forecasts a compound 
growth rate of 3.28 % per year in coal production, projecting an output 
of 1.5 billion tons by 2050, which represents a substantial increase of 2.5 
times the production level recorded in 2019. Concurrently, coal exports 
are expected to expand at 2.4 % per year, or 615 million tons per year, 
with an estimated export valuation of US$ 51.3 billion annually. 
Consequently, by 2050, the residual coal reserves are projected to 
possess a lifespan of merely 5.5 years, indicating that, in the absence of 
new reserve discoveries, national coal resources may be depleted by 
2055.

Conversely, the Optimistic scenario depicted in Fig. 10b adheres to 
the national medium-term development strategy for coal production 
until 2024, after which production is anticipated to increase at a sub
dued rate of merely 0.5 % per year from 2025 to 2050. In this context, 
coal exports are projected to decline at 3 % per year, culminating in an 
average export volume of 346 million tons per year and a corresponding 
export value of US$ 28.9 billion per year. With this tempered production 
trajectory, coal output is estimated to reach approximately 715 million 
tons by 2050, thereby extending the reserve lifespan to an estimated 25 

years.

4.8. Expansions of urban gas networks

In the BaU scenario, the expansion of urban gas networks, exclu
sively financed by the national budget, results in a total of 887,000 
connections between 2020 and 2050 (Fig. 11). This constrained 
expansion facilitates the reduction of LPG consumption for only 0.1 
million tons per year. Consequently, average yearly LPG imports are 
projected to hover around 11.35 million tons, amounting to a financial 
burden of approximately US$ 6.35 billion per year.

Conversely, the optimistic scenario posits a more robust develop
ment of urban gas infrastructure. This strategic expansion would enable 
the conversion of 1.7 million tons of LPG consumption per year within 
the same timeframe. As a result, LPG imports would diminish to 9.8 
million tons annually, valued at US$ 5.5 billion. This optimistic trajec
tory would yield a significant reduction of 1.5 million tons in LPG im
ports each year, translating to savings of approximately US$ 0.8 billion.

5. Policy implications

Our study was designed and initiated before the COVID-19 
pandemic; however, much of its implementation was carried out dur
ing large-scale social restrictions, which impacted the participatory 
process and policy analysis conducted. Most of the participatory process 
was conducted online, which, surprisingly, worked well. Concerns about 
a lack of participant engagement and limited collaboration due to the 
absence of face-to-face interaction and the possibility of multitasking 
were minimized because the participants were committed to the study’s 

(a) BaU scenario (b) Optimistic scenario

Fig. 9. Projections of renewable energy capacity.
(Created by authors.)

(a) BaU scenario (b) Optimistic scenario

Fig. 10. Projections of coal production and exports.
(Created by authors.)
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implementation. Participants were highly critical when selecting the 
policies to be analyzed, such as whether it was still feasible to increase 
the biodiesel blend during the global oil price drop caused by the 
pandemic. They also actively criticized the modeling simulation results, 
which they felt did not align with actual conditions. Another discussion 
that arose was whether the research direction should focus on the 
transition to clean energy toward NZE or on simulating the impacts of 
the success or failure of various strategic policies and projects currently 
underway on energy security.

The principle of energy justice needs to be applied in Indonesia’s 
energy transition, as the country still has a low per capita income, to 
prevent social unrest. For an example, the government’s efforts to limit 
the distribution of subsidized LPG cylinders in February 2025 led to long 
lines at official LPG distribution centers, resulting in a death from 
exhaustion, prompting the government to resume the open distribution 
of subsidized LPG [77]. Consequently, the government still relies on coal 
for cheap electricity production and as a revenue source to fund the high 
energy subsidies (LPG, electricity, and fuel).

Indonesia is currently exploring a range of energy transition mech
anisms to ensure that cleaner electricity remains affordable for all seg
ments of society. One key strategy is to boost revenue from the adoption 
of clean energy in more affluent communities and then reinvest those 
funds to expand renewable energy capacity and keep affordable elec
tricity prices for less affluent households. For example, higher electricity 
tariffs are imposed on users of electric vehicles and induction stoves who 
require larger power capacities. In addition, the state-owned electricity 
company sells voluntary renewable energy certificates at a premium to 
individuals and companies seeking to reduce their carbon footprints 
[78].

Our study assesses eight policies related to both fossil and renewable 
energies in two contrasting scenarios. The optimistic scenario simulated 
in this study presents a pathway to energy security. This scenario still 
accommodates the continued use of fossil fuels—coal, oil, and natural 
gas—all of which remain integral to Indonesia’s energy landscape. For 
example, a considerable number of Indonesia’s coal-fired power plants 
are relatively modern; thus, their premature decommissioning would 
incur substantial compensation costs and necessitate significant in
vestments in renewable energy infrastructures.

Only three simulated policies can enhance the production of 
renewable energy and reduce emissions as shown in Table 5. The bio
diesel policy will increase the share of renewable energy and lower 
emissions. The transition to renewable energy and the electrification of 
the transportation sector represents protracted processes that demand 
extensive timeframes for comprehensive implementation. During this 
transitional phase, biodiesel initiatives serve a crucial role as a primary 
energy source. The efficacy of Indonesia’s biodiesel program is largely 
contingent upon the Indonesian Oil Palm Estate Fund Agency (BPDPKS), 

which underwrites the initiative through export levies on palm oil and 
its derivatives [79]. These financial resources are allocated to bridge the 
price gap between biodiesel and conventional diesel in the market. 
However, escalating the mandated biodiesel blending ratio places 
additional fiscal strain on BPDPKS, particularly in the context of 
declining palm oil export revenues. Consequently, government subsidies 
will be essential to sustain the competitiveness of biodiesel.

The policy for developing renewable energy power plants will un
doubtedly increase the share of renewable energy and reduce emissions. 
Indeed, the advancement of renewable energy emerges as the most vital 
strategy for curtailing emissions. Table 5 shows the renewable energy 
share may reach 34 % by 2050 with potential emission reduction for 591 
million tons of CO2e. Various clean energy transition studies share the 
same recommendation: the need to increase the use of renewable energy 
[32,34,39]. However, the growth in capacity and production of 
renewable energy remains below the renewable energy targets in RUEN 
due to several economic, technical, institutional, and social challenges. 
Economic challenges are beginning to be resolved with the reduction in 
investment costs and the renewable energy procurement system using 
ceiling prices and tenders, making electricity prices from renewable 
energy competitive. The main technical challenge is the intermittent 
nature of renewable energy, which leads to institutional challenges, 
such as concerns from the State-owned Electricity Company about the 
stability of an electricity grid with a high share of renewable energy. 
Some solutions to these challenges include battery energy storage, 
expansion of the electricity grid system, and upgrades to smart control 
systems to manage the electricity grid [32,34].

The city gas network policy does not impact the capacity of renew
able energy but reduce emissions, although not significantly, as shown 
in Table 5. This emission reduction is due to the lower emission factor of 
the city gas network compared to the LPG emission factor, resulting in a 
11 % reduction or 218 g of CO2e for every 1 m3 of gas [80]. Due to the 
minimal benefits of emission reductions, the primary goal of the urban 
gas network policy is to reduce LPG imports and subsidy. However, the 
urban gas network policy faces obstacles due to the high investment 
costs of building gas pipelines, resulting in the failure to meet the gas 

(a) BaU scenario (b) Optimistic scenario

Fig. 11. Projections of imported LPG and gas network.
(Created by authors.)

Table 5 
Emission reduction from simulated policies.

Policies Renewables share by 2050 Emissions by 2050a

BaU Optimistic BaU Optimistic

Biodiesel 8.5 % 9.9 % 2085 2045
RE development 8.5 % 34.0 % 2085 1494
Urban gas networks 8.5 % 8.5 % 2085 2064

a In million tons of CO2e.
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pipeline development targets. Additionally, the non-renewable nature of 
natural gas poses a risk of these pipelines becoming stranded assets in 
the future. Therefore, reducing LPG imports could be more effectively 
achieved through policies that encourage the use of induction cookers to 
replace LPG stoves [7]).

6. Conclusions

This study highlights the crucial role of participatory modeling in 
advancing energy system analysis, particularly in addressing the com
mon limitations of traditional models that focus primarily on energy 
supply. The development of the P/ESDM framework, which engages 
stakeholders from both academic and non-academic sectors, enhances 
the understanding of interdependencies between energy demand and 
supply. The participatory process played a key role in developing a 
robust energy model. The involvement of external modelers from non- 
energy sectors not only refined modeling techniques and algorithms 
but also demonstrated how an energy system dynamics model can be 
integrated with a low-carbon development system dynamics model 
encompassing multiple sectors beyond energy. Likewise, the participa
tion of various ministries and NGOs was instrumental in prioritizing 
policies for analysis and validating simulation results. These contribu
tions formed the foundation for refining both the model and its analysis, 
with the results subsequently reviewed by key stakeholders for further 
feedback. This approach not only strengthened modeling methodologies 
but also ensured that policy simulations aligned with real-world prior
ities, facilitating more effective energy planning and policy design. 
Furthermore, the model’s adaptability allows for its application across 
different geopolitical contexts, providing policymakers with valuable 
insights into the demographic, economic, and environmental implica
tions of various energy scenarios.

However, this study has certain limitations. Factors such as data 
availability, policy assumptions, and technological uncertainties may 
introduce potential inaccuracies in the model’s outcomes. Additionally, 
while the study demonstrates the P/ESDM framework’s ability to 
simulate eight policies under two contrasting scenarios, the analysis 
remains limited to individual policies. We encourage future studies to 
explore the simultaneous simulation of multiple policies for a more 
comprehensive assessment. More importantly, future participatory 
modeling studies should focus on decoupling GDP from carbon emis
sions by investigating innovative strategies, policies, and technologies 
that promote economic growth while simultaneously reducing carbon 
emissions. Furthermore, as the model is currently tailored to Indonesia, 
adjustments will be necessary to account for regional differences when 
applied in other contexts. Lastly, rapid advancements in renewable en
ergy and storage technologies should be further integrated into future 
modeling efforts to enhance the model’s relevance and accuracy. One 
limitation of this study’s participatory process is the weak and unsys
tematic documentation procedures. For future research, we recommend 
establishing and retaining written records of input from every stake
holder. Additionally, future studies should promptly save Zoom meeting 
recordings in a secure, accessible working folder.
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