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Abstract

:

Greenhouse gas emissions, including CO2 emissions, are an issue in the energy sector that must be addressed urgently. The energy sector, including electricity, has been given a global aim of net zero emissions (NZE). This article examines three scenarios for reaching net-zero emissions in power supply. These scenarios are baseline, NZE1, and NZE2. The baseline scenario represents power plant capacity planning based on existing regulations in the base year. The net zero emissions consisting of the NZE1 and NZE2 scenarios aim to achieve net zero emissions by 2060. The NZE1 and NZE2 scenarios differ in the usage of nuclear power plant technology. The NZE1 scenario employs advanced costs for small modular reactors and large reactors technology, whilst the NZE2 scenario employs the low cost of small modular reactors and large reactors. The three scenarios were implemented and examined using the low emissions analysis platform software. The analytical results demonstrate that the NZE1 and NZE2 scenarios can meet the net zero emission objective by 2058. The baseline scenario results in power plant capacity planning with an average annual CO2 emission growth rate of 3.58%. On the other hand, the baseline scenario has the lowest investment expenses, at only 44 billion USD.
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1. Introduction


Environmental problems such as rising earth temperature and sea levels and increasing the risk of natural disasters such as floods and landslides are caused by climate change [1,2,3,4]. The increase of greenhouse gasses (GHG) such as CO2, CH4, NOx, and fluoride gases in the earth’s atmosphere is a major factor of climate change. The greenhouse effect phenomenon occurs because GHG in the atmosphere absorbs some of the solar radiation reflected by the earth’s surface. The trapped solar radiation causes an increase in the earth’s temperature, as in greenhouse technology [3,5,6]. The main contributor to GHG in the atmosphere is CO2, which comes from burning fossil fuels (60%) [7,8]. The dominant producer of CO2 comes from power generation activities [8,9,10].



The CO2 emission from the energy sector rose by 0.9% to 36.8 Gt in 2022 [8]. Reducing CO2 emissions can be achieved by making renewable energy sources account for 83% of newly added capacity or 40% of total capacity by 2022 [11]. The global energy sector’s net zero emissions (NZE) scenario states that CO2 emissions must be lowered to 23 Gt by 2030 and zero by 2050 to achieve a 1.5 °C temperature increase [12]. This issue was addressed in the Paris Agreement or Conference of Parties (COP 21). Through Nationally Determined Contribution (NDC), countries that have ratified the Paris Agreement develop frameworks and targets for reducing GHG emissions [13,14]. In 2050, the electricity demand is expected to increase to 150% of the current demand, or 62 × 103 TWh, based on the NZE scenario [12]. This report’s NZE scenario also considers the transportation sector’s electrification. According to these projections, the electricity demand worldwide will rise significantly, and lowering CO2 emissions from electricity production will present new difficulties. The difficulties are caused by economic factors, such as environment-friendly technology like renewable energy, which has limited sources and is more expensive than fossil-based power generation. A massive utilization of renewable technology will increase the cost of production and affect the economy [15].



Studies on using renewable energy in electricity generation have been extensively conducted as an alternative policy for reducing CO2 emissions on a national scale [16]. On a regional scale, using renewable energy in electricity generation can help to create a sustainable electricity supply system [17]. It was found in a study of Multi-objective Analysis of Sustainable Generation Expansion Planning based on Renewable Energy Potential: A case study of Bali Province of Indonesia [17]. Renewable energy also can reduce reliance on energy imports [18]. Renewable energy plays an essential role in providing electricity for the commercial, industrial, and social while emitting low levels of CO2 [19,20,21,22].



The decarbonization of the electricity generation system results in an electric power system dominated by variable renewable energy (VRE) sources. Thus, low-carbon and dispatchable electricity generation, such as carbon capture and storage (CCS), or zero-carbon generation, such as nuclear power, is critical to the electric power system [23,24] Given the current state of carbon capture, utilization and storage (CCUS) technology, which is not yet capable of 100% CO2 absorption, the NZE scenario, in the electricity generation system, can only be achieved by optimizing renewable and nuclear power [25,26,27].



As a VRE, photovoltaic (PV) panel-based electricity generation with a high penetration level can be integrated into power systems via batteries to overcome intermittent properties [28]. Batteries can integrate PV-based electricity generation into a dispatchable system [29]. Another study found that concentrating solar power (CSP) can help support a power system powered entirely by renewable energy sources [30]. In addition to PV and CSP, other renewable energy sources show potential for reaching zero emissions goals. These include bioenergy, which can take the form of bio alcohol for use as vehicle fuel [31], and the strategic planting of hedgerows to mitigate CO2 emissions in the atmosphere [32].



In terms of levelized cost of electricity (LCOE), Nuclear power plants (NPPs) are economically more competitive than renewable energy sources. NPP is one option for achieving the NZE scenario. Large reactors NPP have lower LCOE than PV, wind, geothermal, and biomass [27,33]. When NPPs are included in the NZE scenario alongside renewable energy and CCS, there is a significant increase in investment in electricity generation infrastructure compared to the baseline scenario [34]. With an increase in investment value, NPP implementation in the NZE scenario can be carried out by developed countries and developing countries as a policy reference for achieving NZE [35,36]. The combination of NPPs, especially small modular reactors and renewable energy like wind and PV with thermal energy storage, can mitigate the risk of uncertainty of variable renewable energy production in the grids. This scenario can offer grid flexibility without costly battery energy storage [37]. Furthermore, decision-maker’s policies must be flexible enough to accommodate various low-carbon technology implementation scenarios to achieve decarbonization in the power sector [38].



This article examines alternative scenarios for NZE in electricity generation systems in developing countries, using a case study of power systems in Sumatra, Indonesia. Sumatra Island is an Indonesian region with numerous renewable energy sources with high potential, which will be discussed in greater detail in the data and data sources section. In addition, a study of NPP implementation locations on Sumatra Island was conducted, which covered all NPP development standards [39]. Regarding electricity demand, the Sumatra power system accounts for 23% of Indonesia’s total electricity demand in 2022 [40]. Thus, implementing the NZE scenario in the Sumatran power system will significantly contribute to Indonesia’s NZE and meet the Paris Agreement target of 2050 [41].



Even though Indonesia has made significant progress in the sustainable energy transition, with a 13% share of renewable energy and the addition of 475 MW of renewable energy generation capacity by 2021, the use of fossil fuels in electricity generation remains dominant [42]. Thus, Indonesia, like other countries committed to the NZE in the energy system, must make new advances in energy policy, including electricity generation planning. The previous power plant capacity planning study should have accounted for the evolution of power plant technology in terms of technical, economic, and environmental factors. This article aims to close the gap by incorporating year-over-year technological advancements, in terms of capital and operation cost, into the model.



The model developed by this study is critical, particularly for developing countries or regions seeking to meet NZE targets in the face of rising demand for electricity to support economic growth. The model developed from this study generates investment scenarios in the electric power sector to meet the NZE target by 2060. The model was created using the Low Emission Analysis Platform (LEAP) to examine various scenarios that are feasible to implement [43]. This article primarily focuses on two key contributions:




	
creating electricity supply models that lead to a zero-emission electricity system by optimizing renewable energy sources and nuclear power, and



	
conducting scenario analyses to achieve a zero-emission electrical power system by comparing various scenarios applicable to developing countries.








The scenarios presented in this article are the baseline and NZE scenarios. The NZE scenario incorporates low-carbon electricity generation technologies, renewable energy, and NPP. In this article, the NPPs analyzed are divided into two categories based on capital costs: higher-cost NPP (small modular reactors) and lower-cost NPP (light water reactors and advanced light water reactors). The NPP capital cost in question is the initial investment cost per kilowatt of capacity.




2. Methods


LEAP is used to generate energy models for Sumatra’s power system by analyzing various scenarios regarding reducing emissions, selecting power generation technology, and investment scenarios. The Next Energy Modeling for Optimization (NEMO) algorithm, which is a model used within LEAP, is used in optimization calculations to determine the optimal power system [43,44]. NEMO utilizes a mixed integer linear programming (MILP) formulation. The solver used in this context is CPLEX by IBM, a widely recognized solver for solving MILP problems. The Sumatra system’s electricity demand is projected using LEAP for each activity sector. The analysis of each scenario is based on the same electricity demand projection results, as the demand side scenario is not used in the model presented in this article. LEAP can calculate energy demand projections at the national and sectoral levels [45,46]. Energy demand projections can also be used to assess the impact of various policy options [47].



Regarding power system planning, LEAP and NEMO can be used to determine the development of power generation capacity based on demand-side scenarios, reducing power losses and emissions [48]. LEAP can also be used to analyze the integration of various renewable energy sources into the power system [49]. Aside from that, LEAP can be used to assess the role of one type of renewable energy in generating electricity [50]. LEAP can also model a power system that uses only renewable energy sources [51]. LEAP can be used to plan for electricity supply in the long term [52].



2.1. LEAP-NEMO Calculations


LEAP-NEMO’s optimization calculations are based on meeting electricity needs, with demand projected based on population growth and economic activity. Annual electricity demand over the projection period is expressed as:


    E D   t   =   E D   t − 1   +   E D   t − 1   ×   g   t    



(1)




where     E D   t     and     E D   t − 1     are the electricity demand in years   t   and     t   1     expressed in TWh.     g   t     denotes the increase in electricity demand. Population growth is represented by     g   t     in the household sector. Meanwhile,     g   t     represents economic growth in the industrial, commercial, and public sectors.



The electricity generated by the electricity generation system equals the sum of the electricity demand and transmission line losses. The total electricity produced by the generation system is


    E G   t   = E   D   t   ×     1 − T   L   t       − 1    



(2)




where     E G   t     is the electricity generated by the generation system (in TWh), and   T   L   t     is the transmission line loss (in percent).



Power plant type and capacity are determined using least-cost optimization, which takes into account each type’s technical, economic, and environmental characteristics. LEAP-NEMO will determine the type and capacity of new power plants required each year. Based on LEAP documentation, NEMO aims to minimize planning costs, which include capital costs, fixed operational costs, variable operational costs, and fuel costs. The total planning cost is defined as


  T C =   ∑  t ∈ T        C   t   c a p i t a l   +   C   t   f i x e d O M   +   C   t   v a r O M   +   C   t   f u e l        



(3)




where     C   t   c a p i t a l    ,     C   t   f i x e d O M    ,     C   t   v a r O M    , and     C   t   f u e l     are capital, fixed operation, variable operation, and fuel cost, respectively. These costs are expressed in USD.



Capital cost,     C   t   c a p i t a l    , is determined by the amount of new generating capacity added. Capital cost is defined as


    C   t   c a p i t a l   = I   C   g   ×   P   g , t   a d d e d    



(4)




where   I   C   g     is investment cost for each type of power plant technology   g   (in USD/kW) and     P   g , t   a d d e d     is capacity addition of power plant technology   g   which is built in year   t   (in kW). Fixed operation cost,     C   t   f i x e d O M    , is defined as


    C   t   f i x e d O M   = O   C   g   f i x e d   ×   P   g , t   i n s t a l l e d    



(5)




where   O   C   g   f i x e d     is fixed operation cost for each type of power plant technology   g   (in USD/kW-year) and     P   g , t   i n s t a l l e d     is the installed capacity of power plant technology   g   (in kW), both for existing and newly built in year   t  .     C   t   v a r O M    , which is the variable operation cost, is defined as


    C   t   v a r O M   =   ρ   g , o   × O   C   g   v a r   ×   P   g , o , t    



(6)




where   O   C   g   v a r     is variable operation cost for each type of power plant technology   g   (in USD/kWh),     ρ   g , o     is the operational hour of power plant technology   g   in each time slice   o   (in hour), and     P   g , o , t     is the generating power of power plant (in kW).



Next, LEAP-NEMO calculates emissions based on the fuel used in each power plant technology. Annual emissions (    E   t    ) are defined as


    E   t   =   ∑  g      ∑  f    E   F   g , f   ×   η   g   − 1   ×   P   g        



(7)




where   E   F   g , f     is the emission factor of power plant technology   g   with fuel   f  ,     η   g     is the process efficiency of power plant technology   g  , and     P   g     is the output power for each type of power plant technology   g  .




2.2. Scenario Development


This article discusses generation expansion planning (GEP) towards an electricity generation system with NZE, which is expected to be completed by 2060. This article presents several different planning scenarios. These scenarios are the baseline scenario, the NZE scenario with a more expensive NPP (NZE1), and the NZE scenario with a less expensive NPP (NZE2).



2.2.1. Baseline Scenario


The baseline scenario is a GEP scenario based on existing planning documents, precisely the national electricity supply document [53,54]. The baseline scenario serves as a reference for the remaining two scenarios. The assumptions made in the baseline scenario are:




	
GEP is restricted to conventional technologies (fossil fuels) used in the base year,



	
renewable energy use has yet to set a target because the capacity of electricity generated using renewable energy sources during the planning period is equal to what was installed in the base year and



	
there are no restrictions on using fossil fuels to generate electricity; therefore, there are no emission limits.









2.2.2. NZE1 Scenario


Unlike the baseline scenario, the NZE1 scenario includes an emissions limit, namely that the emissions produced by the electricity generation system in 2060 or earlier are zero. A constraint function in the NEMO model represents the emission target. The following assumptions are made in the NZE1 scenario:




	
CO2 emission in 2060 must be zero,



	
the addition of electricity generation capacity using renewable energy sources is limited by their technical potential,



	
all electricity generation technologies, namely electricity generation using conventional technology, renewable energy technology, and nuclear technology, are competed concurrently through optimization calculations, with a target of zero emissions by 2060,



	
power plants that use diesel fuel, whether with diesel engines or gas turbines, will no longer be used beginning in 2045 and



	
NPP technology is limited to the advanced cost of small modular reactors (SMRs) and large reactors (LRs) technology.









2.2.3. NZE2 Scenario


Except for the NPPs technology used, the NZE2 scenario’s assumptions are identical to those in the NZE1 scenario. In the NZE2 scenario, the NPP technology has lower initial investment costs per kW capacity. The NZE2 scenario simulates all NPP technologies: small modular reactors (SMRs), light water reactors (LWRs), and advanced light water reactors (ALWRs).





2.3. Data and Data Sources of Case Study


The power system in Sumatra, Indonesia, serves as the case study in this article. The data for the base year is from 2020. This base year was chosen based on data availability for electricity demand projections, specifically population and economic activity data. Data on electricity demand and installed power plants for the base year, specifically 2020, has also been adjusted.



2.3.1. Existing Electricity System and Renewable Energy Potential of Sumatera


Figure 1 depicts the electricity demand for Sumatra Island in 2020 by sector [54]. Total electricity demand in 2020 was 37.9 TWh, with 56% coming from households. The industrial sector had the lowest electricity demand percentage in the base year, at 9% or 3.3 TWh. This electricity demand is met by a generation system distributed via an electric power transmission system connecting the entire island of Sumatra. This transmission system experiences 11% losses [40].



Figure 2 shows the installed power plant capacity [40]. Overall, the installed power plant capacity in 2020 was 8.5 GW, with the coal fire power plant (CFPP) having the highest capacity at 2.4 GW. Aside from coal, the Sumatran system relies heavily on diesel, fueling gas and diesel engines. These two types of power plants combined have a capacity of 2.4 GW. Furthermore, natural gas is the fossil fuel used in Sumatra to generate electricity through the gas turbine combined cycle (GT CC) and gas turbine. The two power plants have a combined capacity of 1.8 GW.



According to Figure 2, power plants using renewable energy sources such as hydro, geothermal, biomass, and solar were installed in 2020. Hydropower plants have a capacity of 1.3 GW, while geothermal power plants can generate 0.6 GW. Other renewable energy sources, such as biomass and diesel, have limited capacity of 35 MW and 1 MW, respectively. Overall, the capacity of power plants using renewable energy sources is 2.0 GW.



Sumatra Island, on the other hand, has a wide range of renewable energy potential, as illustrated in Figure 3 [55]. Solar power plants have enormous technical potential, reaching 70 GW, followed by a hydropower potential of 16 GW. Sumatra Island has a biomass potential of 9.7 GW, while the technical potential for wind power is 5.5 GW. Sumatra Island is located in the Ring of Fire, so it has a significant geothermal potential, specifically 2.0 GW. In total, Sumatra’s technical renewable energy potential is 94.0 GW. Renewable energy potential in Sumatra Island is used to select renewable energy technologies for optimization.




2.3.2. Demography and Economy


As stated in Equation (1), electricity demand is proportional to the growth of activity in each sector. Population growth represents increased activity in the household sector. In other sectors, such as the commercial, industrial, and public sectors, activity growth is measured in terms of GDP growth. Sumatra Island’s average population growth rate is 1.6% [56,57]. Figure 4 shows the projected population growth during the planning period [55].



Sumatra’s GDP growth in 2020 was negative due to the COVID-19 pandemic. GDP growth in 2020 was −1.2% [58]. To account for negative GDP growth values, GDP growth in the base year as input to the LEAP model is calculated using interpolation based on GDP growth in 2019 (4.55%) and provisional GDP growth figures for 2021 (3.18%). Using this method, GDP growth in the base year is 4.16%. Based on [55], GDP growth is projected throughout the planning period, as shown in Figure 5. Other economic parameters used in LEAP modeling include the discount and inflation rates, which are 6% and 3%, respectively [59].




2.3.3. Power Plant Characteristics


Economic, technical, and environmental parameters define power plant characteristics. Economic characteristics include capital expenses (capex) and operation and maintenance expenses (opex), which are made up of fixed and variable operational costs. Because the generation expansion palling (GEP) discussed in this article is a long-term plan, the economic characteristics used change during the planning process. Figure 6, Figure 7 and Figure 8 show the economic characteristics of each type of power plant technology in terms of capex, fixed opex, and variable opex, respectively. These charts have been illustrated from the power generation technical and economical catalogs in reports issued by NREL and IEA. The techno-economic of typical Small Modular Rector NPPs is taken from published journals [33,39,60]. As illustrated in Figure 6, the capex value for each type of technology varies throughout the planning period. Meanwhile, some of the fixed opex values in Figure 7 change while others remain constant. The majority of variable opex values in Figure 8 remain constant throughout the planning period.



The current state of technology determines the technical and environmental aspects of each type of power generation technology. Table 1 shows that technical features such as additional size, efficiency, capacity credit, maximum availability, and lifetime are derived from various sources [61]. The maximum solar and wind availability is found by dividing 365 days into 24 h. Figure 9 and Figure 10 depict time slice data for solar and wind, respectively [62]. Meanwhile, the environmental features for each type of technology are based on the Intergovernmental Panel on Climate Change (IPCC) database, which is integrated into LEAP [63].




2.3.4. Nuclear Power Plants


Nuclear power plants are divided into several generations, namely Gen 1, Gen II, Gen III, Gen III+, and Gen IV [64,65]. In terms of capacity, there are several types of nuclear reactors, namely: large reactors (LRs) having medium to large capacity, small modular reactors (SMRs) having a capacity of less than 300 MWe, and small reactors with a capacity of less than 10 MWe [66,67,68]. Most of the NPPs use enriched Uranium as fuel. In the future, Thorium will be promising as fuel due to its abundant source compared to Uranium. However, economic factors are one of the obstacles [69]. In this simulation, some large reactors NPP are used, such as typical Chinese light water reactors and typical Korean and Japanese advanced light water reactors. For SMR technology, this simulation uses typical SMR (IEA database), HTR-PM, and VBER. VBER is a floating power plant operated on a ship in the ocean [70]. The majority of NPP’s costs are capital or overnight costs. The capital cost of large reactors is lower than SMRs. The China and Korea light water reactors have a range of capital costs from 3100 thousand USD/MW to 3300 thousand USD/MW. But, the SMRs have capital costs of more than 3500 thousand USD/MW. This NPP capital cost is shown in Figure 6. The economics of the scale of large reactors advance the cost compared to the SMRs. The cost of SMRs is expected to be lower in the future because of the modular design, ease of manufacture, and speedy construction factors [71,72]. This simulation uses two NZE scenarios: scenario NZE1 uses typical SMR technology (IEA database) and ALWR Japan. The capital cost of this SMR is 7508 thousand USD/MW. The ALWR Japan needs 5700 thousand USD/MW of capital cost. The NZE2 scenario uses both low-cost SMRs and LRs technologies such as SMR HTR-PM, SMR VBER, LWR China, and ALWR Korea.




2.3.5. Energy Storage Characteristics


The energy storage devices simulated in this paper include batteries and pumped storage hydropower (PSH). The economic aspects of energy storage technology are presented in Table 2. The battery technology employed is Li-Ion, which has a round-trip battery efficiency of 85% and a full load time of 10 h. PSH’s round-trip efficiency parameter is 80%. The battery and PSH addition sizes are 60 and 250 MW, respectively [60].



Finally, the GEP model’s mineral resources section must include data on fossil fuel prices. Fossil fuel prices include prices for both the baseline [61] and NZE [11] scenarios. Table 3 provides detailed fuel prices for all scenarios.






3. Results


The study of the GEP model’s results using LEAP is explained in this section. This section begins with the results of the electricity demand projections. The technical examination of the GEP outcomes, which include increased capacity to satisfy anticipated electricity demand and electricity production, comes next in the analysis. This section concludes with a discussion of the environmental and economic concerns.



3.1. Demand Projection


Electricity demand projections are derived from the electricity demand in the base year, as well as the growth in economic and household activities. The projected growth of commercial, industrial, and public sector electricity demand is expected to align with the growth of economic activity, specifically represented by GDP growth. The electricity demand of the household sector is forecasted by considering the increase in household activity, specifically indicated by the growth in population.



Figure 11 displays the outcomes of electricity demand projections. The average annual growth in electricity demand over the planning period is 2.8%. Based on the projected average growth rate, the electricity demand in 2060 is estimated to reach 115.1 TWh. In 2060, the household sector is projected to have an electricity demand value of 27.7 TWh, with an average annual growth rate of 0.6%. The electricity demand in 2060 for the commercial sector is 30.4 TWh, for the industrial sector is 16.8 TWh, and for the public sector is 40.2 TWh. The average annual electricity demand growth for these three sectors is 4.1%.




3.2. Electricity Supply


Figure 12, Figure 13 and Figure 14 show electricity production for the baseline, NZE1, and NZE2 scenarios to meet projected electricity demand. Figure 12 (baseline scenario) shows that coal-fired power plants (CFPPs) dominate electrical energy production until 2060. CFPPs have a role of 87.2 TWh (65%) in electrical energy production in 2060, reaching 129.5 TWh. Power plants using diesel fuel will no longer produce electrical energy starting in 2045. Types of power plants with renewable energy sources, as a whole, have a role of 27% in electrical energy production in 2060. Hydroelectric power plants (large, mini, and micro) have a role of 13%. Geothermal has a role of 12% in 2060.



Based on the NZE scenario, electrical energy production for each type of power generation technology is shown in Figure 13. In 2058, power plants powered by coal, natural gas, and diesel will no longer produce electrical energy. CFPP with coal fuel will start not producing electrical energy from 2043. GT combined cycle with natural gas fuel will start not producing electrical energy from 2055. Power plants with other natural gas fuel, namely GT and Gas Engine, will start not producing energy electricity respectively from 2053 and 2058. With the cessation of electrical energy production from power plants using fossil fuels, power plants using renewable energy sources and NPPs have an increasing role in providing electrical energy.



Electrical energy production in 2060 is 129.5 TWh. Based on the optimization results, hydropower is the dominant generator in electrical energy production based on the NZE scenario. In 2060, Hydropower produces electrical energy, amounting to 56% of all electrical energy produced, or 50 TWh (39%). PV (with energy storage modules) contributes to the provision of electrical energy by 18 TWh (14%) of electrical energy production in 2060. Geothermal energy produces 15.8 TWh (12%). A percentage of 22% is generated by Wind, with electrical energy production of 28.2 TWh. In 2060, NPP will produce electricity of 7 TWh or 5% of the total electricity generated by the electrical energy generation system.



Electrical energy production produced by each type of power plant based on the NZE2 scenario with low-cost NPP is shown in Figure 14. In 2060, total electrical energy production will reach 129.6 TWh. In 2060, hydropower produces 33 TWh of electricity (26%). Wind produces 28.2 TWh of electrical energy with a contribution of 22%. PV produces 15.8 TWh (12%) of electrical energy. Meanwhile, Geothermal produces 15.8 TWh (12%) of electrical energy. NPP’s contribution in providing electrical energy in 2060 is HTR-PM of 23.6 TWh (18%) and ALWR Korea of 5.4 TWh (4%).



The described electricity production is highly dependent on additional capacity in each scenario. The additional power plant capacity for each scenario is depicted in Figure 15, Figure 16 and Figure 17. Based on the baseline scenario (Figure 15), three types of power plant technology must be added: CFPP, GT CC, Geothermal, and gas turbine. Cumulatively, the total electricity generation capacity that must be added by 2060 is 18,590 GW. CFPP is the dominant technology type in the projected addition of electricity generating capacity, with a total of 9.1 GW until 2060. In the BaU scenario, NPP has no role in the energy mix until 2060.



The addition of power plant capacity based on the NZE1 scenario is depicted in Figure 16. The results of the NZE1 scenario optimization show that the addition of capacity in the types of power plants using fossil fuels, namely CFPP, GT, and GT combined cycle, will only occur until 2030. The addition of these types of power plants is not the result of optimization but is an addition made exogenously (by the planning in the electricity supply business plan or RUPTL). Starting from 2030 until the end of the planning period, capacity additions will only occur for generators with renewable energy sources and nuclear power plants.



Wind capacity additions occur every year from 2029 to 2060, with an additional capacity of 0.11 GW per year. In 2060, wind capacity will reach 3.3 GW. The addition of PV capacity will occur from 2035 until the end of the planning period, with an annual capacity increase of 0.4 GW. For more detail, the additional capacity per type of generator can be seen in Figure 16. The SMR NPP capacity added up to 2060 is 0.3 GW (added in 2056). Meanwhile, the total capacity of Japan’s NPP AWLR added in this scenario until 2060 is 4.6 GW.



The addition of power plant capacity based on the NZE2 scenario is depicted in Figure 17. Compared to the NZE1 scenario, the most notable difference is that the addition of NPPs with both SMRs and LRs technology dominates power plant capacity planning for the entire planning period. NPPs will begin to be added to the electrical energy generation system from 2042 until the end of the planning period. The additional NPP capacity that will occur in 2043, 2045, and 2048 is 1.3 GW (NPP ALWR Korea). The addition of HTR-PM will occur in 2042, 2047, and 2052 to 2060, amounting to 300 MW. Thus, the total NPP capacity in 2060 will reach 7.2 GW. Wind capacity will begin to be added to the system from 2029 until the end of the projected year. The addition of wind capacity each year is 0.11 GW, which reaches an overall wind capacity value in 2060 of 3.4 GW. PV is also a power plant with renewable energy sources whose capacity must be increased every year from 2037 to 2060. The additional PV capacity each year is 0.4 GW. Thus, PV will have a total capacity in 2060 of 9 GW.




3.3. Environmental and Cost


Figure 18 and Figure 19 illustrate the environmental and investment cost implications of implementing the NZE scenario. Figure 18 displays the CO2 emissions resulting from each scenario. Figure 18 illustrates that the baseline scenario yields significantly higher annual CO2 emissions than the NZE1 and NZE2 scenarios. As per the baseline scenario, the mean annual increase in CO2 emissions is 3.58%. Based on the given average growth value, the baseline scenario yields CO2 emissions of 151.4 Mt in 2060. During the planning period, the NZE1 and NZE2 scenarios exhibit comparable levels of CO2 emissions, except for the period from 2035 to 2041, during which the NZE2 scenario demonstrates lower emissions. The achievement of the NZE target for the electricity generation system can be realized in 2058 through the implementation of the NZE1 and NZE2 scenarios.



Based on the investment cost analysis (Figure 19), the NZE1 scenario incurs the highest total investment costs compared to the other two scenarios. The NZE1 scenario incurs cumulative investment costs of 86 B USD by 2060, which is 1.95 times higher than the cumulative investment costs of the baseline scenario. In 2060, the NZE2 scenario incurs cumulative investment costs of 67.1 B USD, 52% higher than the baseline scenario. To reach Net Zero Emissions (NZE) by 2060, the NZE2 scenario requires significantly less cumulative investment costs than the NZE1 scenario, with a reduction of 28%.



Figure 20 depicts the levelized cost of energy (LCOE) (USD/kWh) for each scenario. From the start of the planning period to 2045, the baseline scenario has a lower LCOE than the other two scenarios. The high LCOE for the NZE1 and NZE2 scenarios at the start of the planning period was due to investments in power plants using renewable and nuclear energy sources, which have higher capital costs than conventional power plants. In 2037, all three scenarios have the same LCOE: 1.3 USD/kWh. From 2039 to 2060, the opposite occurs, with the baseline scenario having a higher LCOE than the other two. This is because the NZE1 and NZE2 scenarios have lower operational and fuel costs than the baseline scenario.



Economically, the baseline scenario is more profitable than the other two scenarios. This is demonstrated by the net present value (NPV) of the NZE1 and NZE scenarios, in which NZE1 has 119.4 B USD, and NZE2 has 118.8 B USD. Both NZE1 and NZE2 scenarios are lower than the baseline scenario of 188.2 B USD. On the other hand, scenarios NZE1 and NZE2 are more environmentally friendly. Overall, the NZE1 and NZE2 scenarios can reduce CO2 emissions by 2258 Mt and 2251 Mt, respectively (compared to the baseline scenario). However, scenarios NZE1 and NZE2 require 28.7 USD and 29 USD to reduce each ton of CO2.



In this article, nuclear power and renewable energy are used to achieve the goal of net zero emissions in the Sumatra island’s electric power sector. Reducing CO2 emissions and other pollutants is one of the environmental benefits of using nuclear power and renewable energy [73]. The quality of environmental health can be enhanced by lowering pollutants from the electricity generation industry [74]. The use of renewable energy to reach net zero emissions can benefit society in addition to the environment, particularly in terms of creating new job opportunities and raising the standard of living [75].



Based on the analysis and discussion outcomes, the strategic utilization of renewable energy sources and nuclear power can effectively lead to achieving the net zero emission goal by 2060. The optimization results reveal that electrical energy production in both the NZE1 and NZE2 scenarios adequately satisfies electricity demand until 2060, ensuring continued security of electricity supply. Furthermore, from the standpoint of electricity production costs, the NZE1 and NZE2 scenarios exhibit a lower levelized cost of electricity (LCOE) compared to the baseline scenario. Consequently, electricity prices remain affordable for residents on the island of Sumatra.



It is also feasible to apply the electricity supply planning model in regions with features comparable to those of Sumatra Island. Given Indonesia’s equatorial location, most Indonesian islands share characteristics similar to those of Sumatra. Additionally, Kalimantan Island exhibits comparable renewable energy potential. Furthermore, considering its lack of earthquake and tsunami risk, Kalimantan Island could be a suitable location for a nuclear power plant [76]. By expanding the study of zero-emission electric power systems in various regions, the national net-zero emission target can be achieved more comprehensively. Moreover, this can contribute to attaining the overall net zero emission goal for Indonesia’s energy sector.





4. Implication of the Study


4.1. Practical Implications


The net-zero emission target leads to changes in the electric power sector, replacing fossil fuels with renewable energy sources and nuclear power. However, this shift may result in decreased productivity and labor on the fossil energy supply side. Conversely, the manufacturing and construction sectors will benefit from increased demand for renewable energy technology, leading to an additional workforce.




4.2. Policy Implications


Based on research findings, policy implications can serve as a foundation for scholarly investigations aimed at formulating policies within the electric power sector to achieve zero-carbon emissions. Collaborative efforts among relevant parties, including academics, policymakers, and other organizations in the power industry, can drive policy development in this direction.





5. Conclusions


A study focused on Sumatra’s power system in Indonesia was conducted to model and analyze power plant capacity planning towards achieving Net Zero Emissions (NZE). The study optimized both renewable and nuclear energy resources. Three scenarios were examined to illustrate the impact of implementing the NZE target, which is set to be achieved by 2060. These scenarios include the baseline, NZE1, and NZE2.



The results of the analysis indicate that renewable and nuclear energy sources can be effectively optimized to achieve NZE by 2060 while still meeting electricity demand. From an environmental perspective, both the NZE1 and NZE2 scenarios significantly reduce emissions compared to the baseline scenario. Overall, the NZE2 scenario achieves a slightly greater reduction in emissions than NZE1. Additionally, the NZE2 scenario incurs lower costs per ton of CO2 reduction compared to NZE1. However, it’s important to note that both NZE1 and NZE2 scenarios involve higher investment costs than the baseline scenario. When considering electricity production costs, the baseline scenario’s Levelized Cost of Electricity (LCOE) at the end of the planning period is higher than that of the other two scenarios.



The model discussed in this article is the GEP model, which does not incorporate transmission network planning. However, it is possible to create an optimization model that integrates the GEP model with the transmission network capacity expansion model, as several renewable energy sources, such as hydro and geothermal, rely heavily on transmission network planning in future research. The small modular reactor can be implemented in the system with future cost reduction according to Nth-of-a-Kind (NOAK) Economic Analysis. The analysis can also be expanded by including social aspects of meeting the NZE target in the electricity supply sector. The deterministic model employed in this article does not explicitly account for uncertainty factors. However, the stochastic optimization model can be enhanced to incorporate uncertain variables such as fuel prices, technological advancements, and policy changes in the energy sector, which can be incorporated into the analysis via optimization models. Furthermore, once the potential for renewable energy has been fully realized and electricity demand continues to rise, additional research can be conducted by incorporating demand-side efficiency into the net zero emission model.
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	ALWR
	Advance light water reactor



	CFPP
	Coal fired power plant



	CAPEX
	Capital expenditure



	GEP
	Generation energy planning



	GDP
	Gross domestic product



	IPCC
	Intergovernmental panel on climate change



	LEAP
	Low-emission analysis platform



	LR
	Large reactor



	LWR
	Light water reactor



	NEMO
	Next Energy Modeling for Optimization



	NGCC
	Natural gas combined cycle



	NPP
	Nuclear power plant



	NZE
	Net zero emission



	OPEX
	Operation and maintenance expenditure



	PSH
	Pumped storage hydropower



	PV
	Photovoltaic



	SMR
	Small modular reactor



	VRE
	Variable renewable energy
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Figure 1. Electricity demand by sector in 2020. 
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Figure 2. The capacity of the installed power plant by type in 2020. 
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Figure 3. Technical potential of renewable energy resources in Sumatra. 
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Figure 4. The projection of population growth along the planning horizon. 
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Figure 5. The projection of GDP growth along the planning horizon. 
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Figure 6. Capex by power plant technology along projection period. 






Figure 6. Capex by power plant technology along projection period.



[image: Energies 17 01958 g006]







[image: Energies 17 01958 g007] 





Figure 7. Fixed opex by power plant technology along the projection period. 
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Figure 8. Variable opex by power plant technology along the projection period. 
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Figure 9. Availability of solar resources. 
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Figure 10. Availability of wind resources. 
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Figure 11. Electricity demand projection along the planning horizon. 
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Figure 12. Electricity production by each generation technology based on baseline scenario. 
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Figure 13. Electricity production by each generation technology based on the NZE1 scenario. 
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Figure 14. Electricity production by each generation technology based on the NZE2 scenario. 
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Figure 15. Yearly capacity addition based on baseline scenario. 
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Figure 16. Yearly capacity addition based on NZE1 scenario. 
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Figure 17. Yearly capacity addition based on NZE2 scenario. 
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Figure 18. CO2 emissions based on scenario. 
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Figure 19. Cumulative investment cost based on scenarios. 
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Figure 20. LCOE based on scenarios. 
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Table 1. Technical characteristics of power plant technology.






Table 1. Technical characteristics of power plant technology.





	Power Generations
	Addition Size (MW)
	Efficiency (%)
	Capacity Credit (%)
	Maximum Availability (%)
	Lifetime (Year)





	CFPP
	600
	35
	100
	90
	40



	GT CC
	100
	56
	100
	95
	30



	Gas Turbine
	20
	33
	100
	97
	30



	Hydro
	50
	100
	51
	41
	80



	Geothermal
	50
	100
	80
	90
	30



	Biomass
	50
	35
	100
	90
	40



	PV
	10
	100
	22
	Figure 9
	25



	Wind
	10
	100
	35
	Figure 10
	25



	NPP (SMR)
	300
	42
	100
	83
	60



	NPP (ALWR)
	1300
	36
	100
	95
	60



	NPP (LWR)
	950
	33
	100
	95
	60










 





Table 2. Economic parameters of energy storage technology.






Table 2. Economic parameters of energy storage technology.





	Type
	Capex ($/kW)
	Fixed Opex ($/kW-yr)
	Variable Opex ($/kwh)





	Battery
	3944
	99
	-



	PSH
	2395
	17.80
	0.51










 





Table 3. Fuel price for baseline and NZE scenarios.






Table 3. Fuel price for baseline and NZE scenarios.





	
Fuel

	
Unit

	
Price




	
2020

	
2030

	
2060






	
Oil

	
USD/Barrel

	
61.10

	
110.00

	
100.00




	
Coal subituminous

	
USD/Ton

	
61.13

	
60.00

	
68.00




	
Natural Gas

	
USD/MMBTU

	
6.78

	
8.00

	
11.00




	
U235

	
USD/kg

	
0.68

	
0.7

	
0.74
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