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Abstract: Indonesia’s power generation roadmap aspires to achieve 23%, 28%, and 31% of power
from renewable energy by 2025, 2038, and 2050, respectively. This study presents a technoeconomic
analysis of Indonesia’s power generation development plans using the LEAP model in the post-
COVID-19 period, with a focus on achieving the renewable target. In this study, four scenarios were
modeled: business as usual (BAU), cost optimization (CO), national plan (NP), and zero-carbon
(ZC). The BAU scenario is based on the PLN Electricity Business Plan 2019–2028, which does not
include a target for renewable energy. The CO scenario aims to meet the renewable energy mandate
at the lowest possible cost. The NP scenario aims to achieve renewable energy, with an additional
natural gas target of 22% by 2025 and 25% by 2038. The ZC scenario aims to achieve 100% renewable
energy by 2050 at the lowest possible cost. In comparison to the other scenarios, the BAU scenario
has the highest total cost of power production, with a total of 180.51 billion USD by 2050. The CO
scenario has the lowest total cost of production with a total of 89.21 billion USD; however, it may not
be practical to implement.

Keywords: LEAP; zero carbon; Indonesia power system; generation expansion planning; renewable
energy; production cost

1. Introduction

Indonesia is the biggest energy market in Southeast Asia, making up more than 36% of
the region’s energy demand. In response to continued economic and demographic drivers,
electricity demand will grow steadily. Electricity demand may double by 2040 [1]. Therefore,
the role of energy planning in Indonesia has become a critical aspect of Indonesia’s energy
policy. In 2019, the Indonesian Ministry of Energy and Mineral Resources (MEMR) released
the National Energy Plan 2019–2038 (NEP 2019–2038) to establish the country’s future goals
for electricity [2]. Indonesia expects to use up to 23% of electricity from renewable sources
by 2025 and 28% by 2038 as part of the NEP 2019–2038. Furthermore, Indonesia aims to
utilize 31% of electricity from renewable energy by 2050 [2–4]. Recently, there has been
talk of the more ambitious goal of achieving 100% renewable energy [5]. These goals for
renewable energy are also aligned with Indonesia’s nationally determined contribution
(NDC) to the Paris Climate Agreement [6]. In order to meet its goal of using renewable
energy, Indonesia must create a comprehensive long-term electricity plan [7].

This study intends to provide insight into Indonesia’s power generation expansion
future model in the post coronavirus disease 2019 (COVID-19) period, by considering
economic and energy sustainability in order to meet the renewable energy targets of
23% by 2025, 28% by 2038, and 31% by 2050 [2–4]. In addition, this study also created
a scenario to achieve 100% renewable energy by 2050. Therefore, this study adds to
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the repertoire of literature for Indonesia related to achieving net-zero carbon by 2050, in
accordance with the Paris Agreement on climate change targets. Indonesia currently intends
to reach a zero-carbon target by 2060 [8]. This study offers a choice that is quicker than the
Indonesian government’s current target while remaining consistent with the goal of the
international community. In comparison to earlier studies, this study has two novelties.
First, this research modeled Indonesia’s power generation expansion plan for 2020–2050 in
the post-COVID-19 era as a single system. Second, this research created a model to achieve
Indonesia’s zero-carbon target by 2050.

The remaining portions of this paper proceed as follows: Section 2 elaborates on
Indonesia’s existing power system’s condition, the LEAP modeling methodology, the
simulation scenarios, and the input data used in this study. Section 3 describes the result
of the LEAP model. Section 4 discusses and analyzes the LEAP modeling result. Finally,
Section 5 concludes the findings of this research, and offers suggestions for future research.

2. Materials and Methods
2.1. Indonesia’s Power System Overview

Since 2015, the government of Indonesia has initiated the 35,000 MW program to fulfill
the increasing electricity demand. The 35,000 MW program increased Indonesia’s power
generation capacity from 40.3 GW in 2015 to 63.3 GW in 2020 [9,10]. Ever since, fossil power
plants have been the most widely built due to their low investment cost [11]. However,
power outages remain common up to these days across Sumatera, Kalimantan, Sulawesi,
and eastern Indonesia’s systems [3].

On the other hand, the Java-Bali system, the largest electricity consumer in Indonesia,
experienced overcapacity due to the high reserve margin capacity available in the sys-
tem [12]. Overcapacity results in inefficiencies, particularly for PLN, because the power
purchase agreement between PLN and independent power plants (IPPs) is based on the
take-or-pay agreement, which requires PLN to pay for all power generated even if the sys-
tem is overloaded [13]. The overcapacity problem was worsened by the drop in electricity
demand caused by the COVID-19 pandemic [14].

In Indonesia, electricity is generated via a variety of power plants, with coal power
stations having the biggest total capacity. Indonesia’s total power generation capacity
was 63,336.12 megawatts (MW) in 2020. PT PLN (Persero) and its subsidiaries operated
45,615 MW, while independent power plants (IPPs) operated the rest [15].

Figure 1 shows the percentage of Indonesia’s power generation capacity in 2020. Coal-
fired power plants accounted for 47%, natural gas for 28%, oil for 10%, hydro for 10%, and
geothermal for 5% of the total generating capacity. Solar PV, wind, and biomass power
plants were also available, accounted for less than 0.01% of the total capacity. Indonesia’s
power generation output in 2020 can be seen in Figure 2. Indonesia’s overall power
production output in 2020 was 274.8 terawatt hours (TWh), with coal accounted for 62.85%,
natural gas for 21.4%, oil for 0.88%, hydro for 6%, geothermal for 5.11%, solar PV for 0%,
biomass for 2.98%, and wind and other RE for 0.17% [15].

Coal-fired power plants serve as base-load generators in the Indonesian power system
due to several factors, such as their widespread availability, low cost, and ease of trans-
port [16]. Meanwhile, gas and diesel power plants, which are the second and third largest
in the energy mix, serve as intermediate-load power plants due to their high ramping rate
characteristics that can adjust electricity demand more flexibly than coal [17,18]. Hydro,
wind, geothermal, and other forms of renewable energy serve as peak-load generators
due to their low availability and intermittency characteristics [19,20]. The intermittency
characteristic of renewable energy means that renewable energy cannot always consistently
produce energy at all hours of the day due to seasonal or weather changes. The intermit-
tency characteristic may affect the power system’s reliability due to the stress caused by the
change in electricity demand and supply [18].
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Figure 1. Indonesia’s power generation capacity in 2020 [15].

Figure 2. Indonesia’s power generation output in 2020 [15].

According to the National Energy Council Republic of Indonesia, data on Indonesia’s
potential for renewable energy [21] is shown in Table 1. Indonesia has a 441.7 GW renewable
energy potential, made up of 94.3 GW of hydropower, 28.5 GW of geothermal energy,
32.6 GW of biopower, 207.8 GWp of solar power, 60.6 GW of wind power, and 17.9 GW of
ocean power. In spite of this, renewable energy sources are still expensive in Indonesia [22].
The cost of solar energy in Indonesia is the highest among ASEAN members, coming in at
165 USD/MWh [23]. Renewable energy cannot be used economically in Indonesia since
there are no homegrown industries to produce the necessary components. This condition
affects the country’s attractiveness to renewable energy investors [22,24].
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Table 1. Indonesia’s Renewable Energy Potential [21].

Energy Source Potential

Hydro 94.3 GW
Geothermal 28.5 GW
Bioenergy 32.6 GW

Solar 207.8 GWp 1

Wind 60.6 GW
Ocean 17.9 GW

1 Gigawatts-peak, or GWp is used to describe the maximum power output of solar power systems, which would
be achieved under the standard test conditions (STC). The STC for a photovoltaic solar panel or module is defined
as being 1000 W/m2 (1 kW/m2) of full solar noon sunshine (irradiance) when the panel and cells are at a standard
ambient temperature of 25 ◦C with a sea level air mass (AM) of 1.5 [25].

The Indonesian state-owned electricity company, PT PLN (Persero), has a monopoly
on the retail electricity market and has become the only consumer of electricity generated
by independent power producers (IPPs). Transmission and distribution (T and D) networks
are also completely owned and run by PLN [20,24]. Seven major transmission networks
exist in Indonesia: the Java-Bali, Sumatera, Sulawesi, Kalimantan, Nusa Tenggara, Papua,
and Maluku systems [16,18]. The main one is the Java-Bali electricity system. The electricity
consumption for the Java-Bali system in 2019 was 173,592 GWh, which was equivalent to
70.7 percent of Indonesia’s total electricity consumption in 2020 [15]. The Sumatera electrical
system came in second with 36,698 GWh, or 15% of the total electricity demand [15]. The
archipelago characteristic featured a special inter-island and inter-subsystem transmission
that demanded for complex modeling and analysis of the Indonesia’s electricity market [26].

2.2. LEAP Software

The low emissions analysis platform, or LEAP is a scenario-based modeling tool that
may be used to monitor energy production, consumption, and resource extraction across
various economic sectors. The LEAP simulation’s scenarios model takes into account
variables that could vary over time, such as those that might change as a result of shifting
assumptions about policy and power generation technologies [27]. The scenario can be
constructed and contrasted with other scenarios to examine the costs, benefits, energy
needs, and environmental effects of each. The base model, which is a dataset of existing
power generation parameters, is shared by all of the simulation scenarios. The base model
data may include information about the current state of the power system from one year or
from a number of prior years. The scenarios will then be projected from the first scenario
year to the final scenario year.

All of the modules of LEAP are connected, therefore, the outcomes of one module
will also affect those of the other modules. Since LEAP adopts a demand-driven, end-use
methodology, the study begins with the final energy use [28]. By altering various future
condition criteria in LEAP, scenarios can be generated. To alter a future parameter, one of
three techniques can be used: setting particular values for specific years; calculating yearly
growth rates from the previous year; or utilizing a set equation as a function of another
parameter. Through the use of various assumptions for various scenarios, we can produce
multiple scenarios [27].

Figure 3 illustrates how this research model is separated into three analyses. Demand
module, transformation module, and cost module are the three key LEAP modules being
used in the analysis. The LEAP demand module is used in power demand analysis to
calculate the expected electricity demand for each scenario. The LEAP transformation
module is used in power generation analysis to calculate the total power generation capacity
required to meet the demand as well as the total output produced by the power plant.
Cost analysis examines the total investment and production costs from the previously
mentioned transformation module using the LEAP cost module.
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Figure 3. Conceptual framework.

The demand module represents society as a hierarchical tree structure with three levels:
sectors, end-uses, and gadgets. The future electricity demand for Indonesia is forecasted in
this study based on the PLN Electricity Business Plan 2019–2028 growth projection [3] and
“Indonesia Energy Outlook 2020–Special Edition: COVID-19 Impact on Indonesia Energy
Sector” released by the Agency for the Assessment and Application of Technology [29].

After the final energy demand for electricity is calculated, the transformation module
must produce electricity using prime energy, such as coal or another source of energy.
We can model the efficiency, losses, and processes involved in power generation in the
transformation module to determine how much primary energy is needed in total to
generate the final energy that is required. We may develop numerous scenarios using
various conversion technology parameters, much like in energy demand analysis. For
various combinations of demand and transformation scenarios, LEAP can automatically
determine the total amount of fuel needed.

The overall annual demand figure is then used as the basis for determining the
total amount of power generation capacity required to meet the demand, along with an
additional percentage of reserve margin capacity that is also incorporated into the power
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system. These calculations result in the total capacity increased along the power generation
energy mix for the particular year. The annual electricity production for each energy source
is calculated by dispatching the generated power in accordance with the annual demand
load curve. The resource module also accounts for the efficiency of power generation when
calculating the overall amount of primary energy sources used to produce electricity.

The LEAP module will be able to determine the overall cost required for the entire
power generation process if the cost parameter is entered [24,30]. Using LEAP’s optimiza-
tion mode, LEAP is also able to select the best power generation option based on the lowest
total expense throughout the whole projection time. The open-source energy modeling
system (OSeMOSYS) and the next energy modeling system for optimization are two inde-
pendent optimizing frameworks that are integrated to work in LEAP’s optimization mode
(NEMO). The LEAP parameter will then be automatically entered into the OSeMOSYS
or NEMO system. The frameworks’ results are then used as feedback for the recurring
calculations [31].

The cost result can be reported as either the net present value for the base year or
the true cost for the given year. The optimizing mode can also be constrained to certain
requirements, such as satisfying energy demands or reducing emissions. When determining
the best power generation option under a given constraint, LEAP will take into account a
number of factors, including the capital costs or the initial investment cost for the power
generation technology, the salvage values of the power plant, and the societal cost, which
may include a pollution tax, the cost of fuel, and variable O/M expenses [24,27,31].

2.3. Research Model

The first step is to create a scenario projection in LEAP by creating a base model of
Indonesia’s existing power system. As shown in Table 2, the LEAP base model needs
several parameters to simulate the Indonesian power system. The base model is composed
of Indonesia’s power system historical data from 2011 to 2019, which was acquired from
the PLN statistic document [10,12,15,32,33]. The transmission and distribution losses for
2019 were also used as the basis for these calculations [34]. Figure 4 is the annual load shape
model of Indonesia’s power system. The load shape was derived based on hourly load
data [35], represented by 84 time-slices of a year. In addition, several model parameters for
power generation were taken from previous studies [19,30,36–39], as shown in Table 3.

Table 2. Base model parameter.

Input Parameter Data Source

Population 2011–2019 242.4–267.2 million persons [10,12,15,32,33]

Population 2020–2050 270.2–330.9 million persons [40]

Electricity Demand History 2011–2019 Table A1 [10,12,15,32,33]

T and D Losses 2011–2019 8.29–10.12% [10,12,15,32,33]

Load Shape 1 Figure 4 [35]

Power Generation Capacity Table A2 [10,12,15,32,33]

Power Generation Output Table A3 [10,12,15,32,33]

Fuel Cost Table A4 [41]

Lifetime Table 3 [41]

Efficiency Table 3 [24]

Maximum Availability Table 3 [24]

Capacity Credit Table 3 [24]

Capital Cost 2 Table 3 [24,41–44]
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Table 2. Cont.

Input Parameter Data Source

Fixed O/M Cost Table 3 [24,41–44]

Variable O/M Cost Table 3 [24,41–44]

Reserve Margin 3 35% [45]

Interest Rate 12% [43]
1 The load shape (load curve) of Indonesia’s electricity demand is assumed to be similar each year for the whole
projection period. 2 Cost per capacity of each type of power plant. 3 Reserve margin of 35% means that the power
generation system has 35% excess capacity from the expected peak demand.

Figure 4. Load shape.

Table 3. Summary of the power generation model parameters.

Branch
Lifetime
(years) 1

Efficiency
(%) 2

Maximum
Availability 3 (%)

Capacity
Credit 4 (%)

Capital Cost 5
Fixed O/M

Cost 6
Variable

O/M Cost 7
2020 8 2050 9

Hydro 80 100 41 51 2769 2427 42 1.4
Geothermal 40 100 80 80 2772 2740 137.5 1.17

Biomass 20 100 80 100 4077 1725 126.3 4.85
Solar PV 10 25 100 22 27 1612 1052 32.3 0

Wind 25 100 28 35 1846 1280 26.5 0
Natural Gas 30 55 80 100 1082 926 14.2 2.56

Coal 40 40 80 100 3672 2437 40.8 4.52
Oil 30 35 80 100 1813 476 35.3 3.8

1 Lifetime, efficiency, maximum availability, and capacity credit source: [24]. 2 Common assumption for renewable
energy efficiency is 100% [27]. 3 Maximum availability in LEAP is defined as the ratio of the maximum energy
produced to what would have been produced if the process ran at full capacity for a given period (expressed
as a percentage) [27]. 4 Capacity credit in LEAP is defined as the fraction of the rated capacity considered for
calculating the reserve margin, which is calculated based on the ratio of the availability of the intermittent plant
to the availability of a standard thermal plant (expressed as a percentage) [27]. 5 Capital cost in thousands of
USD/MW. 6 Fixed O/M cost in thousands of USD/MW. 7 Variable O/M cost is in USD/MWh. 8 The 2020 capital
cost source: [42]. 9 Capital cost source for 2050: [44]. 10 Battery storage cost included in solar PV and wind cost.
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A demand model is developed once the base model has been established. Since LEAP
is a demand-driven model, the anticipated outcome of electricity generation will depend on
the estimated demand parameter. In this study, two demand assumptions—the pre-COVID-
19 (PRC) and post-COVID-19 (POC) demand, as depicted in Figure 5, respectively—will be
modeled. The PRC demand is based on the PLN Electricity Business Plan 2019–2028 growth
projection [3]. The PRC electricity demand growth will range from 6.2% to 7.2% per year.
The POC demand, meanwhile, is based on the “Indonesia Energy Outlook 2020-Special
Edition: COVID-19 Impact on Indonesia Energy Sector” report issued by the Agency for
the Assessment and Application of Technology [29]. The POC demand growth will vary
from −0.4% in 2020 to 6.5% in 2030. In 2020, Indonesia’s electricity demand was −0.4% in
2019 [29]. The electricity demand is estimated to grow by an average of 2.5% per year from
2021 to 2025, and then 5% until 2029 [29]. From 2030 onward, both PRC and POC demand
growth is assumed to be fixed at 6.5% annually. The 6.5% growth is based on the projected
average growth for the next ten years in PLN Electricity Business Plan 2019–2028 growth
projection [3].

Figure 5. Electricity demand growth assumption.

LEAP will determine the overall power of the power generation module that must
be produced after determining the total demand. As shown in Figure 6, there are four
projected power generation expansion scenarios in this research: business as usual (BaU)
scenario, cost optimization (CO) scenario, national plan scenario (NP), and zero-carbon
(ZC) scenario. The PRC demand assumption will be applied to the business-as-usual (BAU)
power generation scenario, while the POC demand assumption will be applied to the cost
optimization (CO) scenario, national plan (NP) scenario, and zero-carbon (ZC) scenario.

The future renewable energy target is one of the key components of this study
model [2,3,46]. The minimal renewable energy target that each scenario must meet is
one of the factors that separates one scenario from another. There is no renewable energy
target in the BAU scenario. As depicted in Figure 6, the CO, NP, and ZC scenarios, on
the other hand, attempt to meet particular renewable energy targets. The total amount of
renewable energy potential in all scenarios is restricted to Indonesia’s potential as shown
in Table 1 [21].
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Figure 6. Renewable energy target for projected scenarios.

The BAU scenario’s power generation projection for 2020–2028 is based on the PLN
Electricity Business Plan 2019–2028 [3]. In 2020–2028, the BAU model is set to add a
specific amount of power plant capacity as planned in the PLN Electricity Business Plan
2019–2028 [3]. The capacities being added for 2020–2028 are listed in Table A5 in the
Appendix A. From 2029 onward, the power generation is set to fulfill the demand at the
lowest cost possible using LEAP’s optimization mode.

The CO scenario aims to achieve the minimum renewable energy percentage at the
lowest cost possible. The power generation assumption is set to achieve the minimum
percentage of renewable energy targets of 23% by 2025, 28% by 2038, and 31% by 2050 [2].
The CO scenario uses LEAPs’ built-in optimization mode to find the least cost option
to achieve the renewable energy target. Therefore, the CO scenario provides an insight
into the theoretical future configuration of an energy system that will yield the lowest
cost of production. However, such pathways may not represent realistic options to be
implemented for several reasons. First, Indonesia must use a variety of energy resources
to maintain its energy security [24,27]. Second, power dispatchers may also have trouble
managing the power system, as the renewable energy power plant’s output can’t be quickly
ramped up or down to adjust the power demand.

The NP scenario was created to address the CO scenario’s energy security issue as
stated in NEP 2019–2038 [2]. This scenario is set to achieve renewable energy and natural
gas energy targets based on the NEP 2019–2038 [2]. The renewable energy targets are 23%
by 2025, 28% by 2038, and 31% by 2050. In the same period, natural gas targets are 22%
by 2025 and 25% by 2038. A large percentage of natural gas is expected to maintain the
stability of the electrical system in the event of a rapid change in power demand [20].

The last scenario of this research is the ZC scenario. Recently, there have been sev-
eral discussions about Indonesia’s plan to become zero-carbon by 2050 [5,46]. The ZC
scenario aims to provide an insight for Indonesia to achieve 100% renewable energy by
2050. This scenario also aims to achieve the 23% and 28% renewable targets by 2025 and
2038, respectively.
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3. Results

This section is divided into two sections. The simulation results for the four models
described in Section 2.3 are explained in the first section. The second part discusses the
simulation results regarding investment costs, and compares them with previous studies of
the Indonesian electricity system.

3.1. Research Simulation
3.1.1. Indonesia’s Total Electricity Demand

The total electricity demand for both the PRC and POC assumptions from 2020 to 2050 is
depicted in Figure 7. In PRC conditions, Indonesia’s electricity demand is projected to reach
360.9 TWh by 2025 and 1561 TWh by 2050. However, COVID-19 is reducing the demand for
electricity. The year 2020 saw a 243.5 TWh overall demand for electricity in Indonesia [15].
The predicted total power demand in 2025 under the POC demand assumption will be
318 TWh, which is 12% less than the demand under the BAU scenario for the same year. The
overall power demand for Indonesia in 2050 will be 1450.5 TWh if, after 2030, the demand for
electricity can recover to an average increase of 6.5 percent each year.

Figure 7. Projected total electricity demand for Indonesia.

3.1.2. Business as Usual (BaU) Scenario

The BAU scenario projection results indicate that, in the absence of a renewable energy
target constraint on Indonesia’s future power generating expansion, coal and natural gas
power plants will have the largest capacity in the country’s energy mix. In the BAU
scenario, the total projected power generated output will increase from 283.5 TWh in 2020
to 390.2 TWh in 2025, 832.0 TWh in 2038, and 1678.7 TWh in 2050, as shown in Figure 8.
Indonesia’s total power generation capacity will be 105.59 GW, 169.5 GW, and 332.29 GW
in 2025, 2038, and 2050, respectively, as shown in Figure 9.

In 2025, the entire output of BAU power generation will be 390.2 TWh. The energy
mix is made up of hydropower (9.92%), geothermal (11.87%), biomass (0.19%), solar
photovoltaics (0.68%), wind (0.78%), natural gas (0%), coal (76%), and oil (0.0%). As for
2025, there will be 105.59 GW of total power generation capacity, made up of hydropower
(10.78 GW), geothermal (6.61 GW), biomass (0.17 GW), solar photovoltaic (1.38 GW), wind
(1.24 GW), natural gas (27.42 GW), coal (50.53 GW), and oil (7.46 GW).
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Figure 8. BAU scenario–power generation output.

Figure 9. BAU scenario–power generation capacity.

The total power generation output by 2038 will be 832.0 TWh. The energy mix consists
of hydro (5.54%), geothermal (5.77%), biomass (0.14%), solar PV (0.32%), wind (0.38%),
natural gas (41.60%), coal (46.24%), and oil (0%). In 2038, the total capacity will be 169.5 GW,
consisting of hydro 12.84 GW, geothermal 6.86 GW, biomass 0.17 GW, solar PV 1.38 GW,
wind 1.3 GW, natural gas 84.41 GW, coal 54.9 GW, and oil 7.64 GW.

The energy mix in 2050 consists of hydro (2.75%), geothermal (2.86%), biomass (0.07%),
solar PV (0.16%), wind (0.19%), natural gas (28.48%), coal (65.49%), and oil (0%). In 2050,
the total capacity will be 333.29 GW, consisting of hydro 12.84 GW, geothermal 6.86 GW,
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biomass 0.17 GW, solar PV 1.38 GW, wind 1.3 GW, natural gas 104.21 GW, coal 156.87 GW,
and oil 48.66 GW.

The simulation reveals that the BAU scenario, which corresponds with PLN’s Elec-
tricity Business Plan 2019–2028, is still on track to achieve a 23 percent renewable energy
objective by 2025, even if it lacks a renewable energy target. However, if the development
of power generation is based on the least-cost approach, coal and natural gas will continue
to be the most dominant energy sources through 2050. The simulation also indicates that
there will be an overcapacity in power generation, which would cause the reserve margin
to increase to a maximum of 76.7 percent between 2020 and 2031, as shown in Figure 10.

Figure 10. BAU scenario–reserve margin.

The potential overcapacity between 2020 and 2031 will make PLN financially inefficient.
PLN will be required to pay for the construction of power plants that were outlined in the
PLN Electricity Business Plan 2019–2028 [3], despite the fact that the demand can be met with
the existing capacity until 2031. The overall cost of producing power under the BAU scenario
up to 2050 will be 180.5 billion USD, as shown in Figure 11. For the years 2020–2050, the BAU
scenario will need a 3.5 billion USD investment in power generation annually.

3.1.3. Cost Optimization (CO) Scenario

The CO scenario is set to achieve the renewable energy targets at the lowest cost
possible. The scenario offers an intriguing insight that Indonesia might be able to attain its
renewable energy target at a reasonable cost by combining geothermal, biomass, hydroelec-
tric, and wind power. As can be seen in Figure 12, the total power generated output will
be 343.8 TWh in 2025, 732.5 TWh in 2038, and 1559.5 TWh in 2050. In Figure 13, the total
power generation capacity for Indonesia will be 70.37 GW, 148.71 GW, and 347.4 GW in
2025, 2038, and 2050, respectively.
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Figure 11. BAU scenario–total cost of electricity production.

Figure 12. CO Scenario–Power Generation Output.
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Figure 13. CO scenario–power generation capacity.

The energy mix in 2025 consists of hydro (5.2%), geothermal (17.32%), biomass (0.35%),
solar PV (0.04%), wind (0.9%), natural gas (17.1%), coal (59.9%), and oil (0%). The total
power generation capacity in 2025 will be 70.36 GW, which consists of hydro 4.98 GW,
geothermal 8.49 GW, biomass 0.17 GW, solar PV 0.06 GW, wind 0.13 GW, natural gas
20.95 GW, coal 29.4 GW, and oil 6.18 GW.

The energy mix in 2038 consists of hydro (2.44%), geothermal (25.33%), biomass
(0.16%), solar PV (0.02%), wind (0.04%), natural gas (43.87%), coal (28.13%), and oil (0%).
Meanwhile, in 2038, the total capacity will be 148.71 GW, which consists of hydro 4.98 GW,
geothermal 26.48 GW, biomass 0.17 GW, solar PV 0.06 GW, wind 0.13 GW, natural gas
81.30 GW, coal 29.4 GW, and oil 6.18 GW.

The energy mix in 2050 consists of hydro (1.15%), geothermal (12.81%), biomass
(7.51%), solar PV (0.01%), wind (9.53%), natural gas (26.06%), coal (42.94%), and oil (0%).
Meanwhile, in 2050, the total capacity will be 347.7 GW, which consists of hydro 4.98 GW,
geothermal 28.5 GW, biomass 16.71 GW, solar PV 0.06 GW, wind 60.6 GW, natural gas
91.62 GW, coal 95.5 GW, and oil 49.42 GW.

As shown in Figure 14, the CO scenario’s up until 2050, total cost of power production
will be 89.21 billion USD. For the years 2020–2050, the CO scenario required an investment
of 1.8 billion USD in power generation annually. However, more research on the power
system is required to ascertain whether it is feasible to rely on renewable energy sources in
large quantities, taking into account their availability and the power system’s reliability.
The intermittent nature of renewable energy will also drastically decrease its availability.
Power dispatchers may also experience difficulties controlling the power system due to the
comparatively low proportion of natural gas in the energy mix, especially when the system
is transitioning from off-peak to peak load. In order to address the change in demand for
electricity, the output of a natural gas power plant can be increased or decreased rapidly.
The natural gas power plants’ capability to adjust their output quickly will help power
dispatchers in controlling the power system [18,20].
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Figure 14. CO scenario–total cost of electricity production.

3.1.4. National Plan (NP) Scenario

The NP scenario aims to maintain a balance between fossil fuels and renewable
energy to ensure the reliability and security of the electricity supply based on the National
Electricity Plan 2019–2038. Figure 15 shows the total power generated output for the NP
scenario, which is 343.8 TWh in 2025, 732.5 TWh in 2038, and 1559.5 TWh in 2050. In 2025,
2038, and 2050 the NP’s total power generation capacity will reach 70.61 GW, 152 GW, and
347.44 GW, respectively, as can be seen in Figure 16.

Figure 15. NP scenario–power generation output.
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Figure 16. NP scenario–power generation capacity.

The energy mix in 2025 consists of hydro (5.2%), geothermal (17.32%), biomass (0.35%),
solar PV (0.04%), wind (0.09%), natural gas (22.04%), coal (54.96%), and oil (0%). The total
power generation capacity in 2025 will be 70.61 GW, which consists of hydro 4.98 GW,
geothermal 9.71 GW, biomass 0.17 GW, solar PV 0.06 GW, wind 0.13 GW, natural gas
22.6 GW, coal 26.96 GW, and oil 6 GW.

The energy mix in 2038 consists of hydro (2.44%), geothermal (23.86%), biomass
(0.16%), solar PV (0.02%), wind (1.52%), natural gas (25.19%), coal (46.81%), and oil (0%).
Meanwhile, in 2038, the total capacity will be 151.97 GW, which consists of hydro 4.98 GW,
geothermal 28.5 GW, biomass 0.17 GW, solar PV 0.06 GW, wind 4.53 GW, natural gas
58.81 GW, coal 48.92 GW, and oil 6 GW.

The energy mix in 2050 consists of hydro (1.15%), geothermal (11.21%), biomass
(9.11%), solar PV (0.01%), wind (9.53%), natural gas (8.64%), coal (60.36%), and oil (0%).
Meanwhile, in 2050, the total capacity will be 347.4 GW, which consists of hydro 4.98 GW,
geothermal 28.5 GW, biomass 20.27 GW, solar PV 0.06 GW, wind 60.6 GW, natural gas
89.76 GW, coal 137.27 GW, and oil 6 GW.

Figure 17 shows that up until 2050, the NP scenario’s total cost of power production
will be 124.63 billion USD. The NP scenario requires an annual investment in electricity
generation of 2.7 billion USD on average from 2020 to 2050. The entire cost of producing
power under the NP is 35.42 billion USD, which is 39.7% more expensive than under the CO
scenario. In order to maintain Indonesia’s energy security while attaining the renewable
energy objective, there will be a financial trade-off in the NP scenario, increasing the overall
cost of production and investment.

3.1.5. Zero-Carbon (ZC) Scenario

The ZC scenario seeks to give a comprehensive view of Indonesia’s expansion of
power generation in terms of achieving 100 percent renewable energy by 2050. In the
ZC scenario, as shown in Figure 18, the total power generated output is 343.8 TWh in
2025, 732.5 TWh in 2038, and 1559.5 TWh in 2050. In Figure 19, the ZC’s total power
generation capacity will reach 79.51 GW, 172.71 GW, and 789.11 GW in 2025, 2038, and
2050, respectively.



Sustainability 2022, 14, 9038 17 of 25

Figure 17. NP scenario–total cost of electricity production.

Figure 18. ZC scenario–power generation output.

The energy mix in 2025 consists of hydro (23.07%), geothermal (10.77%), biomass
(0.26%), solar PV (0.04%), wind (0.09%), natural gas (8.88%), coal (56.88%), and oil (0%).
The total power generation capacity in 2025 will be 79.51 GW, which consists of hydro
22.08 GW, geothermal 6.04 GW, biomass 0.17 GW, solar PV 0.06 GW, wind 0.13 GW, natural
gas 16.56 GW, coal 28.47 GW, and oil 6 GW.
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Figure 19. ZC scenario–power generation capacity.

The energy mix in 2038 consists of hydro (28.99%), geothermal (11.59%), biomass
(0.16%), solar PV (0.02%), wind (0.04%), natural gas (32.03%), coal (27.18%), and oil (0%).
Meanwhile, in 2038, the total capacity will be 172.71 GW, which consists of hydro 59.13 GW,
geothermal 13.84 GW, biomass 0.17 GW, solar PV 0.06 GW, wind 0.13 GW, natural gas
58.61 GW, coal 28.41 GW, and oil 12.36 GW.

The energy mix in 2050 consists of hydro (17.61%), geothermal (11.21%), biomass
(4.7%), solar PV (56.95%), wind (9.53%), natural gas (0%), coal (0%), and oil (0%). Mean-
while, in 2050, the total capacity will be 789.1 GW, which consists of hydro 93.3 GW,
geothermal 28.5 GW, biomass 32.6 GW, solar PV 460.86 GW, wind 60.6 GW, natural gas
58.61 GW, coal 28.41 GW, and oil 26.2 GW.

As shown in Figure 20, the ZC scenario’s overall cost of power production up until
2050 will be 134.06 billion USD. For the years 2020–2050, the ZC scenario will need a
3.7 billion USD investment in power generation annually. According to the modeling
results, the ZC scenario will require 789.1 GW of power generation capacity by 2050, which
is 227% more than what is required by the CO and NP scenarios. Furthermore, the results
demonstrated that Indonesia’s existing renewable energy potential is insufficient to supply
the required amount of power by 2050. As of now, Indonesia has a 441.7 GW potential
for renewable energy [21]. Meanwhile, the ZC scenario requires 675.89 GW of renewable
energy generating capacity, with solar PV accounting for the largest generator at 460.86 GW.
For Indonesia to be carbon-free by 2050, there is a gap in available renewable energy sources
of up to 234.19 GW. Indonesia will need to explore new renewable energy potentials and
introduce cutting-edge renewable energy technologies to increase the effectiveness of
renewable energy conversion.
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Figure 20. ZC scenario–total cost of electricity production.

4. Discussion

Table 4 compares the results of this research and several previous research, such
as from Kamia Handayani, Subhash Kumar, and IESR. Even though the three studies’
research methodologies and scopes differ, they can be utilized as a benchmark for this
study’s findings. In order to meet the renewable energy targets of 23% by 2025, 28%
by 2038, and 31% by 2050, Kamia Handayani studied power generation in the Java-Bali
system [30,47,48]. With a total electrical demand that accounts for 70.7% of all demand in
Indonesia, the Java-Bali system is Indonesia’s largest electricity infrastructure [15]. Next,
Subhash Kumar conducted research on the Indonesian system [37]. The study, which was
conducted before COVID-19, also aims to achieve the 23% and 38% renewable energy
targets by 2025 and 2050, respectively. However, scenarios where Indonesia uses 100%
renewable energy by 2050 were not covered by Subhash Kumar. Finally, research from
IESR explored initiatives to reach Indonesia’s 100% renewable energy by 2050. The LUT
energy system model used by the IESR to conduct research on the power, heating, and
transportation sectors in Indonesia as a single model [46].

In 2050, Indonesia would have a total power generation capacity of 347.4 GW, ac-
cording to the NP scenario. With a post-COVID-19 demand, the NP scenario sets a target
for renewable energy of 23% by 2025, 28% by 2038, and 31% by 2050. A model of the
Java-Bali system using pre-COVID-19 demand developed by Kamia Handayani was stud-
ied [24]. The overall power generation capacity for Kamia Handayani in 2050 is 244 GW, or
70.3 percent of the NP scenario used in this study. The percentage closely reflects the actual
power generation conditions in Indonesia in the year 2020, when Java-Bali accounted for
64.3 percent of the total capacity and the rest of Indonesia was at 35.6 percent [15]. By 2050,
Indonesia’s total generation capacity will be 370 GW, according to IESR’s study, which
models the Indonesian system with the same renewable energy targets in post-COVID-
19 demand [46]. The IESR outcome was 7% higher than the NP scenario in this study.
Therefore, this study can be concluded to have a reasonable outcome.
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Table 4. Result comparison with previous research.

Research Scenario
Research Scope Power Generated (TWh) Capacity (GW) Total Cost (Billion USD) 1

System Demand 2025 2040 2050 2025 2040 2050 2025 2040 2050

This Research

BAU Indonesia Pre-COVID-19 390.2 935.0 1678.7 105.6 189.3 332.3 42.7 138.4 180.5
CO Indonesia Post-COVID-19 343.8 884.0 1559.5 70.4 172.7 347.4 5.9 53.4 89.2
NP Indonesia Post-COVID-19 343.8 884.0 1559.5 70.6 179.3 347.4 15.7 86.4 124.6
ZC Indonesia Post-COVID-19 343.8 884.0 1559.5 79.5 195.0 789.1 17.1 89.6 134.1

Previous Research 2

Kamia
Handayani

[24]

REF Java-Bali Pre-COVID-19 305.0 650.0 1068.0 60.0 150.0 225.0 25.8 72.1 91.6
NRE Java-Bali Pre-COVID-19 332.0 - 1159.0 69.6 150.0 244.4 28.8 82.4 106.2

REN-low LR Java-Bali Pre-COVID-19 332.0 - 1159.0 69.6 150.0 244.4 30.9 84.5 93.4
REN-medium LR Java-Bali Pre-COVID-19 332.0 - 1159.0 69.6 150.0 244.4 28.8 82.4 101.5

REN-high LR Java-Bali Pre-COVID-19 332.0 - 1159.0 69.6 150.0 244.4 27.8 80.4 95.6

Subhash
Kumar [37]

REF Indonesia Pre-COVID-19 400.0 800.0 1800.0 125.0 230.0 400.0 22.6 49.9 92.6
RE Indonesia Pre-COVID-19 400.0 800.0 1800.0 125.0 300.0 450.0 23.7 71.2 105.6

REP Indonesia Pre-COVID-19 400.0 800.0 1800.0 125.0 300.0 450.0 35.6 93.8 120.0

IESR [46] Best Policy
Scenario Indonesia Post-COVID-19 596.0 834.0 1213.0 - - 370.0 - - -

1 Adjusted to 2020 billion USD. 2 Processed data from previous research.

The Indonesian system also discussed Subash Kumar’s REP scenario, which has the
same renewable energy objective as the NP scenario used in this study [37]. According to
Subhash Kumar’s estimation, the cost of producing electricity will equal 120 billion USD by
2050 in the REP scenario. Meanwhile, the overall cost of producing electricity in this study’s
NP scenario is 124 billion USD by 2050, or only 3% higher. In conclusion, this research’s results
are in line with the previous research of Kamia Handayani, Subhash Kumar, and IESR.

Figure 21 shows a comparison of the four scenarios’ total cost of energy production.
Compared to the other three scenarios, the total cost of producing electricity is highest
in the BAU scenario. The entire cost of producing electricity under the BAU scenario is
180.51 billion USD up until 2050. The overcapacity in current and planned power plants that
are included in the PLN Electricity Business Plan 2019–2028 [3] as a part of the 35,000 MW
program is the cause of the high overall cost. The BAU overall cost is higher by 55.88 billion
USD when compared to the NP scenario. As mentioned before, the NP scenario refers to
the 2019–2038 National Electricity Plan [2]. Therefore, the expansion plan for Indonesia’s
power generation should be based on the NP scenario.

Figure 21. Total cost of electricity production comparison.
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In Figure 21, the CO scenario has the lowest total cost. Even though the investment
costs for renewable energy are still expensive, the cheap marginal cost of renewable energy
makes the total cost of electricity production low [49]. The same factor can be seen in the
ZC scenario, where the ZC’s total cost in 2050 has the almost same cost as the NP scenario.
The ZC scenario has a total cost of 134.06 billion USD, which is 9.4 billion USD higher than
the NP scenario. However, the ZC scenario achieves the 100% renewable energy target,
while the NP is only at 31% by 2050.

Due to its limited availability and efficiency, renewable energy currently has a higher
investment cost in Indonesia compared to fossil fuels. A renewable energy power plant will
also require up to twice the capacity of a fossil fuel power plant in order to produce the same
amount of power as the fossil power plant. In addition, the intermittency characteristics of
renewable energy make it necessary to invest in energy storage systems, such as, battery
systems or pump storage hydro. An additional fossil power plant may also be needed to
operate as a system balancer during periods of low renewable energy supply. All of this
additional investment increases the required investment cost of renewable energy.

The addition of fossil power plants is important to fill the renewable energy availability
gap. The system’s ability to adapt such shift a in demand must be taken into account if the
renewable energy target ought to be achieved. Fossil power plants give power dispatchers
flexibility to fulfill the load requirements through the allocation of a balanced composition
between base-load, intermediate-load, and peak-load power plants. On the other hand,
the total cost of producing electricity using renewable energy is much cheaper than using
fossil fuels because the fuel cost for renewable energy is cheaper than fossil. There is no
margin cost for solar PV, wind, and hydro energy. Lower production costs make it possible
to sell power for a higher profit, which can be used to offset the high upfront expenses of
renewable energy.

The annual investment costs required if Indonesia wants to reach 31% renewable
energy by 2050 will range from 1.8 to 2.7 billion USD. Indonesia will need to invest up
to 3.7 billion USD annually if it wants to reach 100% renewable energy by 2050. The CO,
NP, and ZC scenarios in this study have annual investment costs that are greater than
the average annual investment cost of renewable energy in Indonesia in the last 5 years.
Indonesia spends over 2 billion USD on renewable energy annually on average [46].

The government of Indonesia should immediately increase the attractiveness of the
renewable energy business to attract more investors. The government can do this by enact-
ing laws that encourage the use of renewable energy sources. Additionally, maintaining a
favorable business climate depends on the consistency of renewable energy targets and the
political support from key stakeholders. Given the nature of investments in electricity gen-
eration, which will have a lengthy payback period, investors must be given an assurance
that they won’t experience losses in the future [50].

5. Conclusions

Even with pre-COVID-19 demand assumptions, the BAU scenario shows that Indone-
sia’s existing power plants, as envisaged in PLN’s Electricity Business Plan 2019–2028,
are able to supply electricity demand up until 2031. If the COVID-19-induced drop in
electricity demand continues for the next several years, Indonesia will experience power
plant overcapacity. The overcapacity will increase Indonesia’s power generation reserve
margin up to 76.7%. Of course, in terms of operational and investment expenses, the
overcapacity condition is inefficient. The “Take or Pay” contract with the independent
power plant (IPP) will make this situation worse for PLN. Under the “Take or Pay” contract,
PLN is obligated to pay for the electricity generated by the IPP despite the fact that it does
not require it.

PLN’s Electricity Business Plan 2019–2028 is on track to achieve Indonesia’s target
of 23% renewable energy by 2025. However, due to overcapacity in 2020–2031, the BAU
scenario is not financially efficient when compared to the cost optimization (CO), national
plan (NP), and zero-carbon (ZC) scenarios. In addition, according to PLN’s Electricity
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Business Plan 2019–2028 [3], coal power plants capacity will increase to 57 GW by 2028.
As a result, coal will play a significant role in Indonesia’s future energy mix. To meet
Indonesia’s renewable energy targets of 28% by 2038 and 31% by 2050, biomass co-firing or
early decommissioning of coal power plants will be required. The process must take into
account PLN’s financial viability, so that contract renegotiation and decommissioning of
existing fossil power plants do not result in fines or “Take or Pay” payment obligations for
the company.

Indonesia is expected to meet its renewable energy objective at the lowest possible cost
under the cost optimization (CO) scenario. The overall cost of energy production in the CO
scenario until 2050 is 89.21 billion USD, with an annual investment of 1.8 billion USD on
average. Geothermal, hydro, biomass, and wind energy are the main sources of renewable
energy in the energy mix. However, more research on the power system’s capability
in implementing the CO scenario is required, especially to address the intermittency
characteristics of renewable energy. Furthermore, as the percentage of natural gas in
this scenario is so low, the power system dispatcher’s ability to manage energy demand
variations will be limited.

The national plan (NP) scenario is the second scenario. The NP scenario attempts to
maintain a balance between fossil fuels and renewable energy, with natural gas targets
of 22% by 2025 and 25% by 2038 along the renewable energy target [2]. For the period
2020–2050, the total cost of electricity production is 124.63 billion USD, with an average
annual investment of 2.7 billion USD. The NP model showed that to achieve the renewable
energy target while also keeping the system’s reliability will cost 35.42 billion USD more
than the CO scenario.

For the zero-carbon (ZC) scenario, the total cost of electricity production from 2020 to
2050 is 134.06 billion USD, with an annual investment of 3.7 billion USD. According to the
simulation results, Indonesia’s existing renewable energy potential capacity is insufficient
to achieve a 100% renewable energy mix by 2050. The ZC’s total renewable energy power
generation capacity in 2050 is 675.89 GW, however, Indonesia’s renewable energy potential
capacity is limited to 441.7 GW [21]. Advances in renewable energy conversion technology
will be required to produce more power from lower generating capacities in order to
achieve zero-carbon by 2050. In addition, new renewable energy sources must be explored
in order to boost renewable energy’s potential. Nuclear technology can potentially be used
to make up for the shortfall in renewable energy generation capacity [51]. In a way to
mitigate the effect of renewable energy’s intermittency characteristics, the installation of
energy storage such as pumped storage and batteries will be essential [18].
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Appendix A. LEAP Model Parameter

Table A1. Indonesia Electricity Demand History 2011–2019 *.

Branch 2011 2012 2013 2014 2015 2016 2017 2018 2019

Household 64.66 71.64 76.67 83.50 88.08 93.00 93.84 97.14 102.92
Business 27.77 30.08 32.85 35.52 36.16 38.99 40.87 43.24 46.12

Public 9.78 10.61 11.34 12.27 13.01 14.05 14.64 15.70 16.88
Industry 54.26 59.66 63.80 65.33 63.56 67.63 71.72 76.45 77.14

* In Terawatt-hour (TWh).

Table A2. Indonesia Power Generation Capacity 2011–2019 *.

Branch 2011 2012 2013 2014 2015 2016 2017 2018 2019

Hydro 3.92 3.94 4.09 4.16 4.29 4.40 4.86 4.94 4.98
Geothermal 1.15 1.22 1.26 1.32 1.31 1.37 2.10 1.72 2.44
Biomass 0.00 0.00 0.00 0.03 0.04 0.04 0.15 0.17 0.17
Solar PV 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.03 0.06

Wind 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.13
Natural

Gas 12.97 14.45 14.72 14.82 15.06 15.81 14.65 15.16 17.44

Coal 14.82 17.49 18.66 20.54 21.08 23.84 25.69 26.41 29.40
Oil 6.85 7.34 7.86 7.62 7.22 7.22 8.16 7.92 6.50

Total 39.71 44.43 46.59 48.49 49.02 52.69 55.63 56.42 61.13

* In Gigawatt (GW).

Table A3. Indonesia Power Generation Output 2011–2019 *.

Branch 2011 2012 2013 2014 2015 2016 2017 2018 2019

Hydro 12.42 12.80 16.92 15.16 13.74 19.37 18.63 16.94 17.20
Geothermal 9.37 9.42 9.41 10.04 10.05 10.65 12.67 12.59 14.10

Biomass 0.00 0.00 0.00 0.21 0.44 0.58 0.59 0.52 0.52
Solar PV 0.00 0.00 0.00 0.04 0.02 0.02 0.03 0.02 0.02

Wind 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.17 0.17
Natural Gas 36.55 45.28 50.26 54.47 57.65 65.32 59.38 59.38 59.91

Coal 77.74 100.71 110.42 119.61 129.81 134.07 147.83 160.90 169.88
Oil 42.19 29.87 26.69 25.91 19.21 16.06 14.27 15.18 11.29

* In Terawatt-hour (TWh).

Table A4. Power Generation Fuel Price.

Branch Unit 2019 2025 2030 2035 2040

Oil USD/Barrel 54.4 92.0 100.4 109.8 117.2
Coal USD/Tonne 85.0 80.0 83.0 84.0 85.0

Natural Gas USD/MBTU 6.5 9.2 9.4 9.5 9.8

Table A5. BAU Scenario’s 2020–2028 Power Generation Addition.

Type of Generation
(in MW) 2020 2021 2022 2023 2024 2025 2026 2027 2028

Hydro 326 755 - 182 1484 3,047 129 466 1467
Geothermal 151 147 455 245 415 2759 45 145 55

Wind 217 316 846 470 156 419 5 17 42
Natural Gas 3073 1011 3155 1535 845 40 280 400 485

Coal 6047 3641 2780 4590 3090 1184 1695 1375 1093
Oil 246 481 203 215 235 27 20 20 10

Total 10,060 6351 7439 7237 6225 7476 2174 2423 3152
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