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Abstract: Indonesia has vast solar energy potential, far more than needed to meet all its energy re-
quirements without the use of fossil fuels. This remains true after per capita energy consumption rises
to match developed countries, and most energy functions are electrified to minimize the use of fossil
fuels. Because Indonesia has relatively small energy potential from hydro, wind, biomass, geothermal
and ocean energy, it will rely mostly on solar for its sustainable energy needs. Thus, Indonesia will
require large amounts of storage for overnight and longer periods. Pumped hydro comprises 99% of
global energy storage for the electricity industry. In this paper, we demonstrate that Indonesia has
vast practical potential for low-cost off-river pumped hydro energy storage with low environmental
and social impact; far more than it needs to balance a solar-dominated energy system.

Keywords: off-river pumped hydro; energy storage; potential; low cost; green-field; solar PV

1. Introduction

Indonesia has set a target of carbon neutrality by 2060 in its most recent Nationally
Determined Contribution submitted to the United Nations Framework Convention on
Climate Change [1]. This target is realistic considering the vast renewable energy resources
available in Indonesia [2].

If Indonesia continues to rely heavily on fossil fuels to supply its energy demands
in 2050, it is difficult to see how its emission objectives could be met. Carbon Capture
and Storage is still in its demonstration phase, with only 26 operating facilities globally
with an annual capacity of 40 million tonnes of carbon dioxide [3]. It is far from ready for
mass deployment.

By far, the largest practical source of renewable energy in Indonesia is solar photo-
voltaic (PV) energy. Solar PV has dominated global electricity markets in terms of annual
capacity additions in recent years because it is cheap and environmentally friendly: about
45% of net global generation capacity additions in 2020 [4].

A recent Indonesian Governmental estimate for the potential of renewable power is
443 Gigawatts (GW), of which 208 GW is from solar PV and 235 GW is from wind, hydro,
geothermal, ocean energy and bioenergy combined [5]. The Institute for Essential Services
Reform (IESR) suggested a solar potential of 7700 GW and a wind energy potential of
106 GW [6].

A recent study [2] found that the Indonesian solar energy resource is far larger than
both the Government and IESR estimates. A major point of difference is that this study iden-
tified vast potential for floating solar on Indonesia’s calm tropical inland sea, where large
waves and strong winds are absent. Indonesia is the only large tropical archipelago.
Weather data gathered over 40 years suggests that Indonesia could harvest 180,000 Terawatt-
hours (TWh) per year of solar electricity from maritime areas that has never experi-
enced waves and wind speeds larger than 4 m and 15 m/sec, respectively, over the past
40 years [2].
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The current electricity demand in Indonesia is 300 TWh per year [7]. A generous upper
bound for mid-century electricity demand is 9000 TWh per year, which is 30 times larger
than current consumption.

This upper bound calculation [2] makes the following assumptions:

• That Indonesia catches up with Singapore in terms of per capita energy consumption.
Singapore is a densely populated, tropical, industrialized nation with average annual
electricity consumption of 9 Megawatt-hours (MWh) per person that shares a maritime
border with Indonesia.

• That population grows to 335 million people [8].
• That fossil fuel consumption is eliminated by using renewable electricity through

direct or indirect electrification of all energy services: land transport (electric vehicles),
heating (electric furnaces and heat pumps) and the chemical industry (hydrogen
obtained from water splitting and carbon derived from air capture). The chemical
industry includes ammonia, steel and other metals, plastics and synthetic fuels for
shipping and aviation. It is assumed that electricity consumption must triple to
accommodate these additional services [9].

Thus, electricity consumption in 2050 is [335 million people] × [9 MWh per person] × 3,
equal to 9000 TWh per year. Assuming an average capacity factor of 15.4%, this corresponds
to 6700 GW of solar power [2].

Indonesian renewable electricity options are summarized in Table 1. Figures are
derived from [2]. Assuming an optimistic average capacity factor of 50%, the annual energy
generation from the non-solar renewable sources could amount to about 1000 Terawatt-
hours (TWh) per year.

Table 1. Electricity demand and renewable supply options in Indonesia (from Table 11 in ref [2]).

Demand and Supply Options Annual Electricity Potential
(TWh/Year)

Current Indonesian electricity demand [7] 300

Upper bound electricity demand in 2050: fully electrified,
industrialized, affluent Indonesia, zero fossil fuels [2] 9000

Combined potential of wind, hydro, geothermal, ocean
energy, bioenergy 1000

Urban rooftop solar PV 700–1700

Agricultural solar PV (10–30% coverage) 2700–8100

Mined areas solar PV 600

Floating solar PV—freshwater 64

Floating solar PV—maritime, <4 m waves, <15 m/s wind 180,000

Solar PV is likely to dominate the future Indonesian energy system. Such a system
will require large-scale storage for overnight and longer periods. By far the leading elec-
tricity storage technologies are Pumped Hydro Energy Storage (PHES) [10] and batteries.
PHES constitutes about 95% of global storage power and 99% of global storage energy [11].
PHES is a highly mature and widely deployed technology with low cost. The working
fluid of PHES (water) is vastly more available than battery chemicals.

Battery storage includes home, utility and electric vehicle (EV) batteries. Future de-
ployment of EV batteries is likely to be far larger than home and utility batteries. Presently,
PHES is much cheaper than batteries for overnight and longer storage, as evidenced by
the absence of significant deployment of large-scale battery systems with storage of more
than 4 h. In the future, the cost of battery storage will decline, although there is large
uncertainty as to future prices. If Vehicle-to-Grid technology becomes significant, then EV
batteries could contribute substantially to future storage requirements because the scale of
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battery storage for an EV fleet is very large, and the cost of the batteries is largely covered
by another purpose (mobility).

In this work, we do not try to compare the future cost and competitiveness of PHES
and batteries. Such a comparison would be little better than guesswork. Rather, we point
to the vast availability of PHES in Indonesia at the known and modest cost. This allows a
confident upper bound to be placed on the cost of energy storage. The cost of overnight
PHES storage at current prices is already low compared with the cost of the solar electricity
that it supports [12]. If future PHES and battery costs fall below current PHES costs, then the
cost of storage will be even lower than the upper bound presented by current PHES costs.

The purpose of this work is to provide a systematic analysis of Indonesia’s practical
PHES potential that could be utilized to support the transition to a decarbonized energy
system in Indonesia. The novelty of this paper includes:

1. Comparison of the storage requirements to support 100% renewable energy in Indone-
sia with the available PHES potential;

2. A breakdown of Indonesia’s PHES potential at the regional level;
3. Estimation of the flooded land area requirement for upper and lower reservoirs that

demonstrates that this requirement is small;
4. Consideration of water sources for the initial fill and to replace evaporation;
5. Consideration of the cost of land and water acquisition;
6. A methodology for desktop studies to sort through many candidate sites and find

those that look particularly promising.

The paper is organized as follows: pumped hydro energy storage is described; then an
upper bound on energy storage requirements in mid-century is derived; then land and
water requirements are estimated and compared with availability; and finally, several
representative PHES sites are analysed to illustrate a methodology for selecting the best
sites to consider for detailed engineering studies.

2. Pumped Hydro Energy Storage

In 2020, global installed hydropower reached 1330 GW [13] and generated a total of
4370 TWh of electricity. Indonesia has a small hydropower capacity of 6.2 GW or 23 Watts
per person [14]. For comparison, Iceland and Norway have installed hydropower capacity
of 6000 Watts per person, and the global average is 170 Watts per person [14].

Hydropower’s rapid response capability (seconds to minutes) can be used to assist in
balancing electricy supply and demand. This capability is also attached to PHES. A recent
review article on PHES is presented in [10]. PHES is the most widely deployed and mature
utility-scale storage technology currently available. Some countries have substantial exist-
ing PHES capacity, notably Japan, which has 170 Watts per person [14], mostly constructed
to assist with balancing electricity demand with nuclear electricity supply.

A PHES system (Figure 1) comprises a pair of closely spaced reservoirs located at
different altitudes. Water can be pumped uphill from the lower to the upper reservoir
using solar (or other) electricity during the daytime. When insufficient energy is available,
the stored energy can be recovered by flowing water downhill through the turbine to
the lower reservoir. Pumping is typically accomplished by purchasing electricity during
periods when prices are low (e.g., a sunny day). During peak demand periods, when
prices are high, generation takes place. This pattern of buying low and selling high is
called arbitrage.

Most existing PHES systems are located on rivers, usually in conjunction with hydro-
electric power generation from river flow. In many regions, there is substantial environ-
mental and social opposition to further interference with rivers. Furthermore, there are
relatively few suitable sites for pumped hydro in association with rivers, confined to a
corridor along each river where it passes through hilly country.

However, most potential PHES sites are not near rivers (“off-river”) for the simple
reason that most of the global landscape is not near a river. A survey of possible PHES sites
limited to rivers will miss the vast majority of viable locations. An off-river PHES system
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typically comprises a pair of small reservoirs (a few hundred hectares each) located in hilly
country a few kilometres apart, with an altitude difference (“head”) of 200–1200 m, and con-
nected by a tunnel or pipe containing a pump/turbine. Water is circulated indefinitely
between upper and lower reservoirs (“closed loop”).

For example, a pair of 100 Ha reservoirs with a head of 600 m, an average depth of
20 m, a usable fraction of water of 85% and a turbine energy conversion efficiency of 90%
can store 19 Gigalitres (GL) of water with an energy potential of 24 GWh, which means that
it could operate at a power of 1 GW for 24 h.

Figure 1. Google Earth synthetic image of a Gigawatt-rated off-river PHES site at Presenzano in
Italy, showing the two reservoirs (upper right and lower left) with a head of 500 m (vertical scale
exaggerated). Map data ©2021 Google.

Greenfield off-river PHES refers to a system that contains two new purpose-built
reservoirs. Bluefield off-river PHES refers to a system in which one or both reservoirs
already exist, such as a natural lake or an existing hydroelectric reservoir, such as for Snowy
2.0 [15]. Brownfield off-river PHES refers to a system in which one or both reservoirs are
constructed in a disused mining site, such as the Kidston project [16].

2.1. Off-River PHES

Off-river PHES systems have major advantages over river-based PHES systems: the ab-
sence of a river eliminates most flood mitigation expenses; bespoke engineering in moun-
tainous river valleys is unnecessary; generally, larger heads are available because the upper
reservoir can be on a high hill rather than higher in the same river valley as the lower
reservoir; and there is reduced environmental and social impact by avoiding interference
with rivers. The far larger number of off-river sites from which to choose means that
only the very best sites need to be selected. If an off-river site is problematical in terms of
economic, environmental, sociological, geological, hydrological, logistical and other factors,
then there are likely to be excellent alternative sites elsewhere.

Off-river pumped hydro systems can be built within a few years. The two reservoirs,
the tunnel or pipeline, the powerhouse, and the transmission, may all be worked on simul-
taneously. For 3–300 GWh storage, construction timescales of 2–4 years are reasonable [8].
This is much quicker than other storage technologies in terms of Gigawatt-hours (GWh)
of new storage capacity added per year. Although a 0.1–1 GWh battery can be installed
in a few months, it is typically one to two orders of magnitude smaller than an off-river
pumped hydro system that is constructed over several years.

A global survey of Greenfield off-river PHES was undertaken by the Australian Na-
tional University. A total of 616,000 closed-loop pumped hydro storage potential sites were
identified with an enormous combined storage potential of 23 million GWh [17]. A global
atlas of Greenfield off-river PHES locations is accessible on the Australian Government’s
NationalMap website [18].
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All the sites identified are located outside large urban areas or protected regions.
Each site is assigned a cost class (A through E) based on a cost model [17], with a class A
system having a capital cost about half that of a class E system. The cost model is available
in spreadsheet form [19].

The global Greenfield atlas includes 8 different combinations of storage energy volume
(GWh) and storage power capacity (expressed as maximum hours of generation at full
capacity), namely 2, 5, 15 and 50 GWh with 6 h of storage and 5, 15, 50 and 150 GWh with
18 h of storage (Figures 2 and 3). The power capacity (GW) is equal to energy capacity
divided by storage hours. Many of the smaller identified sites occupy similar geographical
space to larger sites—just with smaller dam walls and hence smaller water storage capacity
and smaller flooded area.

Figure 2. Potential 150 GWh Greenfield off-river pumped hydro energy storage sites in Indonesia
(Source: [18], detailed zoomable map is available at NationalMap [18], Available onlne: http://re100
.eng.anu.edu.au/ (accessed on 1 March 2022)).

Figure 3. Potential 150 GWh Greenfield off-river pumped hydro energy storage site on Wowonii
island near Sulawesi. The upper and lower reservoirs are light and dark blue, respectively.
Head: 609 m; separation of reservoirs: 5 km; volume of water: 122 GL (0.8 GL per GWh); com-
bined reservoir area: 1100 Ha (7 Ha per GWh). Latitude/Longitude: 4.21056◦ S, 123.08990◦ E. Image
from NationalMap [18] and original data from the Australian National University Global Pumped
Hydro Atlas [17].

http://re100.eng.anu.edu.au/
http://re100.eng.anu.edu.au/
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2.2. PHES Construction Costs

A PHES system has a storage energy volume (GWh) and a storage power capacity
(GW) that can be selected largely independently of each other. Thus, the system cost
comprises the sum of an energy cost ($/GWh) and a power cost ($/GW).

Major cost components of a PHES system comprise the two reservoirs; the connecting
tunnel or pipeline; the powerhouse (including the pump/turbine, the switchyard, trans-
formers and controllers); transmission; and road access. The reservoir cost is associated
with the cost of energy storage ($/GWh) and can be scaled up or down (by changing the
height of the dam wall) without significantly affecting the cost of the other components.
The tunnel, powerhouse and transmission are storage power costs ($/GW), whose costs
scale with the desired maximum power output (which is related to maximum water flow
in the tunnel).

A high-quality PHES site will have a large head, closely spaced reservoirs, a large
volume of stored water per unit of reservoir wall volume and a large power rating:

• A site that has a doubled head compared with another site with the same energy and
power rating will require reservoirs that have half the water storage volume and can
use narrower tunnels and smaller pump/turbines.

• A site in which the reservoirs are closely spaced for a given head will require shorter
and hence less expensive tunnels or pipelines.

• A site in which a lower amount of rock (or concrete) is required to form the two
reservoirs per unit of impounded water will have lower cost of reservoir construction.

• In general, a system with larger storage energy and storage power will have a lower
unit costs compared with a smaller system.

Some of the costs associated with off-river pumped hydro energy storage are compa-
rable with those associated with conventional (on-river) pumped hydro energy storage—in
particular, the powerhouse costs would generally be similar. However, the cost of reservoirs,
tunnels, transmission and road access are strongly dependent upon siting.

River-based PHES sites are relatively few in number and are confined to places where
rivers flow through hilly regions. Bespoke engineering is often required in remote river
valleys with difficult access. Flood control mitigation and risk minimisation are critical for
river-based systems. Interference with rivers often provokes strong social and environmen-
tal opposition, which can cause lengthy delays in approvals and increased costs.

Off-river PHES systems can potentially be located anywhere there are hills, which means
that there are many more off-river than river-based sites. This, in turn, means that energy
planners have a much wider selection of sites from which to choose, allowing the selection
of only very good sites. If a site proves problematic, then there will often be an alternative
site. On average, Greenfield off-river systems will have a larger head, shorter tunnels, lower-
cost reservoirs, minimal flood control expenses, shorter transmission lines and easier road
access than comparable river-based PHES systems. These attributes often can overcome
the advantage of avoiding the construction of one (or even both) reservoirs in a Bluefield
PHES system.

The cost of off-river PHES systems can be relatively predictable since they will often
be similar to each other. Only good sites need to be selected; remote bespoke engineering
and flood control are avoided; and social and environmental opposition can generally be
minimised with good site selection. This allows cost reductions from learning-by-doing in
a large-scale sequential PHES construction program.

A cost model for off-river PHES has been recently published [17] and is used in this
paper for cost estimates. The model is available in spreadsheet form [19]. Caution is
required when using the model, which is considerably more useful for cost comparison
than for deriving absolute values of cost.

This model assumes a mature sequential PHES construction program within a country
so that high levels of skill and smooth logistics are acquired; that labour and logistical costs
converge to levels found in developed countries as countries industrialise and incomes rise;
and that problematic sites are rejected in favour of sites that have few impediments and
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look quite like each other from the engineering point of view (“vanilla” sites). The latter
assumption takes advantage of the fact that there are many similar potential sites in most
regions, allowing energy planners to be choosy. Such a strategy is not tenable in river-
based PHES systems because of the scarcity of sites, which is an important advantage of
off-river PHES.

As an example, consider a 3 GW, 150 GWh Greenfield off-river pumped hydro system
with a head of 600 m; generation efficiency of 90%; usable water volume of 85%; average
water depth of 20 m; separation of the two reservoirs of 5 km; a water–rock volume ratio
(ratio of total impounded water to the volume of rock needed to form the twin reservoirs)
of 10; and low costs for access to transmission, roads, water and land. Many such potential
systems are identified in the Global Greenfield PHES atlas.

According to the cost model [19], such a system has a capital cost of about 4 billion
USD, divided roughly equally between the cost of the reservoirs (the energy cost) and the
tunnel and powerhouse (the power cost). Such a system can operate for 50 h at full power
(3 GW) and stores about 120 GL in the combined upper and lower reservoirs, which have
a combined area of about 1200 Ha. This corresponds to about 8 Ha of land per GWh of
storage [10] and 0.8 GL of water per GWh.

3. Pumped Hydro Energy Storage in Indonesia

Based on the Global Greenfield Atlas [17], a total of 26,000 off-river PHES potential
sites were identified in Indonesia with 800 TWh of energy storage capacity.

Indonesia currently has no PHES systems. This is unsurprising considering that there
is very little variable solar and wind generation in Indonesia and hence little need for
Gigawatt-scale storage. However, this is about to change.

Indonesia has included 4000 MW of river-based PHES in its electricity development
plan. The 1000 MW Upper Cisokan Pumped Storage project, located in Cianjur, West
Java, is currently being financed and approved and is planned to operate from 2025 [20].
The Matenggeng pumped hydro storage (943 MW) in West Java is expected to connect
to the grid in 2028 [21]. The Grindulu pumped hydro storage (1000 MW) in East Java is
planned to operate from 2030 [21]. The state electricity company Perusahaan Listrik Negara
(PLN) plans to develop 4 × 250 MW PHES systems in Sumatera, which are expected to
connect to the grid in 2029–2032 [21,22].

3.1. Indonesian Energy Storage Requirements in 2050

It is beyond the scope of this paper to undertake a high resolution (hourly) model of
a future solar-dominated Indonesian economy. However, for the purposes of this paper,
it is necessary to obtain an upper-bound estimate for storage requirements to support 100%
renewable energy in Indonesia and compare this estimate with PHES availability.

Indonesia has a modest variance of solar irradiation because of its maritime tropical
location. Seasonal storage of solar energy is not required because Indonesia lacks a summer–
winter or monsoon cycle. Work presented in [2] strongly suggests that solar radiation
varies little on a weekly basis and that energy storage is mostly required for day–night
load balancing.

In reference [4], it is argued that the storage required to support a 100% renewable
electricity system in a low latitude country is approximately one day of electricity con-
sumption, which is supported by detailed hourly analysis for several countries (Table 2).
The required storage power capacity is estimated to be similar to the average daily electric-
ity consumption. These regions include wind energy, and further study will be required to
arrive at an estimate for a solar-dominated Indonesia.
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Table 2. Estimated storage requirements (days) for several regions for 100% renewable energy
(primarily solar and wind with existing hydro and bio).

Author Blakers et al.,
(2017) [12] Lu et al., (2021) [9] Lu et al., (2021) [23] Cheng et al.,

(2021) [24]

Studied country/region Australia Australia Southeast Asia Japan

Scope of study Electricity Energy Electricity Electricity

Annual Demand (TWh) 205 393 7524 896

Energy Storage
(GWh)—min/max 407 574 321 2049 15,506 44,707 2069 13,750

Estimated required
storage (day) 0.7 1.0 0.3 1.9 0.8 2.2 0.8 5.6

Following this one-day storage rule of thumb, a zero-carbon, affluent, industrialised
Indonesia in 2050 consuming 9000 TWh of renewable electricity per year (Table 1) requires
the storage of 25 TWh (75 kilowatt-hours per person) and 1000 GW of storage power.
This can be compared with 800 TWh of PHES storage energy identified in Indonesia in
the Global Greenfield PHES Atlas [18]. Storage power attached to each reservoir pair can
be adjusted independently to meet requirements by appropriate sizing of tunnels and
electromechanical equipment.

Note that the 9000 TWh per year electricity consumption used in this calculation is
30 times larger than the current Indonesian electricity consumption of 300 TWh per year
and represents a generous upper bound.

The approximate cost of the required storage, assuming that it is entirely PHES,
is 750 billion USD according to the cost model [17]. Systems would be constructed sequen-
tially over 3–4 decades and could operate (with regular refurbishments) for a century or
more. At current prices, the cost of constructing the 6.7 TW of solar PV required to generate
9000 TWh per year in Indonesia would be around 8000 billion USD [25], constructed over
3 decades (the solar module economic lifetime). In other words, the cost of PHES storage is
of the order of 10% of the cost of the solar energy system that it supports.

Note that these large financial numbers relate to nearly completely displacing oil,
gas and coal from a future affluent, industrialised, fully electrified Indonesia inhabited by
335 million people. The per capita investment required at current prices for the solar gener-
ation and storage system described above is approximately 26,000 USD, which amounts to
about 1000 USD per person per year when spread evenly over a 25–30-year construction
program (followed by regular refurbishment or replacement thereafter).

3.2. Land Requirement for Off-River PHES

It will be shown in this section that the area of land flooded for off-river pumped
hydro storage to support a 100% renewable energy in Indonesia is small compared with
Indonesia’s landmass. Thus, sensitive regions can be generally avoided. The Global
Greenfield Atlas excludes protected and urban regions.

Consider the 3 GW, 150 GWh Greenfield off-river pumped hydro example described
in Section 2.2. This system requires about 8 Ha of land per GWh of storage [10]. Taking this
figure as representative, storage of 25 TWh to support a 100% renewable energy system
(estimated in Section 1) corresponds to 2000 km2 of land area, which is about 0.1% of
Indonesia’s total land area of 1.9 million km2. Different heads, water utilisation fraction
and average water depths would yield a different result. A Bluefield system that utilises
an existing lake or reservoir has half the land area requirements. This area of flooded land
(about 6 m2 per person) is much smaller than the area of solar module required to generate
9000 TWh of electricity per year in Indonesia, which is about 100 m2 per person [2].

For comparison, the river-based Upper Cisokan PHES project with 1 GW power
capacity (6.5 h of storage) will create two new reservoirs and will flood an area of 340 Ha [26].
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This equates to 50 Ha per GWh. The head is relatively small (276 m), and the usable fraction
of impounded water is low at 13%.

The calculations presented in this section have large uncertainty. However, it is clear
that Indonesia has large off-river PHES potential that will require only a small fraction of
Indonesia’s land surface area.

The cost of land acquisition needs to be included in the capital cost of a PHES system.
To estimate this cost, land use at each site was audited using QGIS, a free and open-source
Geographic Information System software [27]. The approximate area (Ha) of each existing
land use category (e.g., plantation, rice field, forest, settlement) of the area covered by
the two reservoirs was determined, and the price of the land was assigned according
to its land-use categorisation using data input from Indonesia’s Geospatial Information
Agency [28].

The price of land in Indonesia is influenced by economic, social, government and envi-
ronmental factors [29]. Land prices generally increase near central business districts [30].
An analysis of a dataset of 64,000 Indonesian listed properties [30] found that once rural
land is converted to include housing, the price approximately triples. If developed as a
business premise, the price increases tenfold. Thus, undeveloped rural land is favoured for
the location of a PHES system.

In this study, we approximated the land acquisition cost by calculating the average
land or house prices in the vicinity of where the PHES is located. We derived land price data
from OLX ID [31], the biggest Indonesian online buying and selling platform. For example,
for a site in Bali, we analysed thirty undeveloped land sales in the Jembrana Regency. The
median price of undeveloped rural land and land with housing was 35 USD per m2 and
171 USD per m2, respectively (IDR 14,000/USD). The undeveloped land price was applied
to plantations, rice fields, other cropping areas, scrublands, roads and forests.

The 3 GW, 150 GWh Greenfield off-river pumped hydro system used as an example
in Section 2.2 requires 8 Ha of land per GWh of storage. If all this land was undeveloped
with an average acquisition price of 35 USD/m2, then the cost of land acquisition would
be 420 million USD, compared with the capital cost (excluding land and water cost) of
about 4 billion USD. In this example, the cost of land acquisition is significant but not
prohibitive unless many settlements are also flooded at an average acquisition price of
171 USD per m2. A robust land cost calculation for each individual PHES site requires a
thorough assessment, which is beyond the scope of this study.

3.3. Water Requirement

It will be shown in this section that the available water supply in Indonesia is vastly
larger than the amount required for PHES to support a 100% renewable energy Indonesia.

A PHES system requires water for the initial fill and also to replace evaporation (after
accounting for rainfall over the reservoirs). Freshwater is preferred over saltwater for
PHES to minimise corrosion of turbines, pumps and water conveyances, as well as to limit
the risk of salt pollution of the land environment [32]. Since Indonesia has high annual
rainfall, the cheapest option is to collect rainwater falling directly into the reservoirs and
flowing naturally to the reservoirs from the surrounding land. Pumping groundwater
is also possible as Indonesia has numerous groundwater basins. The most expensive
options are to transport the water by pipeline or road from nearby rivers or lakes and to
desalinate seawater.

The rainfall in Indonesia averages 2221 mm per year (population weighted) [33,34].
This comfortably exceeds the evaporation rate (typically 1825 mm per year (5 mm per day
on average)) [35,36], which reflects Indonesia’s tropical maritime location: high humidity,
low wind speeds and frequent clouds [36]. Hence, rainfall within the reservoirs is usually
sufficient to obviate the need to replace evaporation losses.

For the 3 GW, 150 GWh Greenfield off-river pumped hydro system described in
Section 2.2, the volume of initial-fill water required per GWh of energy storage is around
0.8 GL. This translates to an initial-fill water requirement of 20,000 GL for the PHES storage
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of 25 TWh estimated above for a future affluent, industrialised, fully electrified Indonesia.
Assuming that PHES systems are sequentially constructed over a 40-year period, the annual
amount of initial fill is about 500 GL per year. This water is not actually consumed—it is
cycled between the reservoirs for 100 years or more. The water requirement is halved or
doubled by doubling or halving the head, respectively [10]. Bluefield PHES systems may
not require any additional water.

The average precipitation of 2221 mm per year translates to about 4 million GL per
year over Indonesia’s 1.9 million km2 landmass. This is 8000 times larger than the annual
requirements for the initial fill. The population of Java, Sumatra and Bali amounts to 80%
of the Indonesian total. The surface water availability on these three islands is 1.1 million
GL per year [37], which is 2000 times larger than the annual requirements for the initial fill.
Plainly, Indonesia as a whole has adequate water. However, an individual PHES system
could be located in a water-constrained region. A suitable water source must be identified
prior to the construction of a new PHES system.

3.3.1. Rain Harvesting

Indonesia is a tropical country with annual rainfall varying over the regions. The low-
est rainfall occurs in Nusa Tenggara Timur province, with an annual rainfall of 700 mm.
The highest is in Sumatera Barat with 3838 mm. On average, Indonesia has population-
weighted rainfall of 2221 mm per year [33] (Figure 4).

Figure 4. Average rainfall and number of rainy days in Indonesian regions in 2011–2015 [33].

Rainfall directly into the reservoirs of a new PHES system is usually insufficient to
provide the initial fill within a reasonable time, for example, the final year of construction
of the system. However, rainfall in the catchment area surrounding the reservoirs is an
important temporary source of water for the initial fill, even if the catchment is quite
small. Rainwater runs by gravity through the landscape to the lowest point of the designed
reservoirs. The water catchment yield can be accurately assessed after the investigation of
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the characteristics of the reservoir catchments. For the example of 150 GWh PHES system
described in Section 2.2, a combined catchment area of the two reservoirs of 100 km2 would
yield the 120 GL initial fill over about one year (neglecting evaporation), assuming average
Indonesian rainfall and assuming a temporary water catchment yield and availability of
50% of that rainfall.

3.3.2. Groundwater

Groundwater could contribute to the initial reservoir fill in some places, although
at a much-reduced scale compared with rainwater. There are numerous groundwater
basins in Indonesia, with a combined potential yield of around 520 GL per year, and as-
suming an accessibility ratio of 30%, a yield of about 150 GL per year is available [37].
The most productive groundwater basins are located in the lowlands of Java, Sumatera,
south Kalimantan and Sulawesi (Figure 5).

Figure 5. Map of groundwater aquifer productivity in Indonesia. Image from [37] with edited legend.

3.3.3. Water from Nearby Rivers or Lakes

Indonesia has 5800 lakes [38] and around 8000 watersheds (Daerah Aliran Sungai)
divided into 131 river basins [37]. Major rivers can be found on each main island, as shown
in Figure 6. Nearby rivers and lakes can supply the initial fill by temporary pipeline or
even delivery by mobile water tanker.

An upper bound on the cost of the initial water fill can be obtained by estimating the
cost of water delivery by the most expensive option. The water market in Indonesia is
not well developed. However, neighbouring Singapore has a similar climate to Indone-
sia and has a highly developed and sustainable water infrastructure. Indonesian water
arrangements may converge with those of Singapore as Indonesia’s population, affluence,
industrialisation and per capita, water and energy use grows.

Singapore is a city-state with a small land area that relies for most of its water on
local rainfall, recycling and desalination. Recycling and desalination cost much more
than collecting rainwater. The industrial water tariff in Singapore is 0.5 million USD per
GL [39]. Water in rural Indonesia is likely to cost considerably less because of the order of
magnitude lower population density, which allows for greater use of rainwater. The cost of
industrial water in Singapore is adopted as an upper bound on the cost of sustainable water
in Indonesia in the mid-century. The water is assumed to be derived from local catchments
with low transportation costs.

The 3 GW, 150 GWh Greenfield off-river pumped hydro system used as an example in
Section 2.2 requires 0.8 GL per GWh for the initial fill, which results in an upper bound cost of
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water of 60 million USD compared with the capital cost of about 4 billion USD. Thus, the cost
of water for the initial fill is a small fraction of the total cost.

Figure 6. Map of major rivers in Indonesia. Map generated using QGIS software [27] and original
data from the Indonesian Geospatial Information Agency [28].

4. Desktop Study of Selected Sites

According to the Global Atlas of Greenfield pumped hydro sites [17], Indonesia has
about 26,000 potential sites with 800 TWh of energy storage capacity in the cost classes
A to E. Only a few percent of these would be needed to support massive solar energy
expansion. In this section, an indicative desktop analysis of several good Indonesian sites
is undertaken. The purpose is to illustrate a methodology for desktop analysis that allows
the rapid identification of preferred options for subsequent detailed engineering study
(at substantially greater expense).

PHES sites that fall in the A and B cost classes were selected. With so many sites from
which to choose, energy planners can afford to focus on those with lower probable costs
per unit of storage. A total of 321 TWh of class A/B storage capacity was identified in
Indonesia (Table 3) in the global Greenfield atlas. As shown in Table 3, this is 13 times
larger than the upper bound requirement of storage in 2050 estimated in Section 3 (25 TWh).
The addition of class C, D and E sites increases this ratio to 32.

Table 3. Class A and B Greenfield PHES storage availability for Indonesian regions compared with
upper bound requirements in 2050.

Regions
Projected Population

in 2050
(Millions)

Projected Storage
Demand in 2050 (TWh)

Available Class A/B
PHES Storage (TWh)

Ratio of Requirement
to Availability of
Class A/B Storage

Sumatera 73 5.5 43 7.9
Java 188 14.1 30 2.1

Bali Nusa Tenggara 19 1.4 30 21
Kalimantan 21 1.6 64 40

Sulawesi 25 1.9 85 45
Maluku Papua 11 0.8 69 84

Indonesia 335 25 321 13

PHES sites with energy storage volumes of 50 or 150 GWh (and lying within the
A and B cost classes) were selected. Large sites tend to have lower financial, land and
water requirements per unit of storage. A storage time of 20 h at full discharge power
was chosen for illustrative purposes, equivalent to the power of 2.5 and 7.5 GW for 50
and 150 GWh, respectively. In practice, high power systems might comprise several
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independent tunnel and powerhouse units attached to a reservoir pair rather than a single
very large generating unit.

A 50 GWh Class B site in Jembrana Regency, Bali Province, is used as an example of
desktop analysis. Figure 7 illustrates this hypothetical site: an upper (light blue) and lower
(dark blue) reservoir connected with a tunnel (white line).

Figure 7. Site of 50 GWh PHES in Jembrana Regency, Bali Province, Indonesia (8.30271◦ S,
114.77750◦ E). Image from NationalMap [18] and original data from the Australian National Univer-
sity Global Pumped Hydro Atlas [17].

Table 4 shows the shape, area and land-use categories and approximate land acquisi-
tion cost for the upper and lower reservoirs. Land use is 195 Ha, which amounts to about
4 Ha per GWh.

Table 4. Reservoir land categorisation and land acquisition cost estimation for an example PHES
system in Jembrana Regency, Bali.

Upper Reservoir Lower Reservoir

Land acquisition:
Forest: 73 Ha, 35 USD/m2, 26 million USD

Land acquisition:
Plantation: 118 Ha, 35 USD/m2, 42 million USD
Settlement: 1 Ha, 171 USD/m2, 2 million USD
Shrubland: 3 Ha, 35 USD/m2, 1 million USD

Total land acquisition cost: 71 million USD
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In the example shown in Table 4, a forest is flooded to the extent of 73 Ha, which is
unfortunate. To place this in perspective, this is a 4 billion USD investment for 50 GWh
of energy storage, which is sufficient to service the energy storage needs of 0.7 million
people (about 1 m2 per person) for a future, industrialised, fully electrified (zero fossil fuel)
Indonesia (75 kWh per person).

The cost of initial water filling must be included in the cost model. Using QGIS, the
catchment areas of water flows to the reservoirs were analysed. Land elevation from USGS
Earth Explorer [40] was used to delineate the water catchment area. As suggested by The
Indonesian National Standard [41] for water catchment with less than 50 km2 area, water
flow can be calculated using the rational method formula developed by Mulvany [42].
Annual rainfall from the Meteorological, Climatological, and Geophysical Agency [33] and
coefficient of run-off for each land categorisation [41] was applied. Table 5 illustrates the
water catchment areas.

Table 5. Land categorisation and rainwater estimation in the water catchment area for an example
PHES system in Jembrana Regency, Bali. The actual reservoir area is outlined in blue in each image.

Upper Reservoir Water Catchment Area Lower Reservoir Water Catchment Area

Upper reservoir water catchment area: 298 Ha.

Lower reservoir water catchment area: 1291 Ha.

Rainwater (1734 mm/year):
Forest: 298 Ha, 2.1 GL per year

Rainwater:
Forest: 833 Ha, 5.8 GL per year
Plantation: 402 Ha, 1.4 GL per year
Shrubland: 38 Ha, 0.3 GL per year
Settlement: 18 Ha, 0.01 GL per year

Total annual rainwater from water catchment area: 9.6 GL
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The combined upper and lower reservoir water catchment areas (1600 ha) can provide
a rainwater flow of up to 9.6 GL per year, which will be partially offset by evaporation [43].
This is much lower than the 30 GL required for the initial fill. Hence, if the reservoirs
are to be filled within the last year of construction, delivering water from other nearby
catchments, rivers or lakes will be necessary. Adopting a water cost of 0.5 million USD per
GL (Section 3.3.3) means that the cost of the initial water fill will be about 15 million USD.

Table 6 shows the characteristics of four sites analysed in a similar fashion to the Bali
site. The Bali, Java and Kalimantan sites are Greenfield. The Sumatra site is Bluefield and
utilises Lake Toba as the lower reservoir. Details are included in Supplementary Materials.

Characteristics that confer low capital costs per unit of storage are large power capacity,
large energy storage volume, a large head, large ratio of head to separation (“slope”) and
large water–rock ratio. Other desirable characteristics include low land usage per unit
of energy stored, low land-acquisition costs, low water usage, ready access to affordable
water, proximity to roads and transmission and low environmental impact. Indonesia has
many similar sites.

Table 6. Characteristics of four representative potential PHES sites.

Parameter Unit Bali Central
Java

South
Kalimantan

North
Sumatera

Power rating (P) GW 2.5 7.5 7.5 7.5

Head (H) m 799 741 260 700

Separation between reservoirs (S) km 9.4 4.1 2.1 3.2

Average slope (H/S) % 8.5 18 12 22

Stored energy GWh 50 150 150 150

Water-rock volume ratio 3 3 41 7

Reservoir water volume GL 30 97 277 103

Specific water usage GL/GWh 0.6 0.7 1.9 0.7

Upper reservoir area Ha 73 231 1949 411

Lower reservoir area Ha 122 332 1315 -

Land acquisition cost million USD 71 368 351 188

Water filling cost million USD 15 49 139 -

Specific land usage Ha/GWh 3.9 3.8 22 2.7

Modelled capital costs for power MUSD/GW 737 469 627 449

Modelled capital costs for energy MUSD/GWh 42 39 11 18

Total capital costs billion USD 3.9 9.4 6.3 6.1

Cost Class B A A A

Distance to transmission line km 2.8 0.9 31 17

Distance to significant road km 0.3 0.1 3.7 0.1

5. Conclusions

This work shows that Indonesia has vast practical off-river pumped hydro energy
storage potential that requires only a small fraction of Indonesia’s land area. A total of
26,000 off-river potential PHES sites were identified in Indonesia with 800 TWh of energy
storage capacity. Good sites are available throughout Indonesia, including many on the
heavily populated islands of Java, Bali and Sumatera. In particular, the vast majority of
potential sites require no new dams on significant rivers.

A high-quality PHES site will have a large head, closely spaced reservoirs, a large
volume of stored water per unit of reservoir wall volume, a large power and energy rating
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and low environmental impact. The large number of potential PHES sites allows energy
planners to be choosy. The paper describes a methodology for desktop studies to sort
through many candidate sites and find those that look particularly promising. These can
then be the subject of detailed investigation.

A total of 321 TWh of PHES storage volume in the lowest (A and B) cost-classes were
identified. This is hundreds of times larger than Indonesia would require if all currently
generated electricity was derived from variable solar and wind. It is 13 times larger than
required to support a hypothetical future Indonesian energy system in which per capita
energy consumption rises to match neighbouring Singapore; in which transport, heating
and industry are fully electrified; that uses 100% solar energy; and that uses no fossil fuels.
About 0.1% of Indonesia’s total land area would be required for off-river PHES reservoir
storage to support such an energy system (75 GWh per million people occupying 6 km2).

A companion paper [2] describes how Indonesia has vast potential for generating solar
electricity, particularly floating on its calm tropical inland sea. The generation potential
is much more than it would need to support the hypothetical future Indonesian energy
system described above.

An important feature of this work is that cost-effective, very large-scale storage po-
tential is identified that requires no future technology improvements nor cost reductions
(although these would be welcome). Indonesian energy planners can confidently develop
very large-scale solar generation in the knowledge that at least one highly credible and
technically mature energy storage solution is ready for use at any required scale with
moderate cost and low environmental impact.

This work provides a basis for detailed modelling of pathways to decarbonise the
Indonesian economy while rapidly increasing per capita energy use commensurate with
rising living standards.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en15093457/s1. Figure S1. Indonesia’s off-river PHES Potential (TWh) by
Province (Cost-classes A-E). Original data from the Australian National University Global Pumped
Hydro Atlas. Figure S2. Infrastructure near the potential PHES site in Jembrana Regency, Bali
Province. Distance from the lower reservoir to the nearest nearest transmission line (150 kV) is 2.8 km.
Distance to the nearest road is 0.3 km. Figure S3. 150 GWh PHES site in Wonosobo Regency, Central
Java, Province. Image from NationalMap and original data from the Australian National University
Global Pumped Hydro Atlas. Figure S4. Infrastructure near to the PHES site in Wonosobo Regency,
Central Java. From the lower reservoir to the nearest 150 kV transmission line is 0.7 km. A road is
adjacent to the lower reservoir. Figure S5. 150 GWh PHES site in Banjar Regency, South Kalimantan
Province. Image from NationalMap and original data from the Australian National University Global
Pumped Hydro Atlas. Figure S6. Infrastructure near to the PHES site in Banjar Regency, South
Kalimantan. Distance from the lower reservoir to the nearest nearest transmission line (150 kV) is
31 km. Distance to the nearest road is 6 km. Figure S7. 150 GWh PHES site in Samosir Regency,
North Sumatera Province. Image from NationalMap and original data from the Australian National
University Global Pumped Hydro Atlas. Figure S8. Infrastructure near to the PHES site in Samosir
Regency, North Sumatera. Distance from the lower reservoir (Lake Toba) to transmission (150 kV) is
17 km. Table S1. Off-river PHES (Class A/B) potential in Indonesia for 6 major regions and Indonesia
as a whole. N is the number of sites with storage volume of 5, 15, 50 and 150 GWh. (V) refers to the
total storage volume (TWh) of those sites for each reservoir size range. Larger sites often overlap
smaller sites and so the total number and volume of sites that is actually available is smaller than
simple addition of the 4 rows yields. Table S2. Indicative land prices in the vicinity of four example
PHES systems. In each case, the land costs are the median of about 30 recent sales in and around
the site of the hypothetical reservoirs. Table S3. Reservoir land categorisation and land acquisition
cost estimation for an example PHES system in Wonosobo Regency, Central Java. Table S4. Land
categorisation and rainwater estimation in the water catchment area for an example PHES system in
Wonosobo Regency, Central Java. Table S5. Reservoir land categorisation and land acquisition cost
estimation for an example PHES system in Banjar Regency, South Kalimantan Province, Indonesia.
Table S6. Land categorisation and rainwater estimation in the water catchment area for an example

https://www.mdpi.com/article/10.3390/en15093457/s1
https://www.mdpi.com/article/10.3390/en15093457/s1
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PHES system in South Kalimantan. Table S7. Reservoir land categorisation and land acquisition cost
estimation for an example PHES system in North Sumatera.

Author Contributions: Conceptualisation, D.F.S. and A.B.; Data curation, D.F.S.; Formal analysis,
D.F.S.; Methodology, D.F.S. and A.B.; Supervision, A.B. and B.L.; Validation, A.B., B.L. and C.C.;
Visualisation, D.F.S.; Writing—original draft, D.F.S.; Writing—review and editing, A.B., B.L. and C.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. The article processing charge (APC) was
funded by the Australian National University. D.F.S.’s ongoing PhD study is funded by the Indonesia
Endowment Fund for Education (LPDP).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ministry of Environmental and Forestry Republic of Indonesia. Updated Nationally Determined Contribution Republic of Indonesia

and Document of Long-Term Strategy on Low Carbon and Climate Resillence 2050; Ministry of Environmental and Forestry Republic of
Indonesia: Jakarta, Indonesia, 2021.

2. Silalahi, D.F.; Blakers, A.; Stocks, M.; Lu, B.; Cheng, C.; Hayes, L. Indonesia’s Vast Solar Energy Potential. Energies 2021, 14, 5424.
[CrossRef]

3. Brad, P.; Goloren, T.; Zapantis, A. Global Status of CCS 2020; Global CCS Institute: Melbourne, Australia, 2020.
4. Blakers, A.; Stocks, M.; Lu, B.; Cheng, C.; Stocks, R. Pathway to 100% Renewable Electricity. IEEE J. Photovolt. 2019, 9, 1828–1833.

[CrossRef]
5. Dewan Energi Nasional Bauran Energi Nasional 2020. Available online: https://www.den.go.id/index.php/publikasi/index/

BauranEnergi (accessed on 15 July 2021).
6. Beyond 443 GW—Indonesia’s Infinite Renewable Energy Potentials—IESR. Available online: https://iesr.or.id/en/pustaka/

beyond-443-gw-indonesias-infinite-renewable-energy-potentials (accessed on 14 December 2021).
7. Direktorat Jenderal Ketenagalistrikan. Capaian Kinerja 2021 dan Rencana 2022 Sub Sektor Ketenagalistrikan; Direktorat Jenderal

Ketenagalistrikan: Jakarta, Indonesia, 2022.
8. Ministry of Energy and Mineral Resources Republic of Indonesia. National Energy General Plan (Rencana Umum Energi Nasional:

RUEN); Ministry of Energy and Mineral Resources Republic of Indonesia: Jakarta, Indonesia, 2017.
9. Lu, B.; Blakers, A.; Stocks, M.; Cheng, C.; Nadolny, A. A zero-carbon, reliable and affordable energy future in Australia. Energy

2021, 220, 119678. [CrossRef]
10. Blakers, A.; Stocks, M.; Lu, B.; Cheng, C. A review of pumped hydro energy storage. Prog. Energy 2021, 3, 022003. [CrossRef]
11. Global Energy Storage Database|Energy Storage Systems. Available online: https://www.sandia.gov/ess-ssl/global-energy-

storage-database-home/ (accessed on 15 July 2021).
12. Blakers, A.; Lu, B.; Stocks, M. 100% renewable electricity in Australia. Energy 2017, 133, 471–482. [CrossRef]
13. International Hydropower Asscociation. 2021 Hydropower Status Report; International Hydropower Asscociation: London,

UK, 2021.
14. Renewable Capacity Statistics 2021. Available online: https://www.irena.org/publications/2021/March/Renewable-Capacity-

Statistics-2021 (accessed on 1 February 2022).
15. About—Snowy Hydro. Available online: https://www.snowyhydro.com.au/snowy-20/about/ (accessed on 1 February 2022).
16. 250MW Kidston Pumped Storage Hydro Project—Genex Power. Available online: https://genexpower.com.au/250mw-kidston-

pumped-storage-hydro-project/ (accessed on 1 February 2022).
17. Stocks, M.; Stocks, R.; Lu, B.; Cheng, C.; Blakers, A. Global Atlas of Closed-Loop Pumped Hydro Energy Storage. Joule 2021, 5,

270–284. [CrossRef]
18. NationalMap. Supported by Geoscience Australia and CSIRO/Data61. Available online: https://www.nationalmap.gov.au/

#share=s-py9ofDCNEwqsrfGGkptS5dJ9wSq (accessed on 1 February 2022).
19. Pumped Hydro Energy Storage Cost Model. Available online: http://re100.eng.anu.edu.au/research/re/phescost.php/ (accessed on

24 December 2021).
20. Indonesia’s First Pumped Storage Hydropower Plant to Support Energy Transition. Available online: https://www.worldbank.

org/en/news/press-release/2021/09/10/indonesia-s-first-pumped-storage-hydropower-plant-to-support-energy-transition
(accessed on 14 December 2021).

21. Direktorat Jenderal Ketenagalistrikan. Rencana Usaha Penyediaan Tenaga Listrik (RUPTL) PLN 2021–2030; Direktorat Jenderal
Ketenagalistrikan: Jakarta, Indonesia, 2021.

22. Sumatera Pump Storage, Indonesia. Available online: https://www.power-technology.com/marketdata/sumatera-pump-
storage-indonesia/ (accessed on 14 December 2021).

23. Lu, B.; Blakers, A.; Stocks, M.; Do, T.N. Low-cost, low-emission 100% renewable electricity in Southeast Asia supported by
pumped hydro storage. Energy 2021, 236, 121387. [CrossRef]

http://doi.org/10.3390/en14175424
http://doi.org/10.1109/JPHOTOV.2019.2938882
https://www.den.go.id/index.php/publikasi/index/BauranEnergi
https://www.den.go.id/index.php/publikasi/index/BauranEnergi
https://iesr.or.id/en/pustaka/beyond-443-gw-indonesias-infinite-renewable-energy-potentials
https://iesr.or.id/en/pustaka/beyond-443-gw-indonesias-infinite-renewable-energy-potentials
http://doi.org/10.1016/j.energy.2020.119678
http://doi.org/10.1088/2516-1083/abeb5b
https://www.sandia.gov/ess-ssl/global-energy-storage-database-home/
https://www.sandia.gov/ess-ssl/global-energy-storage-database-home/
http://doi.org/10.1016/j.energy.2017.05.168
https://www.irena.org/publications/2021/March/Renewable-Capacity-Statistics-2021
https://www.irena.org/publications/2021/March/Renewable-Capacity-Statistics-2021
https://www.snowyhydro.com.au/snowy-20/about/
https://genexpower.com.au/250mw-kidston-pumped-storage-hydro-project/
https://genexpower.com.au/250mw-kidston-pumped-storage-hydro-project/
http://doi.org/10.1016/j.joule.2020.11.015
https://www.nationalmap.gov.au/#share=s-py9ofDCNEwqsrfGGkptS5dJ9wSq
https://www.nationalmap.gov.au/#share=s-py9ofDCNEwqsrfGGkptS5dJ9wSq
http://re100.eng.anu.edu.au/research/re/phescost.php/
https://www.worldbank.org/en/news/press-release/2021/09/10/indonesia-s-first-pumped-storage-hydropower-plant-to-support-energy-transition
https://www.worldbank.org/en/news/press-release/2021/09/10/indonesia-s-first-pumped-storage-hydropower-plant-to-support-energy-transition
https://www.power-technology.com/marketdata/sumatera-pump-storage-indonesia/
https://www.power-technology.com/marketdata/sumatera-pump-storage-indonesia/
http://doi.org/10.1016/j.energy.2021.121387


Energies 2022, 15, 3457 18 of 18

24. Cheng, C.; Blakers, A.; Stocks, M.; Lu, B. 100% renewable energy in Japan. Energy Convers. Manag. 2022, 255, 115299. [CrossRef]
25. Utility-Scale PV|Electricity|2021|ATB|NREL. Available online: https://atb.nrel.gov/electricity/2021/utility-scale_pv (accessed on

28 February 2022).
26. Universitas Padjadjaran. Environmental and Social Baseline Report, Upper Cisokan Pumped Storage (UCPS) Hydropower Project

1040 MW; Universitas Padjadjaran: Bandung, Indonesia, 2021.
27. Discover QGIS. Available online: https://qgis.org/en/site/about/index.html (accessed on 1 February 2022).
28. Indonesia Geospatial Portal. Available online: https://tanahair.indonesia.go.id/portal-web (accessed on 15 July 2021).
29. Sugito, N.T.; Soemarto, I.; Hendriatiningsih, S.; Leksono, B.E. Model Estimasi Nilai Tanah Menggunakan Analisis Geostatistika.

Geomatika 2019, 25, 85. [CrossRef]
30. Gnagey, M.; Tans, R. Property-Price Determinants in Indonesia. Bulletin of Indonesian Economic Studies. Bull. Indones. Econ. Stud.

2018, 54, 61–84. [CrossRef]
31. OLX Indonesia. Available online: https://www.olx.co.id/ (accessed on 2 February 2022).
32. Australian Electricity Options: Pumped Hydro Energy Storage—Parliament of Australia. Available online: https://www.aph.gov.au/

About_Parliament/Parliamentary_Departments/Parliamentary_Library/pubs/rp/rp2021/AustralianElectricityOptionsPumpedHydro
(accessed on 30 December 2021).

33. Jumlah Curah Hujan dan Jumlah Hari Hujan di Stasiun Pengamatan BMKG, 2011–2015. Badan Pusat Statistik. Available on-
line: https://www.bps.go.id/statictable/2017/02/08/1959/jumlah-curah-hujan-dan-jumlah-hari-hujan-di-stasiun-pengamatan-
bmkg-2011-2015.html (accessed on 15 December 2021).

34. BPS: 270,20 juta Penduduk Indonesia Hasil SP2020. Badan Pusat Statistik. Available online: https://www.bps.go.id/news/2021
/01/21/405/bps--270-20-juta-penduduk-indonesia-hasil-sp2020.html (accessed on 28 February 2022).

35. Ratnawati, H.I.; Aldrian, E.; Soepardjo, A.H. Variability of evaporation-precipitation (E-P) and sea surface salinity (SSS) over
Indonesian maritime continent seas. Am. Inst. Phys. Conf. Proc. 2018, 2023, 20252. [CrossRef]

36. Wati, T.; Kusumaningtyas, S.D.A.; Aldrian, E. Study of season onset based on water requirement assessment. IOP Conf. Ser. Earth
Environ. Sci. 2019, 299, 012042. [CrossRef]

37. Asian Development Bank. Indonesia Country Water Assessment; Asian Development Bank: Metro Manila, Philippines, 2016.
38. Lima Seri Buku Identifikasi Danau Indonesia|Lembaga Ilmu Pengetahuan Indonesia. Available online: http://lipi.go.id/

publikasi/lima-seri-buku-identifikasi-danau-indonesia/38637 (accessed on 21 December 2021).
39. PUB Water Price. Available online: https://www.pub.gov.sg/watersupply/waterprice (accessed on 28 February 2022).
40. EarthExplorer. Available online: https://earthexplorer.usgs.gov/ (accessed on 14 February 2021).
41. Badan Standardisasi Nasional. Standar Nasional Indonesia: Tata Cara Perhitungan Debit Banjir Rencana; Badan Standardisasi

Nasional: Jakarta, Indonesia, 2016.
42. Mulvany, T.J. On the use of self-registering rain and flood gauges in making observations of the relations of rain fall and flood

discharges in a given catchment. Trans. Inst. Civ. Eng. Irel. 1851, IV, 18–33.
43. Wati, T. Kajian Evaporasi Pulau Jawa Dan Bali Berdasarkan Data Pengamatan 1975–2013. Ph.D. Thesis, Bogor Agricultural

University, Bogor, Indonesia, 2015.

http://doi.org/10.1016/j.enconman.2022.115299
https://atb.nrel.gov/electricity/2021/utility-scale_pv
https://qgis.org/en/site/about/index.html
https://tanahair.indonesia.go.id/portal-web
http://doi.org/10.24895/JIG.2019.25-2.955
http://doi.org/10.1080/00074918.2018.1436158
https://www.olx.co.id/
https://www.aph.gov.au/About_Parliament/Parliamentary_Departments/Parliamentary_Library/pubs/rp/rp2021/AustralianElectricityOptionsPumpedHydro
https://www.aph.gov.au/About_Parliament/Parliamentary_Departments/Parliamentary_Library/pubs/rp/rp2021/AustralianElectricityOptionsPumpedHydro
https://www.bps.go.id/statictable/2017/02/08/1959/jumlah-curah-hujan-dan-jumlah-hari-hujan-di-stasiun-pengamatan-bmkg-2011-2015.html
https://www.bps.go.id/statictable/2017/02/08/1959/jumlah-curah-hujan-dan-jumlah-hari-hujan-di-stasiun-pengamatan-bmkg-2011-2015.html
https://www.bps.go.id/news/2021/01/21/405/bps--270-20-juta-penduduk-indonesia-hasil-sp2020.html
https://www.bps.go.id/news/2021/01/21/405/bps--270-20-juta-penduduk-indonesia-hasil-sp2020.html
http://doi.org/10.1063/1.5064249
http://doi.org/10.1088/1755-1315/299/1/012042
http://lipi.go.id/publikasi/lima-seri-buku-identifikasi-danau-indonesia/38637
http://lipi.go.id/publikasi/lima-seri-buku-identifikasi-danau-indonesia/38637
https://www.pub.gov.sg/watersupply/waterprice
https://earthexplorer.usgs.gov/

	Introduction 
	Pumped Hydro Energy Storage 
	Off-River PHES 
	PHES Construction Costs 

	Pumped Hydro Energy Storage in Indonesia 
	Indonesian Energy Storage Requirements in 2050 
	Land Requirement for Off-River PHES 
	Water Requirement 
	Rain Harvesting 
	Groundwater 
	Water from Nearby Rivers or Lakes 


	Desktop Study of Selected Sites 
	Conclusions 
	References

