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Abstract

:

This study aims to assess the feasibility of achieving Indonesia’s net-zero emissions target by 2060 through a model of future power generation using renewable energy sources using the Low Emissions Analysis Platform (LEAP) software. There are five projected power generation scenarios in this research: the reference (REF) scenario, the conservative (CON) scenario, the moderate (MOD) scenario, the progressive (PRO) scenario, and the advanced (ADV) scenario. The availability of renewable energy technology differentiates each scenario. The ADV scenario, which utilizes nuclear power and energy storage, achieves the 100% renewable energy target by 2060 at the lowest total cost. However, the costs of CON and MOD are not significantly higher. Indonesia should decommission existing fossil fuel power plants and construct more renewable energy power plants to achieve the net-zero emissions target. Based on the simulation, biomass energy is the least favorable type of energy. Solar becomes an option only when other renewable energies are at their maximum potential capacity. Furthermore, nuclear energy and energy storage is essential for Indonesia to achieve the renewable target.
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1. Introduction


In the September 2022 submission of the Enhanced Nationally Determined Contribution (NDC) document at the United Nations Framework Convention on Climate Change (UNFCCC), Indonesia has established a new target of attaining net-zero emissions by 2060. This represents a 10-year extension from the government’s initial proposal in the NDC, which originally aimed to achieve net-zero emissions by 2050, as per the initial agreement [1,2,3]. In order to achieve this goal, Indonesia has laid out four core principles [4], which include increasing electrification, the adoption of renewable energy, a reduction in fossil fuels, and the utilization of clean fuels and energy storage.



The energy transition from fossil to green energy in the electricity sector will play a significant role in achieving Indonesia’s NDC target. For many years, Indonesia has predominantly relied on fossil fuels to generate electricity, with fossil power plants accounting for 87% of the country’s total capacity of 62,449 GW in 2020 [5,6]. On the other hand, despite growth, the amount of power produced from renewable sources is still less than 1% [5,6]. As a result, in order to meet the net-zero emissions objective, Indonesia must decommission existing fossil-fuel power facilities and build more renewable power plants.



This study aims to develop a model of Indonesia’s future power generation between 2022 and 2060 to support the country’s goal of achieving net-zero emissions by 2060. The Low Emissions Analysis Platform (LEAP) software will be used to run the model, which will focus on generating all electricity from renewable sources. The study will provide a techno-economic analysis of the country’s projected growth in electricity generation while taking into account the goal of net-zero emissions. Indonesia-specific data such as load curve data and the variable renewable energy availability curve will be used to obtain a comprehensive analysis.



This research has two novelties compared to previous research. First, it models Indonesia’s power generation expansion plan for the period 2022–2060. Second, it provides a model for Indonesia’s power sector to achieve zero carbon in 2060. The findings of this study will provide new perspectives on Indonesia’s future power policy and contribute to achieving the net-zero emissions target. The results of this study will help policymakers and stakeholders understand the feasibility and economic implications of transitioning to 100% renewable energy in the electricity sector. Moreover, this study can help identify the necessary policy measures that need to be implemented to support Indonesia’s energy transition.



The remaining portions of this paper proceed as follows: Section 2 elaborates on the Indonesian power sector and conducts a literature review of previous research on energy modeling to achieve the net-zero carbon in Indonesia. The input data, simulation scenarios, and LEAP modeling methods are all described in Section 3. Section 4 discusses and evaluates the outcomes of the LEAP modeling. Section 5 summarizes the results, discusses the study’s shortcomings, and makes recommendations for further research.




2. Literature Review


2.1. Indonesia’s Power Sector


The energy market in Indonesia has experienced significant growth in response to increased demand for electricity over the past decade, as shown in Figure 1 [6,7]. PT PLN (Persero), the Indonesian state-owned electricity company, produced 156 Terawatt-hours (TWh) of electricity in 2010. By 2021, the number increased to more than 300 TWh [5], as can be seen in Figure 2. To meet this increasing demand, the government launched the 35,000-megawatt (MW) program in 2015, which aimed to build new power plants with a total power generation capacity of 35,000 MW by 2020 [8,9]. However, despite the government’s goal to diversify its energy mix, coal-fired power plants dominated the program, accounting for 57% of additional power generation capacity [10], while the renewable energy power plant’s total capacity was only 2000 MW [11,12].



At the end of 2021, Indonesia’s total installed power generation capacity was 64.5 gigawatts (GW), with the majority (69%) operated by state-owned electricity company PT Perusahaan Listrik Negara (PLN) [5,13]. The remaining capacity was operated by independent power producers, operating permit holders, private power utilities, and the government. Despite having significant renewable energy potential, as can be seen in Table 1, with a total capacity of 1257.3 GW comprising hydropower, geothermal, bioenergy, solar, wind, and ocean energy, Indonesia’s renewable energy accounts for less than 1% of the total electricity generated by the end of 2021 [6,14].



Indonesia’s government has emphasized the importance of diversifying the country’s energy mix to reduce its reliance on fossil fuels and enhance energy security. Indonesia has significant potential for renewable energy, and increasing its use can help mitigate climate change, promote energy independence, and create new economic opportunities. However, to achieve this goal, Indonesia must overcome various challenges, such as regulatory barriers, lack of investment, and infrastructure development [15,16].




2.2. Previous Research


The study of the literature focuses on prior research related to Indonesia’s energy transition to net-zero emissions, particularly those that use LEAP software. Zhong et al. [17] proposed a LEAP model of Indonesia’s energy system to study various energy profiles and emission trajectories that match the country’s climate ambitions. The authors created four scenarios: business-as-usual (BAU), the current policy scenario (CPS), renewable enhancement (REE), and net-zero emissions (NZE). The research revealed that the primary strategies for Indonesia to meet its net-zero target involve an energy transition to renewables, electrification, energy efficiency improvement, and carbon capture and storage. While these steps may decrease Indonesia’s final energy consumption by 33% by 2060, Indonesia’s final energy consumption would still increase by 375% from 2018.



Kanugrahan et al. [18,19,20] explored Indonesia’s power generation development plans to achieve renewable energy targets. Using the LEAP software, the authors created four cases: business as usual (BAU), cost optimization (CO), national plan (NP), and zero-carbon (ZC). The business as usual (BAU) scenario, based on the existing electricity generating roadmap in Indonesia, is not financially efficient and does not achieve the country’s renewable energy ambitions. The cost optimization (CO) scenario is the most cost-effective approach for Indonesia to reach its renewable energy ambitions, but it requires further research. The NP scenario is slightly more costly than the CO scenario, but it is viewed as more reliable. The zero-carbon (ZC) scenario has the highest investment cost to meet Indonesia’s renewable energy ambitions, yet it is the only way of attaining completely carbon-free emissions by 2050. Indonesia will need to invest in breakthroughs in clean energy technology, novel forms of renewable energy, and power storage to reach zero-carbon emissions by 2050.



Handayani et al. [21,22,23] evaluated the ability of the Association of Southeast Asian Nations (ASEAN) to achieve zero carbon emissions in the power industry by 2050. The study applied the Low Emissions Analysis Platform (LEAP) model to simulate three scenarios: business as usual, renewable policy, and net-zero emissions. The research concluded that achieving net-zero emissions was technically possible, but it would necessitate significant investment in renewable energy and energy-saving technology. In the long term, the research concludes, the net-zero emissions scenario would be more economical than the business-as-usual scenario. The article finds that ASEAN may attain net-zero emissions in its power sector by 2050, but ASEAN nations will need massive investment and a significant political will from the government.



Sani et al. [24] investigated the potential for decarbonizing the power sector in Sumatra, Indonesia. The study used the Low Emissions Analysis Platform (LEAP) software tool to model the power sector in Sumatra. The study finds that it is possible to reduce emissions by 70% by 2050 while still meeting the region’s electricity demand. The key to decarbonization is to invest in renewable energy sources, such as solar and wind power, and to improve energy efficiency. The study also finds that decarbonization can be cost-effective. In fact, the cost of decarbonizing the power sector in Sumatra is lower than the cost of continuing to rely on fossil fuels. This is due to the falling costs of renewable energy and the increasing efficiency of renewable energy technologies.



The IEA [7] report offers an in-depth assessment of the methods and strategies that Indonesia may use in order accomplish zero carbon in 2060. According to the analysis, Indonesia can achieve net-zero emissions while preserving economic growth and boosting energy availability. However, major investment and policy changes are required. Accelerating the implementation of energy efficiency, renewable energy, and electrification is critical to achieving net-zero emissions. Indonesia will likewise have to reduce its usage of coal over time, but it can nevertheless maintain a role in the world’s coal business by supplying high-quality coal. The shift to net-zero emissions will necessitate major investment and regulatory adjustments. Foreign assistance and backing may assist Indonesia in achieving net-zero emissions.



The summary of previous research on Indonesia’s power system can be seen in Table 2. Previous research indicates that Indonesia should transition towards renewables, electrification, energy efficiency improvement, and carbon capture and storage to achieve its net-zero emissions target. The use of LEAP models has been instrumental in identifying cost-effective pathways towards net-zero emissions. Furthermore, the studies suggest that the adoption of renewable energy and energy storage technologies will be more cost-effective than carbon capture and storage in the long run.





3. Methodology


3.1. LEAP Software


The use of energy modelling software has become increasingly important in recent years as the world has become more focused on sustainable energy sources. One software that has gained popularity is the LEAP (Low Emissions Analysis Platform) modelling software. LEAP is a comprehensive energy modelling software that allows users to simulate the energy system of a region or country over a long period of time. It was developed by the Stockholm Environment Institute (SEI) in 1993 and has since been used by researchers, policymakers, and energy planners around the world [25,26].



LEAP modelling works by simulating the energy demand, supply, and infrastructure of a region or country. It uses a bottom-up approach where it models individual sectors such as residential, commercial, industrial, and transport, and then aggregates them to create an overall energy system. The software also considers various factors such as population growth, economic development, energy prices, and technological advancements. It allows users to create scenarios to test different policy options and explore the potential impact of different energy systems on the environment and economy. LEAP is a powerful tool for decision-makers who need to make informed choices about energy investments, policies, and regulations [22,25].



One of the key components of LEAP modelling is its ability to integrate renewable energy sources into the energy system. The software includes a comprehensive database of renewable energy technologies and their associated costs and performance characteristics. Users can select different renewable energy technologies and simulate their deployment over time. LEAP also allows users to test the impact of policies and regulations on renewable energy deployment, such as subsidies, feed-in tariffs, and carbon pricing. This feature of LEAP is particularly valuable in helping policymakers design effective policies to accelerate the deployment of renewable energy technologies [22,25,27].




3.2. Simulation Scenarios and Input Data


This research aims to project the future of Indonesia’s power system using the LEAP model. The research focuses on providing an overview of Indonesia’s future power generation for the period of 2021–2060. The electricity system is modeled as a single system based on the data available up to January 2022. Figure 3 shows the research framework in this research. The first step in creating the scenario projection is establishing a base model that reflects the current state of the power system in Indonesia. The base model is composed of historical data from 2012 to 2021, which include electricity demand, transmission and distribution losses, load curve, and power generation parameters.



LEAP’s base model requires several parameters, as shown in Table A1 in the Appendix A. To create the base model, the input data for electricity demand are the national electricity consumption values from 2012 to 2021. The power system transmission and distribution losses, and the load curve are also based on the actual values in 2021. The load curve model is presented in Figure A1; for the whole projection time frame, the load curve of Indonesia’s energy consumption is expected to be identical every year. Several power generation model parameters are also taken from previous research, as in Table A2.



Once the base model is established, the next step is to create a demand model. LEAP is a demand-driven model, which means that the projected demand parameter will influence the power generation outcome. For this research, the demand model is based on the PLN Electricity Business Plan annual growth projection, as much as 4.5% per year.



After the total demand is determined, LEAP will determine the total power of the power generation module that needs to be produced. There are five projected power generation scenarios in this research: the reference (REF) scenario, the conservative (CON) scenario, the moderate (MOD) scenario, the progressive (PRO) scenario, and the advanced (ADV) scenario. One of the critical aspects of this research is achieving the renewable energy target in the projected power generation model using several types of technologies. Therefore, the criteria distinguishing one scenario from another are the renewable energy technologies that each scenario can use to achieve the renewable target.



This study considers various types of energy mixes for future capacity expansion, such as coal, diesel, geothermal, hydro, solar, biomass, natural gas, wind, and nuclear. However, the simulation does not include ocean energy due to the lack of reference to this technology. The research also implemented the solar and wind curve availability, and the renewables’ energy potential capacity is limited to the maximum available potentials in Indonesia. The battery energy storage system modeled in this study is defined as Li-ion technology. Moreover, the LEAP model will select the power generation technology with the least cost by default. At the end of the lifetime of each type of technology, the simulation assumes that the value of each technology is zero. Therefore, it should be replaced with a new resource.



The REF scenario is fossil-fuel dependent with conventional renewable energy technology, and no specific target for renewable energy. The CON scenario has renewable energy targets of 23% in 2025, 28% in 2038, and 100% in 2060. It uses conventional renewable energy technology such as hydro, wind, solar, and geothermal power with no energy storage. The MOD scenario also has renewable energy targets of 23% in 2025, 28% in 2038, and 100% in 2060, but it uses energy storage technology in addition to conventional renewable energy technology. The PRO scenario has the same renewable energy targets as the previous scenarios, but it also includes nuclear power, without energy storage. Finally, the ADV scenario has the same renewable energy targets, but it includes both nuclear power and energy storage in addition to conventional renewable energy technology.





4. Scenario Results


This section is divided into four segments. The initial part elaborates on the projection of electricity demand in Indonesia from 2021 to 2060. The second part presents the results of simulations for the five scenarios outlined in Section 3. The third part discusses the findings related to the investment costs. Finally, the fourth part compares the outcomes of the simulations with those of other research focused on Indonesia’s power system.



4.1. Demand Projection


In Figure 4, Indonesia’s electricity demand is projected to reach 1413 TWh by 2060, more than five times the electricity demand in 2021. In 2060, Indonesia is expected to have a total population of 319 million person [28]; hence, the country’s per-capita energy consumption would increase to 4423 kWh/capita based on the LEAP result. This result is in line with the report published by the IEA, which states that by 2060, the energy consumption of the Indonesian population will reach 4400 kWh per capita [7]. Furthermore, more than 1500 TWh of electricity will be required to meet the demand of electricity in 2060.




4.2. Power Generation Expansion


4.2.1. Reference Scenario (REF)


The simulation results for the REF scenario, which ignores the renewable energy target and continues to use fossil-based power plants, reveal that coal and natural gas energy will be the primary sources of energy from 2021 to 2060. The data show that total energy production is expected to increase from 413.22 TWh in 2030 to 1661.67 TWh in 2060, as can be seen in Table 3 and Figure 5. The total capacity is expected to increase from 127.80 GW in 2030 to 382.55 GW in 2060, as shown in Table 4 and Figure 6.



Throughout the simulation years, the coal power plant becomes the largest source of power in this scenario. Coal contributes more than 40% of the total energy production. Meanwhile, natural gas contributes an average of 28%, the second largest source of energy in this scenario. The share of renewable energy sources is also expected to increase, from less than 1% in 2020 to 29.75% in 2060. The largest contributor of renewable energy is hydropower, with an average output of 14%. Despite no zero-carbon energy target being specified in the REF scenario, the percentage of renewable energy in 2025 is 28.49%, and 29.75% in 2060. However, assuming that electricity production expansions will depend on the lowest-cost approach, both natural gas and coal are going to remain two of the most significant energy sources until 2060.




4.2.2. Conservative Scenario (CON)


The CON scenario seeks to achieve the renewable energy goal with the use of conservative renewable energy technology, without energy storage or nuclear power. The simulation shows that the total energy production in 2060 is 2280.51 TWh, as can be seen in Table 5 and Figure 7. In the CON scenario, more than half of Indonesia’s energy will still be derived from fossil fuels in 2039, with natural gas being the prime source of energy. By 2040, fossil fuel energy will account for 39% of total energy consumption, with renewable energy accounting for the remainder. In this scenario, hydro and geothermal energy will play a significant role until 2040, after which solar energy will develop exponentially. However, in 2060, the CON scenario only achieves 99% renewable energy in the energy mix.



Table 6 and Figure 8 show that the CON scenario’s total electricity generation capacity in 2060 will be 1442.2 GW, or about four times that of the REF scenario. The much higher installed capacity is because 86% of the installed capacity comes from renewable energy sources, which have a lesser availability rate than fossil fuels, requiring more installed capacity to compensate for the demand. The simulation shows that even if all conventional renewable resources are fully utilized, Indonesia will fail to achieve its zero-carbon target. Therefore, Indonesia will need to find more sources of conventional renewable energy to achieve the zero-carbon goal. It is also beneficial to incorporate energy storage or nuclear power.




4.2.3. Moderate Scenario (MOD)


The MOD scenario is designed to achieve the renewable energy target by utilizing conventional technology alongside a battery energy storage system (BESS). The incorporation of energy storage allows for the optimal utilization of renewable energy power plants, even during periods of low demand. According to the simulation, the MOD scenario is capable of meeting 100% of the demand from renewable sources by 2050, a decade ahead of the 2060 target. The total power generated in 2060 is projected to reach 1688.04 TWh, as outlined in Table 7 and Figure 9. Solar energy emerges as the primary source, contributing to 65% of the total power generated, followed by hydro and geothermal energy with shares of 19.08% and 12.25%, respectively.



In terms of installed capacity, the MOD scenario predicts a total of 1339.16 GW in 2060, as presented in Table 8 and Figure 10. This capacity is significantly lower compared to the CON scenario due to the presence of energy storage. The energy storage capacity itself amounts to 299 GW, accounting for 22% of the total installed capacity. Solar capacity reaches 794.92 GW, representing 75.6% of Indonesia’s solar potential capacity. However, the capacities of hydro, geothermal, and wind energy are fully maximized, with hydro capacity at 75.0 GW, wind capacity at 46.34 GW, and geothermal capacity at 28.98 GW. This is mainly due to the high investment costs and limited availability of other renewable energy sources, making hydro and geothermal energy more favorable options. Additionally, there is still a provision for fossil fuel backup power plants, including natural gas, coal, and diesel, totaling 94.63 GW, which accounts for approximately 7% of the total installed capacity.




4.2.4. Progressive Scenario (PRO)


The PRO scenario aims to achieve complete reliance on renewable energy by 2060 through the use of conventional technology and nuclear power, without incorporating energy storage. In the PRO scenario, it is possible to achieve zero carbon emissions by 2060. The simulation results indicate that the inclusion of nuclear power significantly reduces the total capacity needed for electricity generation. In 2060, the power generation capacity is 798.91 GW, as shown in Table 9 and Figure 11. The capacity of nuclear power plants is 112.32 GW, which accounts for approximately 14% of the total capacity.



In 2060, the total energy production in the PRO scenario will be 1520.32 TWh. Although the nuclear capacity represents only 14% of the total installed capacity, it contributes to 17.32% of the power generated in 2060, as depicted in Table 10 and Figure 12. On the other hand, the solar capacity is 461.64 GW, equivalent to 43.8% of Indonesia’s solar potential capacity. Together, solar and nuclear power account for 59.4% of the total power output in 2060. In this scenario, even with the inclusion of nuclear power, the hydro, geothermal, and wind energy sources are fully utilized to their maximum potential capacity. This indicates that these types of energy sources offer the highest output per investment cost, even when compared to nuclear power.




4.2.5. Advanced Scenario (ADV)


The ADV scenario employs conventional technologies, nuclear power and battery energy storage (BESS), to achieve complete reliance on clean energy by 2060. In 2060, the electricity generation output in the ADV scenario is projected to reach 1674.13 TWh, as shown in Table 11 and Figure 13. Solar power dominates the output, accounting for 57.76% of the total power generated. It is followed by hydro at 19.24%, geothermal at 12.57%, wind at 3.66%, and nuclear power at 6.62%. Output from natural gas, coal, biomass, and diesel is negligible, each contributing less than 0.01%. The incorporation of energy storage has resulted in increased output from solar energy while reducing the output from other renewable energy sources.



The total capacity required for electricity generation in the ADV scenario is 1034.25 GW, as depicted in Table 12 and Figure 14. Within this setup, solar power has a capacity of 697.88 GW, nuclear power has a capacity of 15.69 GW, and battery storage has a capacity of 63 GW. Compared to the PRO scenario, the ADV scenario exhibits a 30% higher total installed capacity. However, the nuclear power capacity is significantly lower at 15.69 GW compared to 112 GW in the PRO scenario. This smaller nuclear capacity in the ADV scenario makes it more manageable for construction purposes.



The ADV scenario’s electricity generation output in 2060 will be 1674.13 TWh. The energy mix in 2060 consists of hydro (19.24%), geothermal (12.57%), biomass (0.05%), solar (57.76%), wind (3.66%), natural gas (0.00%), coal (0.04%), diesel (0.05%), and nuclear (6.62%), as in Table 11 and Figure 13. Meanwhile, in 2060, the total capacity will be 1034.25 GW which consists of hydro (75.00 GW), geothermal (29.50 GW), biomass (0.12 GW), solar (697.88 GW), wind (50.00 GW), natural gas (63.85 GW), coal (28.46 GW), diesel (10.75 GW), nuclear (15.69 GW), and BESS (63.00 GW), as shown on Table 12 and Figure 14.





4.3. Investment Cost


This research also analyzes the total investment cost that all scenarios need in order to fulfill the renewable energy target. The total investment cost in Figure 15 is defined as the sum of the investment costs needed. Without any renewable energy target (the REF scenario), Indonesia will need to invest $127 billion in power generation to fulfill the electricity demand. The data in Figure 15 show that the MOD scenario has the highest investment cost, accumulating a total investment of $162 billion up to 2060. The ADV scenario is the most affordable option for Indonesia in achieving the renewable target, with a total investment cost of $136 billion USD. Meanwhile, the CON and PRO scenarios total investment cost accounted for $137 billion and $138 billion, respectively.



Based on the simulation, battery technology becomes the most expensive investment for the power generation infrastructure. For example, in the MOD scenario, battery cost accounted for 33% of the total investment cost. Meanwhile in the ADV scenario, in total, battery cost contributed to 18% of the total investment cost. On the other hand, although nuclear technology is expensive, its high availability and high capacity prove to be a more affordable option, as the simulation showed in the ADV scenario.




4.4. Results Check with Previous Research


Table 13 compares the results of this research and two previous studies, Kamia Handayani [21] and IEA [7]. Kamia Handayani used the LEAP software to model ASEAN nations’ power systems in order to simulate the region’s renewable energy potential to achieve net-zero carbon emissions; however, her research did not specifically discuss Indonesia’s power generation and it maxes out at year 2050. Meanwhile, the IEA’s report discusses Indonesia’s plan to achieve the net-zero emissions target in 2060. The IEA’s report analyzed several energy sectors in Indonesia and used a different method than this research.



Table 13 shows that the results of this research are aligned with previous studies. In this research, Indonesia’s total electricity demand is predicted to surpass 1400 TWh in 2060, while the total power-generated output to fulfill the demand will be more than 1500 TWh. The same total output is also predicted in the IEA report. For power generation capacity, if Indonesia aims to achieve net-zero carbon in the power generation sector, then Indonesia will need between 800 GW and 1400 GW of power generation in 2060. The higher dependency on variable renewable energy, such as solar and wind, will result in a higher number of total power generation capacity.





5. Conclusions


This study utilized the LEAP model to forecast Indonesia’s power generation from 2022 to 2060. The simulation demonstrated the feasibility of achieving net-zero emissions by 2060 through the use of renewable energy sources. Among the scenarios considered, the ADV scenario, which incorporates nuclear power and energy storage, emerged as the most cost-effective approach to attain this objective. The findings indicate that Indonesia needs to phase out existing fossil fuel power plants and increase the construction of renewable power plants. Solar, hydro, geothermal, and wind energy were identified as the most promising renewable sources, while biomass energy was found to be less favorable. However, it became evident that without the inclusion of nuclear power or energy storage, Indonesia would be unable to achieve its target due to the insufficient potential of conventional renewable energy sources to meet the projected demand in 2060.



Further research is required to determine the most economically viable method for energy storage and its integration into the simulation model. The high costs associated with Li-ion battery energy storage present a significant challenge. It is crucial to identify the optimal energy storage approach to reduce the investment expenses associated with renewable energy. Furthermore, the current modeling framework lacks the capability of accounting for transmission and interconnection systems. As a result, the power system expansion simulation assumes the unrestricted transmission of electricity to any load station, without considering the limitations and constraints of the transmission and distribution network across different regions. To incorporate transmission capacity and conduct a spatial analysis of individual power plants and substations, additional modeling efforts will be necessary.
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Appendix A. LEAP Model Parameter
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Table A1. Base model parameter.






Table A1. Base model parameter.










	Input Data
	Value
	Source





	Electricity demand growth 2022–2060
	4.5%
	[6,7]



	Transmission and distribution losses
	6–9.4%
	[6]



	Reserve margin
	35%
	[6]



	Discount Rate
	12%
	[29]



	Inflation Rate
	6%
	[30]



	Existing Capacity and Retirement
	varies
	[5]



	Load Curve
	Figure A1
	[31]



	Solar availability curve
	Figure A2
	[32]



	Wind availability curve
	Figure A3
	[33]



	Time Slice
	336
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Table A2. Summary of power generation model parameters.






Table A2. Summary of power generation model parameters.





	
Branch

	
Lifetime [34,35]

	
Efficiency [35,36]

	
Maximum Availability [37,38,39]

	
Capacity Credit [35]

	
Capital Cost [35,36,37,38]

	
Fixed O/M Cost [35,36,37,38]

	
Variable O/M Cost

[35,36,37,38]




	
(years)

	
(%)

	
(%)

	
(%)

	
(USD/MW)

	
(USD/MW)

	
(USD/MWh)






	
Hydro

	
50

	
100

	
36

	
51

	
1450–2080

	
37.7

	
0.65




	
Geothermal

	
30

	
15

	
90

	
100

	
2497–4000

	
50

	
0.25




	
Biomass

	
25

	
31

	
80

	
100

	
2000–2300

	
47.6

	
3




	
Solar

	
25

	
100

	
[7]

	
22

	
1190–2000

	
14.4

	
0




	
Wind

	
27

	
100

	
[7]

	
35

	
1500–2550

	
60

	
0




	
Natural Gas

	
30

	
56

	
85

	
100

	
690–1200

	
23.5

	
2.3




	
Coal

	
30

	
42

	
80

	
100

	
1520–1900

	
56.6

	
0.11




	
Diesel

	
30

	
45

	
95

	
100

	
800

	
8

	
6.4




	
Li-ion BESS

	
20

	
94

	
17

	
22

	
2002

	
7.6

	
2.3




	
Nuclear

	
40

	
33

	
85

	
100

	
6000

	
164

	
8.6
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Figure A1. Load shape [31]. 






Figure A1. Load shape [31].
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Figure A2. Solar availability curve [32]. 






Figure A2. Solar availability curve [32].
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Figure A3. Wind availability curve [33]. 






Figure A3. Wind availability curve [33].
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Figure 1. Indonesia’s electricity generation mix by source [7]. 






Figure 1. Indonesia’s electricity generation mix by source [7].



[image: Energies 16 04719 g001]







[image: Energies 16 04719 g002 550] 





Figure 2. PT PLN (Persero) energy production in 2021 [5]. 
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Figure 3. Research framework. 
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Figure 4. Projected total electricity demand of Indonesia. 
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Figure 5. REF scenario—Power generation output. 
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Figure 6. REF scenario—Power generation capacity. 
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Figure 7. CON scenario—Power generation output. 
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Figure 8. CON scenario—Power generation capacity. 
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Figure 9. MOD scenario—Power generation output. 
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Figure 10. MOD scenario—Power generation capacity. 
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Figure 11. PRO scenario—Power generation capacity. 
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Figure 12. PRO scenario—Power generation output. 
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Figure 13. ADV scenario—Power generation output. 
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Figure 14. ADV scenario—Power generation capacity. 
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Figure 15. Total investment cost comparison. 
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Table 1. Indonesia’s renewable energy potential [6,14].
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	Energy Source
	Potential Capacity

(GW)
	Installed Capacity

(GW)
	Percentage





	Hydro
	75.1
	4.8
	6.43%



	Geothermal
	29.5
	1.4
	4.87%



	Biomass
	32.7
	1.7
	5.12%



	Solar Energy
	1052.0
	0.1
	0.01%



	Wind
	50.0
	0.003
	0.01%



	Ocean
	18.0
	0.000
	0.00%



	Total
	1257.3
	8.02
	0.64%
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Table 2. Previous energy modelling research on Indonesia.
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Research

	
Time Period

	
Sector

	
Area

	
Result

	
Scenario




	
Energy Mix

	
GHG






	
Zhong et al. [17]

	
2020–2060

	
Power

	
Indonesia

	
✓

	
✓

	
Business as Usual, National Plan, Renewable Enhancement, Zero Carbon




	
Kanugrahan et al. [18]

	
2020–2050

	
Power

	
Indonesia

	
✓

	

	
Business as Usual, Cost Optimization, National Plan, Zero Carbon




	
Handayani et al. [21]

	
2020–2050

	
Power

	
ASEAN Nations

	
✓

	
✓

	
Business as Usual, National Plan, Zero Carbon




	
Sani et al. [24]

	
2019–2028

	
Power

	
Sumatra Island

	
✓

	
✓

	
Business as Usual, National Plan, Carbon Reduction 19%, Carbon Reduction 24%




	
IEA [7]

	
2020–2060

	
Power

	
Indonesia

	
✓

	
✓

	
National Plan, Zero Carbon




	
This Research

	
2022–2060

	
Power

	
Indonesia

	
✓

	

	
Business as Usual, Zero Carbon with various tech
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Table 3. REF scenario energy mix.
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Total Energy Production (TWh)

	
Year




	
2030

	
2040

	
2050

	
2060




	
413.22

	
655.80

	
1079.35

	
1661.67






	
Hydro

	
14.08%

	
14.19%

	
11.57%

	
18.34%




	
Geothermal

	
11.74%

	
8.71%

	
10.37%

	
6.93%




	
Biomass

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
Solar

	
0.08%

	
1.04%

	
2.03%

	
2.61%




	
Wind

	
0.82%

	
1.20%

	
1.63%

	
1.88%




	
Natural Gas

	
26.54%

	
29.14%

	
30.12%

	
28.67%




	
Coal

	
46.67%

	
45.41%

	
44.14%

	
40.95%




	
Diesel

	
0.07%

	
0.31%

	
0.13%

	
0.63%
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Table 4. REF scenario generation capacity.
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Total Capacity (GW)

	
Year




	
2030

	
2040

	
2050

	
2060




	
127.80

	
179.53

	
266.47

	
382.55






	
Hydro

	
14.47

	
20.32

	
22.00

	
43.48




	
Geothermal

	
7.04

	
11.73

	
21.56

	
21.86




	
Biomass

	
0.17

	
0.17

	
0.17

	
0.17




	
Solar

	
0.25

	
4.94

	
15.88

	
31.31




	
Wind

	
2.81

	
7.49

	
16.43

	
27.62




	
Natural Gas

	
33.31

	
44.93

	
64.06

	
85.63




	
Coal

	
61.30

	
76.80

	
102.30

	
131.40




	
Diesel

	
8.45

	
13.14

	
24.08

	
41.08
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Table 5. CON scenario energy mix.
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Total Energy Production (TWh)

	
Year




	
2030

	
2040

	
2050

	
2060




	
412.75

	
635.09

	
1162.09

	
2280.51






	
Hydro

	
6.08%

	
15.04%

	
21.76%

	
14.13%




	
Geothermal

	
9.51%

	
29.09%

	
18.21%

	
9.10%




	
Biomass

	
4.11%

	
8.28%

	
10.76%

	
10.02%




	
Solar

	
0.84%

	
4.51%

	
43.37%

	
63.92%




	
Wind

	
0.72%

	
3.97%

	
5.27%

	
2.68%




	
Natural Gas

	
35.70%

	
19.25%

	
0.15%

	
0.11%




	
Coal

	
28.40%

	
11.01%

	
0.26%

	
0.02%




	
Diesel

	
14.65%

	
8.85%

	
0.23%

	
0.01%
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Table 6. CON scenario generation capacity.






Table 6. CON scenario generation capacity.





	
Total Capacity (GW)

	
Year




	
2030

	
2040

	
2050

	
2060




	
94.82

	
197.04

	
634.63

	
1442.24






	
Hydro

	
7.71

	
26.20

	
75.00

	
75.00




	
Geothermal

	
4.98

	
23.43

	
29.50

	
29.50




	
Biomass

	
2.42

	
7.50

	
17.84

	
32.60




	
Solar

	
2.50

	
20.65

	
363.72

	
1052.00




	
Wind

	
2.43

	
20.59

	
50.00

	
50.00




	
Natural Gas

	
41.38

	
72.38

	
77.16

	
197.79




	
Coal

	
26.14

	
19.43

	
15.41

	
3.59




	
Diesel

	
7.26

	
6.85

	
6.01

	
1.75
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Table 7. MOD scenario energy mix.






Table 7. MOD scenario energy mix.





	
Total Energy Production (TWh)

	
Year




	
2030

	
2040

	
2050

	
2060




	
412.95

	
635.36

	
1033.43

	
1688.04






	
Hydro

	
6.26%

	
16.30%

	
24.69%

	
19.08%




	
Geothermal

	
9.80%

	
31.61%

	
21.11%

	
12.25%




	
Biomass

	
4.55%

	
2.95%

	
0.54%

	
0.05%




	
Solar

	
0.92%

	
4.92%

	
47.79%

	
65.25%




	
Wind

	
0.76%

	
4.31%

	
5.86%

	
3.36%




	
Natural Gas

	
32.17%

	
13.00%

	
0.00%

	
0.00%




	
Coal

	
28.38%

	
11.04%

	
0.00%

	
0.00%




	
Diesel

	
17.16%

	
15.85%

	
0.00%

	
0.00%
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Table 8. MOD scenario generation capacity.
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Total Capacity (GW)

	
Year




	
2030

	
2040

	
2050

	
2060




	
97.37

	
224.45

	
768.27

	
1339.16






	
Hydro

	
7.92

	
28.34

	
75.00

	
75.00




	
Geothermal

	
5.13

	
25.47

	
29.50

	
28.98




	
Biomass

	
2.68

	
2.68

	
0.80

	
0.12




	
Solar

	
2.76

	
22.57

	
356.45

	
794.92




	
Wind

	
2.57

	
22.38

	
49.47

	
46.34




	
Natural Gas

	
39.88

	
57.88

	
57.88

	
58.88




	
Coal

	
25.67

	
30.38

	
26.36

	
25.00




	
Diesel

	
8.51

	
12.10

	
11.76

	
10.75




	
BESS Li-Ion

	
2.25

	
22.66

	
161.05

	
299.17
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Table 9. PRO scenario generation capacity.






Table 9. PRO scenario generation capacity.





	
Total Capacity (GW)

	
Year




	
2030

	
2040

	
2050

	
2060




	
99.59

	
172.54

	
470.10

	
798.91






	
Hydro

	
9.10

	
17.98

	
75.00

	
75.00




	
Geothermal

	
6.37

	
15.25

	
29.50

	
29.50




	
Biomass

	
3.60

	
4.73

	
3.40

	
0.12




	
Solar

	
3.49

	
10.79

	
146.56

	
461.64




	
Wind

	
3.42

	
12.09

	
50.00

	
50.00




	
Natural Gas

	
39.88

	
58.38

	
58.38

	
36.88




	
Coal

	
23.40

	
32.29

	
28.27

	
19.19




	
Diesel

	
8.51

	
12.10

	
16.26

	
14.25




	
Nuclear

	
1.83

	
8.94

	
62.73

	
112.32
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Table 10. PRO scenario energy mix.






Table 10. PRO scenario energy mix.





	
Total Energy Production (TWh)

	
Year




	
2030

	
2040

	
2050

	
2060




	
412.75

	
635.09

	
978.15

	
1520.33






	
Hydro

	
7.24%

	
10.16%

	
30.19%

	
21.03%




	
Geothermal

	
12.16%

	
18.93%

	
23.52%

	
15.08%




	
Biomass

	
6.08%

	
5.21%

	
1.84%

	
0.06%




	
Solar

	
1.17%

	
2.35%

	
20.76%

	
42.08%




	
Wind

	
1.01%

	
2.33%

	
6.26%

	
4.03%




	
Natural Gas

	
23.99%

	
30.34%

	
0.03%

	
0.00%




	
Coal

	
28.40%

	
11.05%

	
0.76%

	
0.02%




	
Diesel

	
17.16%

	
15.86%

	
1.87%

	
0.38%




	
Nuclear

	
2.79%

	
3.77%

	
14.77%

	
17.32%
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Table 11. ADV scenario energy mix.






Table 11. ADV scenario energy mix.





	
Total Energy Production (TWh)

	
Year




	
2030

	
2040

	
2050

	
2060




	
412.93

	
635.14

	
992.25

	
1674.14






	
Hydro

	
5.63%

	
9.67%

	
27.18%

	
19.24%




	
Geothermal

	
8.24%

	
17.74%

	
22.56%

	
12.57%




	
Biomass

	
3.49%

	
2.71%

	
0.72%

	
0.05%




	
Solar

	
0.69%

	
3.19%

	
30.95%

	
57.76%




	
Wind

	
0.58%

	
2.23%

	
6.17%

	
3.66%




	
Natural Gas

	
32.56%

	
27.65%

	
0.00%

	
0.00%




	
Coal

	
28.38%

	
11.05%

	
0.55%

	
0.04%




	
Diesel

	
17.16%

	
15.86%

	
0.59%

	
0.05%




	
Nuclear

	
3.26%

	
9.91%

	
11.29%

	
6.62%
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Table 12. ADV scenario generation capacity.






Table 12. ADV scenario generation capacity.





	
Total Capacity (GW)

	
Year




	
2030

	
2040

	
2050

	
2060




	
95.60

	
178.92

	
569.99

	
1034.25






	
Hydro

	
7.17

	
17.15

	
75.00

	
75.00




	
Geothermal

	
4.32

	
14.29

	
29.50

	
29.50




	
Biomass

	
2.06

	
2.45

	
1.02

	
0.12




	
Solar

	
2.06

	
14.61

	
221.60

	
697.88




	
Wind

	
1.97

	
11.56

	
50.00

	
50.00




	
Natural Gas

	
39.88

	
57.88

	
57.88

	
63.85




	
Coal

	
25.83

	
31.18

	
27.17

	
28.46




	
Diesel

	
8.51

	
12.10

	
12.76

	
10.75




	
Nuclear

	
1.81

	
8.45

	
15.69

	
15.69




	
BESS Li-Ion

	
2.00

	
9.25

	
79.38

	
63.00
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Table 13. Results check with previous research.






Table 13. Results check with previous research.





	
Author

	
This Research

	
Kamia Handayani

	
IEA




	
Article Title

	
Long-Term Scenarios of Indonesia’s Power Sector to Achieve Nationally Determined Contribution (NDC) 2060

	
Moving Beyond the NDCs: ASEAN Pathways to a Net-Zero Emissions Power Sector in 2050

	
An Energy Sector Roadmap to Net-Zero Emissions in Indonesia




	
Scenarios

	
REF

	
CON

	
MOD

	
PRO

	
ADV

	
REF

	
RET

	
NZE

	
APS

	
NZE






	
Demand (TWh)




	
In 2050

	
910.3

	
983.8

	
±1200

	
1500




	
In 2060

	
1413.7

	
-

	
±1400

	
-




	
Output (TWh)




	
In 2050

	
1079.4

	
1162.1

	
1033.4

	
978.2

	
992.25

	
1083.5

	
±1200

	
±1600




	
In 2060

	
1661.7

	
2280.5

	
1688.0

	
1520.3

	
1674.1

	
-

	
±1500

	
±1800




	
Total Capacity (GW)




	
In 2050

	
266.5

	
634.6

	
768.4

	
470.1

	
570.0

	
-

	
-

	
±200

	
±600

	
±800




	
In 2060

	
382.6

	
1442.2

	
1339.2

	
798.9

	
1203.7

	
243.6

	
-

	
±575

	
±700

	
±900




	
Total Investment Cost (Billion USD)




	
In 2050

	
109.8

	
121.9

	
150.2

	
117.5

	
128.9

	
±120

	
±115

	
±130

	
±150

	
±175




	
In 2060

	
113.1

	
143.0

	
166.8

	
133.4

	
147.5

	
-

	
-

	
-

	
-

	
-
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