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1. Introduction

Indonesia's energy needs are estimated to double from 13 MTOE in 2018 to 23.9 MTOE in 2025 (BPPT,
2020). The demand for electrical energy will continue to increase with Indonesia’'s economic growth
rate. On the other hand, fossil fuels as primary energy sources should gradually be reduced to minimize
greenhouse gases (GHG). Thus, renewable energy-based power plants' development is encouraged to
meet the demand for electrical energy. However, renewable energy development is still far from the
target despite abundant potential reserves. The challenges of renewable development must be resolved
for the success of renewable energy development in Indonesia.

1.1 Renewable Energy Target

The Indonesian government has targeted new and renewable energy at least 31% in the primary energy
mix by 2050 (The Republic of Indonesia, 2014). This target is used as a foundation for other energy
policies, such as the National Energy General Plan (The Republik of Indonesia, 2017) and the Electricity
Supply Business Plan (PLN, 2019). With an estimated energy demand of 400.3 megatonnes of oil
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equivalent (MTOE) in 2025 (The Republik of Indonesia, 2017), this requires a supply of new and
renewable energy of 92.3 MTOE. Of these, 69.2 MTOE or approximately 45.2 Gigawatt (GW) is used
to generate electricity (The Republik of Indonesia, 2017). This supply comes from bioenergy of 33.8
MTOE, water 24.9 MTOE, geothermal 21.8 MTOE, solar 4.3 MTOE, wind 1.8 MTOE. The rest will
be fulfilled by micro-hydro, and other renewable sources with 5.2 MTOE and 0.5 MTOE, respectively
(The Republik of Indonesia, 2017).

Furthermore, this target is also in line with the nationally determined contribution (NDC) to the United
Nations Framework Convention on Climate Change (UNFCC) (The Republic of Indonesia, 2016b).
Indonesia is committed to reducing greenhouse gases (GHG) unconditionally by 29% and conditionally
by 41% of the business as usual (BAU) scenario in 2030 (The Republic of Indonesia, 2016a). Suppose
the target of the renewable energy mix is achieved. In that case, it is estimated that Indonesia's GHG
emissions can be reduced by around 314 metric tons of carbon dioxide (MtCO2) than the projected
GHG level of 2.869 MtCO2 in 2030 using the BAU scenario (Kemenhut, 2018).

1.2 The Development of Solar and Wind Energy

Many potential renewable energy resources are available in Indonesia, but only a few are
technologically mature and proven to be developed further. Through the state-owned electricity
company (PLN), the government plans to build several power plants with energy sources from hydro,
geothermal, wind, solar, biomass, maritime, and biofuel (PLN, 2019).

Table 1. New and renewable energy resources (BPPT, 2019; MEMR, 2021).
. Installed .
Energy Type Resources Potential Capacity Utilization
Solar energy 4,80 kWh/m/day 207,898 MW** 153.5 MW* 0.07%
Wind energy 9,286.61 MW*** 970 MW 154.3 MW* 1.66%

*Updated data 2020
**Updated data (MEMR, 2019)
***Statistic data (Purwanto et al., 2006)

The Indonesian government has initiated solar energy utilization since the 1970s with the solar home
system (SHS) method (Retnanestri & Outhred, 2015). Meanwhile, the first on-grid centralized solar
power plants started in 2013 with a power of 1 MWp in Bali (MEMR, 2013). Indonesia's potential as a
tropical country that passes through the equator is enormous, namely 4.8 kWh/m2 or 207,898 MW
(Rumbayan et al., 2012). In contrast, the total installed capacity of solar power plants to date is 153.5
MW or 0.07% of its total potential, as shown in Table 1. To meet the 2025 target, the government plans
to add rooftop solar power plants and floating solar power plants such as the 145 MW Cirata Floating
PV Project (MEMR, 2021).

Furthermore, wind energy has been used as an energy source for water pumps and lighting for more
than 30 years in Indonesia. This country's estimated wind power potential is around 9,286.61 MW, with
wind speeds ranging from 2—-6 m/s (Purwanto et al., 2006). Until 2020, the installed capacity of wind
power plants in Indonesia is 154.3 MW or 1.66% of its resources, as shown in Table 1. Two medium-
capacity power plants as the main contributors are the Sidrap plant (75 MW) operating in 2018 and the
Jeneponto plant (72 MW) operating in 2019 (PLN, 2019).

Indonesia has set ambitious targets for renewable energy development and fossil-based power plant
reduction by 2050. BPPT (2020) estimates that the new renewable energy mix target's achievement will
reach 19.9% in 2030 and 22.2% in 2050. However, these predetermined targets may not be fully
achieved (Sarjiya et al., 2020). Several factors indicated to be obstacles to renewable energy growth are
economic, social, immature technology, and integration with existing networks (Arafah et al. 2018;
Burke et al. 2019; Umam et al. 2018). Economic and social factors have been widely discussed in the
literature, but limited publication in Indonesia covers technology and integration of these energy
sources. Hence, this paper will focus on the last two problems.
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This paper investigates the potential and challenges of developing renewable energy in Indonesia,
especially solar photovoltaic and wind turbines. This paper also examines the latest developments in
energy storage technology as a potential solution to help overcome problems arising from intermittent
energy sources. Several examples of success stories and unsuccessful energy storage implementation
are also presented to take lessons from their application in Indonesia in the future. This study also
models three scenarios: solar PV only, solar PV plus battery, and hydropower plant. The results of these
models are used to compare each design and show that the development of energy storage provides
more benefits and is economically feasible.

This paper investigates the potential for future renewable energy development in Indonesia by
reviewing documents, policies, reports, current developments of renewable energy and energy storage
technologies. This paper also estimates the economic aspect of developing renewable using the System
Advisor Model (SAM) developed by The National Renewable Energy Laboratory (NREL).

Paper reviews' primary objective is to map the potential and challenges of solar PV, wind and energy
storage in Indonesia and abroad from articles, books, reports and other sources. A literature review
describes the theory, findings and other research materials obtained from reference materials to serve
as the basis for research activities to formulate an exact frame of mind from acquiring the problem to
be investigated. For the literature review, the authors selected the top 100 search results on google
scholar with the keywords "PV challenges and potentials in Indonesia,” "wind challenges and potentials
in Indonesia," "energy storage challenges and potentials,” and "lesson learned energy storage."

This research builds three models for developing 20 MW power plants, PV modules only, PV modules
with batteries and PV modules with hydropower plants. SAM combines time-series weather data and
system specifications to analyze electricity production from potential renewable energy systems to
assist decision-makers in renewable energy system design and project economics. The model built by
SAM uses system cost, compensation, financing and incentive data in annual cash flows to calculate
the leveled energy cost, net present value, payback period, internal rate of return and potential project
revenue. The SAM modeling flow chart is shown in Figure 1.

Input data Modeling Output result

| Geographical data | (" A Annual electricity

Meteorological data Capital Cost
Solar PV type

Energy storage type
Financial paramaters Operating Cost
| Revenue target I \ y LCoE

SAM Software Total Capital Cost

|
Jil

Figure 1. Flow chart of modeling input and output by SAM software.
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The SAM also estimates energy production and energy costs for solar PV systems connected to the grid
to calculate the capital cost, total capital cost, fixed operating cost, annual energy (year 1), and the
LCoE., while the LCoE is calculated using the following equation 1 (Short et al.,1995).

LCoE = (FCR * TCC + FOC ) / AEP + VOC (1)

Where:

TCC : Capital cost ($)

FOC : Fixed annual operating cost ($)
VOC : Variable operating cost ($/kWh)
FCR : Fixed-charge rate

AEP : Annual electricity production (kWh)

3. Solar and Wind Energy Opportunities and Challenge
3.1 Solar PV

Indonesia is a tropical country that gets solar irradiation throughout the whole year. The country's solar
power is estimated at 3.2 kWh—6.2 kWh/m? a day (Nababan et al., 2019). The potential for solar power
for a solar cell or Photovoltaic (PV) system is estimated at 500 GW (IRENA, 2017). Hence, many solar
power plants have been developed in several regions in Indonesia, supported by the excellent potential
for solar energy, which reaches 4.80 kWh/m/day. Moreover, several Indonesian areas, such as eastern
Indonesia, have relatively high radiation levels with an average of 5.46 kWh/m?month (Adam &
Miyauchi, 2019). The total installed capacity of solar PV in Indonesia is 153.5 MW, or 0.07% of its
total potential (MEMR, 2021).

PV cell systems provide a good performance increase compared to other designs because solar PV can
fully utilize solar energy that is available almost 10 hours daily in Indonesia (Umam et al. 2021). Solar
PV can also be maximized with a distributed PV system where solar energy will be connected to the
grid system. The off-grid solar PV development process is considered the solution for Indonesia's
electrification problem (Retnanestri & Outhred, 1993). Off-grid solar PV systems were also identified
as the best energy option for rural area electrification (Irfan et al., 2019). Off-grid solar PV is targeted
to meet the electricity needs of remote or rural communities (Blum et al., 2013). Dwipayana et al. (2021)
insisted that for the sustainability of off-grid solar power, maximizing the share of solar power plant
beneficiaries as early as possible is very important. Off-grid solar PV is targeted to meet the electricity
needs of remote or rural communities, for remote or rural areas. Solar PV can be applied with a hybrid
system to generate more electricity. The development of a solar PV system is cost-efficient, while its
price is the primary consideration for the customer to decide the PV size (Adam & Miyauchi, 2019).
Some of these advantages will impact the Net Present Value (NPV), which means that it will speed up
the return on capital so that the process of balancing the selling price will occur quickly.

The development of solar PV power plants provides several advantages impact. First, solar PV
development to replace fossil-based power plants will benefit the environment. The reduction rate of
greenhouse gasses (GHG) from applying one kWp of the solar system is estimated at 1.66 kg of SO
3.46 kg of NO; 1295 kg of CO?; and 91 kg of ash per year (Tarigan et al., 2015). Second, the operation
of solar PV does not disturb the residents in case of environmental quality (Dwipayana et al., 2021).
Third, solar PV creates energy security and makes Indonesians less dependent on fossil energy. Fourth,
the barrier of transportation of fossil fuel supply for diesel generators to remote areas and its harmful
impact on the environment is eliminated (Shezan et al., 2018). Fifth, the development of solar power
plants also impacts the economic sector. Empowerment of the surrounding community will help
improve the economy in the area. Infrastructure development will also have a good impact on the
tourism sector.

However, solar energy development cannot be separated from several challenges that must be faced.
The main challenge of solar PV development is the weather conditions. The periods of high-level
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radiation potentially depend on the weather condition, which is relatively difficult to predict (Tarigan
et al., 2015). If there is rain or no sun, the system only runs for a short time, so this solar power cannot
meet daily electricity needs. Solar PV works at best when backed up by peak load generators power a
region. This generator serves as a backup during peak demand when there is no sun (Fairuz et al., 2018).
This problem occurs due to a lack of energy storage to accumulate solar irradiation. Energy storage is
still not large enough and primarily supports off-grid systems. The intermittency problem cannot be
resolved because there is not enough storage system to operate exclusively for 24 hours every day. This
lack of energy storage means no backup for generators when electrical energy is required during high
usage hours.

Moreover, several non-technical challenges are also hinder the development of solar PV. First, the
developer should comply with government permits, government policies, regulations or policies in the
area concerned, land approval and environmental impact. Second, Indonesia is an archipelagic country,
so the delivery of goods and distribution of products becomes difficult, especially for remote areas.
Third, the difference in irradiation for each potential area so that not all sites can be placed for solar
power plants (Dwipayana et al., 2021). Fourth, developing solar energy requires a considerable initial
investment, high transportation costs, long delivery times (Sukarso & Kim, 2020), high equipment costs
(Soonmin et al., 2019; Syanalia & Winata, 2018; World Bank, 2007). It also has considerable grid
installation costs, repair costs and maintenance costs are also high, making solar energy expensive (Al
Matin et al., 2019). Fifth, without incentives from the government for a small-scale grid-connected PV
system, the investment return is as long as 17,6 years before it starts to produce a profit (Tarigan et al.,
2015). The return-on-investment system is seen as taking a very long time to stabilize the selling price.
Sixth, the pace of development is delayed because the market is mainly regulated by PLN (Syanalia &
Winata, 2018). PLN has also dominated the sale of electricity. Seventh, the lack of information and
knowledge from PLN for the public about solar energy (Alifia & Fraser, 2021). Thus, the increase in
Solar Power capacity is not always accompanied by the capacity development of communities in remote
areas (Dwipayana et al., 2021). Therefore, the lack of human resources will complicate the growth and
sustainability of solar power in a future project.

Indonesia has implemented a FiT (Feed-in Tariffs) policy for solar power to answer these challenges.
This policy, by far, is the most effective policy measure to support the rapid development of distributed
grid-connected PV systems (Outhred & Retnanestri, 2015). This policy creates a higher selling price of
electricity produced by solar PV because it is now adjusted with the production cost and the initial
capital of solar power development. However, this policy is revised to the island's location. The islands
that are far and challenging to reach will get relatively high prices.

3.2 Wind Energy

Indonesia owns relatively high wind energy potential is for extensive utilization, and it is available all
year-round (Muliadi et al., 2015). The Ministry of Energy and Mineral Resources (MEMR) estimated
the total wind energy capacity in the country is around 9.29 GW. However, the installed capacity of
wind power plants in Indonesia is 154.3 MW or 1.66% of its resources until 2020. Two medium-
capacity power plants as the main contributors are the Sidrap plant (75 MW) operating in 2018 and the
Jeneponto plant (72 MW) operating in 2019 (PLN, 2019). Indonesia has several advantages as an
archipelago and has around 17,000 islands with a stretch of coastline covering an area of 81,000 km,
which wind speed in Indonesia is pretty good and stable (Sari & Kusumaningrum, 2014). Moreover,
ocean wind has more significant potential than ocean currents (Purba et al., 2014). The development of
wind power projects is intended so that the electrical trade can reach remote areas. For instance, several
locations that have applied wind turbines for generating electricity are the shore of the northern and
southern part of Java Island, the eastern part of Madura island, the south and north part of Sulawesi
Island and some parts of the Nusa Tenggara islands (Martosaputro & Murti, 2014).

Wind power development in Indonesia will benefit the population's positive social and economic
impacts. For example, the growth of the wind power industry can help local communities' empowerment
by creating job opportunities. Also, the application of wind-based energy has a good effect on the
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environment because it can create a clean and healthy atmosphere, reducing harmful gas emissions.
Thus, green energy will have a good impact on human health and improve the welfare of society
(Pristiandaru & Pambudi, 2019). The market price for purchasing electricity from the wind power plant
has been regulated by MEMR Regulation No. 12 in 2017. Pricing policies such as feed-in tariffs with
provisions that guarantee investors will get a reasonable price can boost wind power generation policies
at competitive prices and encourage developing wind power (Pristiandaru & Pambudi, 2019).

Furthermore, the utilization of wind energy power has proven several advantages. First, wind power
generation could stimulate development in rural areas that do not have a supporting system like
infrastructure to transport other fuel supplies is unavailable (Pristiandaru & Pambudi, 2019). Plant
facilities in the wind power industry area will develop rapidly to encourage infrastructure progress.
Second, wind power is a clean option for mitigating environmental and health problems from carbon
emissions. To achieve sustainable development, they can also overcome the increasing energy demand
(Noviani, 2019). Third, wind energy is the most efficient source of energy because there is no fuel cost
(Pristiandaru & Pambudi, 2019).

On the other hand, wind energy development also has several challenges. First, although it has much
lower emissions, the production price is still higher than the non-renewable energy in Indonesia
(Hidayatno et al., 2019). In the process, the beginning of wind farm construction in Indonesia requires
high costs because the equipment is still limited and also about the land acquisition. The International
Renewable Energy Agency (IRENA) shows that the expenses are around USD 3 million to USD 4
million per MW to construct offshore wind turbines (Sector, 2012). Also, the wind turbines used are
expensive because they are imported from abroad, and if the spare parts are needed lacking or damaged,
they are not always ready in the local market. Many areas with the potential are challenging to reach
because of their difficult access, making the funding for wind energy immense. Furthermore,
Pristiandaru & Pambudi (2019) found that a lack of funding can make it hard to hire skilled technical
workers or train new workers.

Second, the intermittency of weather and wind, such as low wind speed and fluctuating wind stability.
The main barrier is that the average wind speed in Indonesia is relatively low, making it more
challenging to produce electricity that can use on a large scale (Pristiandaru & Pambudi, 2019).
Integrating Wind Power Plants (WPP) to interconnected power systems is quite challenging because of
the wind intermittency that affects the wind power plants WPP output power (Ajami et al., 2019).
Several studies have shown that intermittency is not the unanswered question to develop wind power
(Ren et al., 2017). The fluctuation of output power itself can be dangerous for the power system's
stability (Ajami et al., 2019). The inability of wind energy to meet daily needs occurs because wind
energy storage is still minimal. The storage power or spare generator set is still insufficient not to meet
household electricity needs. Energy storage must also be strategically placed to make it more efficient.

To answer these challenges, particularly in standalone applications, the hybrid of solar PV and wind
generation systems has become a desirable solution (Al Badwawi et al., 2015). These are also modeled
as types of power plants in the standalone and hybrid systems despite the quantity and quality still
needing improvement (Martosaputro & Murti, 2014; Stich et al., 2014). Combining solar PV and wind
turbines can provide better reliability and more economical because the weakness of one system can be
complemented by the strength of the other (Al Badwawi et al., 2015). Therefore, hybrid solar panels
and wind systems with battery storage for electrification and energy storage are needed to meet daily
electricity needs.

4. Energy Storage Opportunities and Challenge

An energy storage system can capture energy produced by the source of energy/generator at one time
and can be used later if needed. Many technologies can supply short-term energy storage, while few
can provide much longer endurance. Gur (2018) and Braff et al. (2016) asserted that energy storage is
acknowledged as a sixth value chain in the current value chain for electricity, i.e., generation, fuel,
transmission, distribution and services. They also found that energy storage is a profitable alternative
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to the traditional infrastructure, especially for substations, transmission and distribution lines. It utilized
distributed energy storage for local grids, or microgrids, to help regulate energy supply and demand
while facilitating distributed renewable energy. Based on the Author's research, various energy storage
types have already been summarized, as illustrated in Figure 2.
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Figure 2. Variety types of energy storage recapitulation (European Commission, 2017; NYISO, 2017).

Nonetheless, not all types of energy storage can be addressed to tackle the renewable energy
intermittency problem for Indonesia's application. Thus, the authors map a suggestion of energy storage
types that can be implemented to solve those challenges. This study selects four energy storage
technologies by considering the most critical qualitative criteria: Indonesia's technological and natural
resources. This study also considers technical maturity, load management for medium-scale power
plants, environmental impact and power quality from available energy storage. From energy storage
types illustrated in Figure 2, four types of energy storage are categorized as mature technology discussed
in this research. They are Pumped-hydro Energy Storage (PHES), Compressed-air Energy Storage
(CAES), Flywheel Energy Storage (FES) and Li-ion battery. Furthermore, Figure 3 shows PHES and
battery storage have the highest implementation worldwide among other types of energy storage (Aneke
& Wang, 2016).

4.1 Pumped Hydro Energy Storage

Traditional hydro-based electricity has a confined future as a reliable energy source due to the
availability of resources and considerations regarding natural river flow disturbances. Nonetheless, the
pumped-hydro energy storage (PHES) system can become is a substantial chance for future reliable
energy opportunities. Solar power generation is dynamic, with the global electricity production around
50.6% from the total power production in 2013 (Liu, 2015). Thus, there is a need for a significant
amount of further energy storage, such as Li-ion batteries and PHES. Both energy storage are the main
contenders, while PHES is the leading energy storage technology, with 97% of the global installation
of 160 GW and over 99% of the stored energy (IEA, 2021). Furthermore, PHES is a mature off-shelf
technology and significantly cheaper than any large-scale energy storage competitors already
implemented globally (Rehman et al., 2015).
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Figure 3. Number of Energy Storage Projects Globally (Up) and Installed Capacity of Energy Storage
Worldwide (Down) (Aneke & Wang, 2016).

Moreover, PHES has over 100 GW of worldwide deployment to provide 100% renewable power
generation at a competitive price and significantly reduce greenhouse gas emissions. The battery type
of energy storage is essential for temporary short-time energy storage, electric vehicles and
residential/home energy storage. Commonly used battery storage can store approximately 0.13 GWh
and storage power of 0.1 GW. However, PHES can significantly achieve higher storage capacity. In the
Snowy 2.0, the pumped-hydro energy storage project is capable of storing energy up to 350 GWh of
energy storage and power of 2 GW. Hydroelectric projects on rivers are linked to the majority of PHES
that is already existing nowadays. Occasionally, societal solid and environmental opposition is
encountered for new hydro projects on waterways. However, PHES systems can be built off channels
and closed-loop since most land surface is not near the river. The majority of current PHES are linked
to river-based hydroelectric projects. Regardless, there is sometimes much social and environmental
opposition for many reasons (Stocks et al., 2019).

As shown in Figure 4, PHES starts work when excess electricity production from renewable energy like
wind or solar PV is used to pump water uphill during low-demand times to the upper reservoir.
Conversely, when the demand increases and renewable energy sources production drops, water runs
downhill through the turbine's upper reservoir and creates electricity. From this concept, the power
generation will be more stable, less variable supply results from adding electricity from the turbine to
original renewable power.
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Figure 4. Illustration of pumped hydro energy storage to solve wind and solar PV intermittency
(ARENA, 2017; Golande & Kalgunde 2017; Ecogeneration, 2020).

Indonesia is believed to have an excellent potential for developing this type of storage. Indonesia is
estimated to have 26,000 potential sites for PHES with a capacity of storage 821,000 GWh in its
mountainous areas (Cheng et al., 2019). A detailed map for the finding by Cheng et al. (2019) of all
prospective reservoirs for PHES sites can be seen in Figure 5, while the visualization of potential off-
river reservoir pairs can be seen in Figure 6. It would be no surprise if specific locations were rejected
based on the local community. Thus, only one out of a thousand identified sites is sufficient to provide
an Indonesian renewable power grid for 100 percent. Developers and approval authorities may decide
the best sites. However, PHES power generation is based on the rates of water flow, water capacity and
section of the water supply (pump/turbine, generator and transmission) depending on the water
conveyance's cross-section area. The pumped-hydro system power capacity can be decided mainly
independently of the energy storage. Commonly, the power of a PHES system off-river is typically
chosen for 5-25 hours to utilize the stored energy.

Figure 5. Thousands of off-rivers pumped hydro sites in Indonesia (Cheng et al., 2019).

The renewable energy system mainly relies on solar photovoltaic (PV), wind power, pumped-hydro
energy storage and large-area transmission are substantially less than for a corresponding coal-based
system because cooling towers are not needed. The pumped-hydro energy storage system requires water
for the initial/early fill; after that, replacement of the evaporation losses less rainfall. Cheng et al. (2019)
found that the environmental footprint of the off-river pumped-hydro system is commonly relatively
small. They also concluded that the reservoirs are significantly smaller (510 Ha / GWh) than a standard
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river-based system with the enormous amount of available sites that allow for the exclusion of sensitive
areas.

Figure 6. Visualization of potential off-river reservoir pairs in East Java, Indonesia (Cheng etal., 2019).

The area occupied by a pumped-hydro system is significantly smaller rather than wind power farms and
solar photovoltaic. Legacy and demand management of fossil fuels can balance the grid with a
substantial share of intermittent renewable energy (wind and solar photovoltaic). However, robust
storage is required with the renewable fraction approaching 100%. Pumped-hydro energy storage could
provide various services, like inertia, quick ramping and black start capabilities, necessary for
maintaining the system (Blakers et al., 2019). This ability helps offset the gap created when coal and
gas power plants retire.

4.2 Compressed Air Energy Storage

Compressed air energy storage (CAES) is the second-largest capacity energy storage after PHES, which
has been proven and used since the 1970s. The CAES system is relatively simple, utilizing electricity
from the power grid or renewable sources to power compressors to compress air into underground
caves. When electricity is needed and there is no power supply from the generator, compressed air is
released to a turbine generator. It expands rapidly through the turbine blades to generate electricity.
CAES offer almost constant voltage over the whole charge level, whereas pressure changes
substantially while utilizing pressurized air. However, the design of air engines to maintain high
efficiencies and enough power over various pressures is technically complicated.

Indonesia has the third-largest gas reserves in the Asia Pacific after Australia and China and is the
world's seventh-largest gas exporter (EIA, 2021). Apart from its technological maturity, CAES is
suitable to be applied in Indonesia because it can take advantage of abandoned gas reservoirs to store
compressed air, such as in the Arun field (Atmadibrata et al. 2019; Raza et al. 2017). CAES can store
wind generation surplus energy for later application using compressed air to help alleviate the
generation-demand mismatch (Zhang et al., 2021). The illustration of the wind-CAES hybrid system
layout project is shown in Figure 7.
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The CAES system has advantages over battery storage technologies in relatively affordable prices, long
life, and ease of maintenance (Robinson, 1974). CAES also offer more advantages over traditional
batteries, such as extended pressure vessel life and less material toxicity. However, improved pressure
vessels are expensive to construct, and safety tests and tests are more costly than batteries generated
through mass production. CAES is just as "clean™ as the energy source that it stores for electrical
storage.

T A

Figure 7. The wind-CAES hybrid system layout (Zhang et al., 2021).

4.3 Flywheel Energy Storage

The flywheel energy storage (FES) has a working principle by rapidly rotating the rotor/flywheel and
storing the energy as rotational energy in the device. As a result of the energy conservation theory, when
power is extracted from the system, the flywheel's rotational speed is reduced; when the energy is added
to the storage system, the flywheel's rotational speed is increased. Beacon Power (2006) identified FES
as a short-term spinning reserve to balance supply and demand fluctuations and maintain grid
frequency. Even though not too long, the advantage in backup speed is suitable for hybrids with
renewable sources in Indonesia's climatic conditions, which often change quickly with the arrival of
clouds or wind. Limited land, especially in big cities and land conflicts, is also the reason why FES is
suitable for application in Indonesia. FES does not require ample space to be placed in substations that
are already available in all major cities in Indonesia.

Flywheels have several benefits over conventional energy sources, such as natural gas turbines,
including zero carbon emissions, quicker reaction times, also the opportunity to purchase electricity
during off-peak hours. The process is quite similar to batteries, but the critical difference is the cost.
This type of energy storage can store the energy produced during the off-peak electricity generation
period or when the high wind speeds. The FES also not significantly affected by temperature changes.
FES can also effectively operate at a much more comprehensive temperature range and not subject to
several failures that commonly occur in chemical-based rechargeable batteries with less footprint,
primarily made of delicate materials or inert. The flywheels have another advantage: determining the
exact amount of energy stored can be delivered with a simple rotation speed measurement.

Unlike conventional/traditional batteries, which have a limited lifespan, FES has the potential to have
an endless working lifespan. For example, lithium-ion polymer batteries has only approximately 36
months lifetime. This energy storage system was built as part of James Watt steam engines research
that has been continuously working for more than two hundred years. The old flywheels used commonly
in pottery and milling can be found in Asia, Africa and Europe. (Donners et al., 2002; Wilson, A. 2002).
Nowadays, most modern flywheels typically have sealed devices that need minimal maintenance
throughout their sustainability. Like the NASA model, magnetic flywheels in vacuum enclosures
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require no bearing maintenance. Consequently, they are superior to batteries regarding lifetime and
energy storage capacity. However, mechanical bearing-based Flywheel systems will have a finite wear
life.

The physical shape of batteries-type energy storage can be designed to be paired with a variety of
configurations. In contrast, a flywheel must occupy a specified area and volume at a minimum since
the energy they store is proportional to its angular mass and its speed of rotation. When the flywheel
gets smaller, it also decreases its mass. Therefore, the rate needs to increase; thus, the tension of the
material increases. Flywheel will not preferably solution dimensions are a constraint (e.g., under the
chassis of a train).

4.4 Li-ion Battery

Li-ion battery energy storage is categorized as a mature technology. Nowadays, this type of battery has
become one of the most reliable and equally popular energy storage used for backup electricity
generation (EESI, 2019). As shown in Figure 8, the Lithium-ion battery is the most common one already
used for large-scale energy implementation for portable applications. Indonesia has a very high potential
for Nickel and Lithium, which attract domestic and international investors to develop them in a larger-
scale Li-ion battery (BKPM, 2020).

120 1 T T ] T T T T

100 b

B0 .

G0 -

Operational Project

40} -

l® . mm

[] 1
Lithium Lithium  Vanadium Advanced Zinc Bromine Sodium Lithium Sodium
lon lon Redox Lead Acid Flow Battery  Nickel Polymer sulfur
Phosphate Flow Chloride
Battery Energy Storage
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According to Akinyele et al. (2014), the Li-ion batteries commonly have a low self-discharge rate, high
energy to weight ratio, and desirable efficiency of nearly 100% (85%-90%). So, this type of battery is
excellent if combined with wind energy or solar PV to tackle the intermittency. The Li-ion batteries are
also very competitive because their weight and size are attractive compared with the lead-acid batteries.
It is more lightweight, approximately representing one-fourth of the lead-acid batteries (EPRI-DOE,
2003). Hence this Li-lon battery is also suitable for application in new and renewable energy grid
systems (solar photovoltaic and wind). Li-lon batteries generally work at a voltage of 4 V with specific
energies between 100 W/kg—150 W/kg. The current cost of suitable lithium battery commercialization
is around USD 900-USD 1,900/kWh (Rastler, 2010).

Indonesia has many lithium mineral resources because Indonesia's archipelago has many active
volcanoes. Lithium minerals are formed from magma flows that solidify into granite and
montmorillonite clays. However, the main problem with lithium batteries is the nature of the LiFP6
electrolyte-organic solution, which is toxic and flammable. The temporary solution being studied is the
use of lithium salts as an alternative to LiFP6 (Danquah et al., 2022).

5. Lesson Learned from Abroad
This study identifies four types of energy storage technology suitable for Indonesia’s application. As

explained in the previous chapter, PHES was chosen because of Indonesia's abundance of geographical
resources and rainfall, while CAES is suitable for utilizing abandoned gas reservoirs. Furthermore, FES
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does not require a large land area, so it is appropriate to be placed in densely populated areas like Java
Island. At the same time, Li-ion battery is the most popular energy storage, with Indonesia having
abundant raw materials to produce it. Several examples of the application of energy storage together
with renewable energy are briefly presented in this chapter to show that these technologies can be
applied in Indonesia.

5.1 Pumped Hydro Energy Storage

A successful example of wind power generation is the EI Hierro Project located on El Hierro Island,
Canary Islands. The project aims to supply the entire island population with 100% renewable energy as
previously they relied heavily on conventional diesel fuel. This project is a hybrid wind power system
with pumped hydro energy storage. The wind farm with a total capacity of 11.5 MW consists of five
wind turbines of 2.3 MW each, while the hydroelectric power plant has a total capacity of 11.32 MW
from four Pelton turbines of 2.83 MW each. Wind turbines are the primary household electricity
supplier. If there is an excess supply, electrical energy is sent to the pumping station to pump water
from the lower to the upper. When the wind turbine cannot meet the demand due to low wind gusts, the
water in the upper reservoir is launched into the reservoir by gravity to drive a hydroelectric power plant
(IRENA, 2020a).

Figure 9. Commissioning of the wind-hydro system in El Hierro (IRENA, 2020a/E.Talbi).

Garcia Latorre et al. (2019) estimates a potential reduction of 6,000 tonnes of diesel and 19,000 tonnes
of CO; in the next 20 years of this project. The El Hierro power plant hybrid system reportedly generated
100% of electricity from renewable energy for four consecutive hours in 2015, 892 hours in 2017, and
1,450 hours in the early half of 2018 (Gorona del Viento, 2019).

5.2 Compressed Air Energy Storage

The current application of CAES is limited because it requires requirements for specific and suitable
geological environments. Natural underground caverns for storing compressed air are rare, and studies
in keeping the air in cave technology for this application are rare. Only two commercial-scale CAES
power plants operate in Huntorf, Germany (290 MW), built-in 1978, and in Mclntosh, United States
(110 MW) built-in 1991.

Furthermore, IRENA (2020b) reports on a new CAES project with a power of 330 MW being developed
in Northern Ireland. A pilot project for the next generation A-CAES has been developed in Switzerland.
Another developed technology is Liquid Air Energy Storage (LAES) which uses electricity to cool air
to a liquid state and stores the liquid air in cryogenic storage tanks. A LAES demonstration project is
underway in the UK, while a commercial LAES project is also being developed in North America
(Sampson, 2018).
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5.3 Flywheel Energy Storage

In North-Western Australia, in Coral Bay, a 500 kW FES system supports a 600-kW wind farm (3200
kW systems) and seven 320kW diesel generators each (with a total of 2.24 MW). The FES inertial
system ensures periodic energy storage and stabilization of the power grid operation, allowing up to
95% of energy demand in peak demand periods (Chmielewski et al., 2020). A similar application of the
FES system is planned in Marsabit, Kenya, where a 500kW FES store will also be used. It will cooperate
with a 550-kW wind farm with and diesel generator system. The FES system used in Kenya will mainly
be responsible for stabilizing the power grid operation and ensuring greater RES penetration in the
Kenyan power system (Chmielewski et al., 2020).

Like wind and solar power plant, FES systems do not emit CO2. During operation, when powered from
renewable energy sources (e.g., wind farms) (Amiryar et al., 2017), they also do not emit pollution into
the atmosphere (zero-emission system). However, it is worth considering the carbon footprint of
materials used to construct FES systems and other energy storage systems (Chmielewski et al., 2020).

5.4 Li-ion Battery

An example of installing energy storage batteries is to support 66 wind turbines with a total capacity of
1,500 kilowatts at Hefeng Wind Farm in China, as shown in Figure 10. A hybrid energy storage system
installed to reduce fluctuations in wind power output is a lithium-ion battery system of 5 MW/10 MWh,
2 MW/4 MWh vanadium flow battery system, 2 MW/2 MWh vanadium flow battery system, and a
supercapacitor (APEC Energy Working Group, 2017).

Capacity
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Figure 10. Hefeng wind farm overview (CNESA).

Another example of a large-capacity lithium-ion battery storage system is the Hornsdale Power Reserve
located in Jamestown, South Australia, with a storage capacity of 129 MWh, as shown in Figure 11.
This project was implemented by Tesla and managed by Neoen. This battery storage system supports
99 wind turbines with a capacity of 315 MW connected to a 275 kV network connection with a
discharge capacity of 100 MW (Aurecon Group, 2018).
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Figure 11. Hornsdale power reserve project in South Australia (Parkinson, 2018).

6. System Advisor Model

Modeling and simulations are carried out using the System Advisor Model (SAM) to predict and
estimate monthly energy output and leveled electricity costs (LCOE). The modeling calculates the
LCOE based on the annual requirement of 20 MW to build a solar power plant without batteries.
Summarizing the previous literature review results with hydropower as the best scenario to be applied
in Indonesia, this paper will model LCOE to build pumped hydro energy storage with the same capacity
of 20MW as the energy storage to backup PV power generator. Lombok Island is chosen for the model
because the island is developing rapidly for renewable energy sources with a solar capacity of 20 MW
in 2019 (PLN, 2019).

For the PV module, the authors choose Lombok Island. Average solar radiation in Lombok Island can
be seen in Figure 12, while the parameters used for this model are as follows:

1. Location = Zainuddin Abdul Madjid International Airport, Lombok Island
2. Annual average Direct normal beam = 4.49 kWh/m?/day
3. Module = SunPower SPR-E19-310-COM (Mono-c-Si)
4. Inverter = SMA America: SC750CP-US (with ABB EcoDry Ultra transformer)
5. Total DC/ AC capacity = 20,000 kWdc/16,940 kWac
6. Analysis period = 20 years
800
m Jan
700 m Feb
< Mar
< 600
£ = Apr
S 500 u May
S 400 un
© = Jul
©
& 300 m Aug
% 200 H Sep
2 m Oct
100 m Nov
0 - “l ii m Dec

6:00 7:00 8:00 9:00 10:00 11:00 ﬁ%gros 13:00 14:00 15:00 16:00 17:00 18:00

Figure 12. Average solar radiation in Lombok Island (OneBuilding, 2018).
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As for the PV-battery storage used, the additional parameters are:
1. Battery maximum power = 999.999 kWdc
2. Battery capacity = 4,000 kWh
3. Bank power = 1,000 kW
4. Nominal bank capacity = 3,999.998 kWh

The battery is electrochemical energy storage that converts electrical energy into chemical reactions
when electricity production from PV exceeds demand. The battery does not generate its own power, so
the energy generated in the PV-Battery scenario is the same as PV-only. The results of Solar PV-only
modeling can be seen in Figure 13.
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Figure 13. Estimated energy production per month from the solar PV power plant.

The next modeling is a hydropower plant with the following parameters:
1. Power capacity = 20 MW
2. Power capital cost = USD 2000/kW (Barbour et al., 2016)
3. Energy Capital cost = USD 10 /kW (Barbour et al., 2016)
4. System Efficiency (turbine, pump and pipe) = 60.8 % (Nyeche & Diemuodeke, 2020)

The results of hydro plant modeling can be seen in Figure 14.
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Figure 14. Estimated energy production per month from hydropower plants.
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The economic comparison of a power plant with a capacity of 20 MW using solar PV, solar PV with
battery storage, and a hydropower plant can be seen in Table 1.

Table 2. Economic comparison of the power plant modeled by SAM.

Parameters PV PV + Battery PHES
Capital cost USD 1,040.00/kwW | USD 1,110.00/kW | USD 2,000.00/kW
Total capital cost USD 20,800,924.00 | USD 22,109,528.00 | USD 43,680,000.00

Fixed Operating Cost USD 180,008.00 USD 340,000.00 USD 100,000.00
Annual energy (year 1) | 27,517,292 kWh 27,375,888 kWh 102,260,736 kWh
Levelized cost of energy | 7.92 c/kWh 9.52 c/kWh 3.62 c/kWh

7. Results and Discussion

The intermittency is one of the primary critical problems in the current implementation of wind and
solar PV; during the high demand of energy/peak production of renewable energy, the excess of
produced electricity will be stored to the energy storage. Then, during the low demand (low wind speed
and night time), the stored energy from the energy storage systems will continue generating electricity.
Thus, the supply (power generation) will be more sustainable and stable than deploying renewable
energy to fulfill the energy demand by a more reliable, affordable and continuously supply energy
system. Energy storage can also help make power safer than using standalone renewables. Unexpected
changes in the electricity supply and demand are quickly compensated by energy storage, maintaining
a balance between intermittent renewable energy availability and baseload generator operating
conditions. In addition, Indonesia adopting the 2015 Paris Agreement related to the carbon tax policy
system will impact the increasingly expensive fossil fuel-based power plants. Energy storage systems
can help overcome these limitations by enabling optimal integration of renewable energy into the power
supply while maintaining grid resilience with the optimal environmental footprint of baseload power
generation. Energy storage is less demand for new site development and a resulting reduction in carbon
emissions (smaller footprint).

Many types of energy storage technologies have been tested and are in the study stage around the world.
However, for application in Indonesia, the Author identifies several technologies that are pretty mature
and reliable. Table 2 shows the characteristic properties of currently reliable alternative energy storage.
With the character of Lombok Island and other islands in Indonesia with a dense population and high
electricity demand, this study proposes PHES as the first choice for energy storage application. The
primary consideration in this selection is the abundant resources, supporting geographical contours and
high rainfall as a tropical country to be an ideal condition for the dam construction. In addition, PHES
has the highest power rating and life cycle compared to other ES, the relatively low capital cost per
kWh and long lifetime. PHES is also mature technology as most of the energy storage in the world is
PHES. On the other hand, the disadvantage of this system could be environmental and social issues
because it involves water as a basic human need and a large land requirement, so the possibility of social
conflict might be high. This risk can be minimized by changing the existing hydro generator or an off-
river scheme so that the preferred location is safe and relatively far from the populated area (Stocks et
al., 2019). Indonesia is currently developing the Cisokan PHES as the first PHES in Indonesia, and
many more are planned in the future.

Furthermore, the second candidate is compressed air energy storage technology, which has a power
rating that varies up to 300 MW. It is suitable for backing up medium wind energy plants. However,
the main drawback of this system is the dependence on specific geographical conditions to store large
guantities of high-pressure air (Antonelli et al., 2017). Several ex-gas mining sites such as the Arun
field in Aceh are very likely to be used for CAES, but further studies are still needed regarding the types
of rock in the reservoir in their suitability for storing compressed air (Atmadibrata et al. 2019; Raza et
al. 2017). There are few locations like this field in Indonesia, so it is unlikely that this CAES technology
can be applied. Besides CAES, the Li-ion battery is a technology developing rapidly and is the fastest
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way to provide energy storage in a relatively short time. Unfortunately, battery energy storage (BES) is
only ideal for small electronic equipment but has not been proven for large capacities. Field testing for
this is currently underway, and some issues still need to be fixed, such as high initial costs and safety
issues related to large-scale use and disposal (Hussain et al., 2019). The high initial price also hinders
the development of flywheel energy storage in Indonesia, apart from a relatively short service life,
making these two technologies not recommended for use in Indonesia.

Table 3. Characteristic properties of current Energy Storage System (Fathima & Palanisamy, 2018).

Power . Power Energy - .- Self- Life- |, .. ..
ESS rating Dlst?:;rge density | density Refmgse fjggfkl\;:\?ﬁ; Eff'(ﬁ/'f)”cy discharge per| time Izgegll:;)e
(MW) (WL) | (Wh/L) day (%) |(years)| Y
PHS |100-5,000] 1-24h 0102 | 02-2 | Minutes | 5100 | 70-80 | Verysmall | >50 | >15,000
CAES | 5-300 1-24h 0.2-06 2.6 | Minutes | 2-50 41-75 Small >25 | >10,000
FESS | 0.25 5‘;‘300“’125' 5000 | 20-80 |<Seconds|1,000-5,000| 80-90 100 15-20 | 104-107
Nicd | 0-40 | Se€conds- |\ 5 700 | 1580 |<Seconds| 800-1,500 | 60-80 | 02-06 |5-20 | L300
hours 3,000
. Seconds- 1,300- 600—
Li-ion | 0-0.1 o lo.000 | 200-400 | <Seconds | 600-2,500 | 65-75 01-03 [5-100| o0

This study conducts a simulation of renewable energy system design and project economics model
using SAM software to validate the hypothesis of these renewable systems. Then, as a comparison of
modeling results, the Author uses data published by IRENA (2019). The modeling results show that
constructing a solar power plant is affordable, around USD 1 for every watt of capacity. This price is
down 11% compared to the 2018 price of USD 1,192/watt (IRENA 2019; IRENA 2021). Moreover,
the LCOE price for this model is 7.92 c¢/kWh, lower than the previously estimated price of 8.5 c/kWh.
This price decline is consistent with the previous trend of a 77% decline from 2010 to 2018.

Next, in the second model of solar PV with Li-ion battery, the installation costs increased by about 11%
to USD 1.11/watt, and the LCOE increased by 20% to 9.52 c/kWh. Another interesting finding is the
slightly lower annual energy produced by PV and battery of 27,375,888 kWh than 27,517,292 kWh
produced by PV only. This decrement of power might be associated with battery efficiency, where the
energy from PV is converted to the electrochemical process and vice versa. The electricity from the PV
panel distributed directly has less electricity loss than via battery as energy storage. In addition, the
fixed maintenance cost also increased by more than 85% to USD 340,000.00 compared to PV-only of
USD 180,000.00. Although expensive, Energy storage technology is crucial if a solar PV plant is built
off-grid. Conversely, if solar PV is part of the on-grid system, batteries are relatively unnecessary and
only add to the cost component. Also, the short average lifespan of the Li-ion battery is only 2-3 years
or 300-500 cycles, of course, should be considered (Tektronix, n.d.). Even with the highest prediction
of 5-10 years by Fathima & Palanisamy (2018), the costs required are not unexpensive for renewal and
maintenance every year. Thus, storage solutions with a long lifetime and low maintenance need to be
considered.

The last modeling is to estimate the economic review of a PHES for a hybrid with solar PV, so it
assumes a similar capacity of 20 MW. The simulation results show that the LCOE as the economic
indicator is only 3.62 ¢/kWh even though it has the highest capital cost of USD 43,680,000.00. This
lower LCoE is because of its mature technology and long life so that it has the lowest maintenance and
operating cost while producing the highest energy throughout the year (IRENA 2021). Combined with
solar PV, the total capital cost of this hybrid power plant is USD 64,480,924.00. However, if it is
assumed that solar PV supplies electricity for 12 hours during the day, and PHES supplies electricity in
the next half-day, the LCOE is 5.77 c¢/kwh. This low price is, of course, a significant advantage for
both consumers and electricity producers. Moreover, the average lifespan of PHES is more than 50
years, which is an advantage that other power plants do not have, even if they are fossil generators.
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8. Conclusions

Indonesia is an archipelagic country located on the equator with excellent solar and wind power
generation potential. However, the development of these two types of renewable power plants is still
lacking. One of the challenges is the government's less ambitious target in the future national energy
mix. Another most obvious challenge of wind and solar power generation is the intermittent nature of
their natural sources. The sun is only available during the day, and if there are clouds, the quality of the
energy produced will be reduced. Likewise, wind gusts are erratic depending on air temperature,
weather and geographic location. This intermittent problem wreaks havoc on the entire electrical system
if solar and wind power plants are connected to the grid. It also provides fluctuating electricity to
consumers when installed in an off-grid network.

Implementing an energy storage system is a proposed solution to solar and wind energy intermittently.
Li-ion batteries are the most widely used hybrid with solar and wind generators. However, Li-ion
batteries are only used for lower capacities up to 10 MW. In addition, the relatively short lifespan of
Li-ion batteries compared to the investment period makes them unsuitable for large-capacity generators.
PHES is the most realistic choice to be implemented in Indonesia from the available energy storage
technologies. The scattered high terrains in Indonesia are estimated to have great potential for
developing PHES in the future. In addition, PHES is the most widely applied energy storage technology
worldwide, with 98% of worldwide capacity using this technology. So, it is hoped that the development
of this technology will not encounter many obstacles.

PHES has been implemented in many countries and has proven effective when hybridizing with
intermittent energy sources in off-grid networks such as in El Hierro, Canary Islands. Successful
examples for PHES can also be drawn from the USA, Australia, China, and Japan for on-grid
applications (IHA, 2018). Thus, more study on applying this technology to Indonesia is proposed with
Upper Cisokan as the pilot project. The type of energy storage that has received a lot of attention,
namely Li-ion batteries for large-scale energy storage, is also worthy of further study, mainly because
Indonesia has a lot of potential for raw materials. Furthermore, CAES can also be an option if
appropriate geological resources are proven along with established technology.

From the modeling that has been done, the PV-only scenario requires the cheapest initial cost regardless
is only applicable for on-grid plans. The PV battery is more suitable for off-grid applications but with
an additional capital cost of almost 10%. In addition, this second scenario requires virtually double the
maintenance cost than PV-only, so the LCOE increases to 9.52 ¢/kWh compared to 7.92 ¢/kWh. On the
other hand, it was found that the capital cost of PHES is more than double while the hybrid PV and
PHES cost three times that PV-only plant. However, many benefits can be obtained, including cheaper
LCOE and a longer lifetime. Thus, the overall feasibility of the project increases. Although energy
storage is not the only solution for increasing renewable energy development in Indonesia, it is clear
that solar and wind energy development will face more challenges in the future without hybrid energy
storage planning.
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