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Abstract. Indonesia holds a pivotal role in the global renewable energy (RE) transition due to
its abundant reserves of critical minerals like nickel, cobalt, and rare earth elements (REES).
However, a significant gap exists between these resources and the technologies needed to
leverage them, highlighting supply chain vulnerabilities. This qualitative, exploratory-
descriptive study integrates Life Cycle Assessment (LCA), criticality matrix analysis, and value
chain mapping to examine Indonesia’s mineral supply chains, sustainability, and Local Content
(TKDN) policies. The findings reveal that despite its mineral wealth, Indonesia's inadequate
management capacity complicates the achievement of TKDN goals and exposes supply chain
deficiencies. The research advocates for developing downstream industries, adopting sustainable
mining practices, and international collaboration. Policy recommendations include simplifying
regulations, fostering innovation, and embracing circular economy principles, providing
Indonesia with a strategic framework for its energy transformation.
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1. Introduction

Climate change has emerged as a critical global threat, posing severe risks to food security by disrupting
climatic stability, altering precipitation patterns, increasing the frequency and intensity of extreme
weather events, and accelerating sea-level rise. Environmental alterations diminish agricultural
productivity and jeopardize coastal employment. The repercussions are particularly severe in regions
that are already vulnerable, such as archipelagic and low-lying nations. Climate-related alterations are
engendering unprecedented challenges, particularly in agriculture, fisheries, and water resource
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management. These regions are directly impacted by erratic precipitation, prolonged droughts, and
frequent extreme weather phenomena. [1-3]. No location is impervious to climatic variability, as it
impacts food systems globally. This underscores the urgent necessity for comprehensive mitigation
and adaptation strategies immediately. This phenomenon has created unprecedented challenges across
sectors, particularly in agriculture, fisheries, and water resources, which are directly affected by
unpredictable rainfall, prolonged droughts, and increased frequency of extreme weather events. The
interconnectedness of climate variability and global food systems signifies that no region remains
unaffected, reinforcing the urgent need for comprehensive climate mitigation and adaptation strategies
[4-6]. In response, international cooperation has intensified, with Indonesia actively supporting climate
action through its commitment to the Paris Agreement, which aims to limit global temperature increases
to below 2°C, ideally 1.5°C. This reflects Indonesia’s alignment with global efforts to prevent
catastrophic environmental and socio-economic consequences arising from unmitigated climate change.
As one of the world’s largest archipelagic nations with significant natural resources and biodiversity,
Indonesia plays a pivotal role in global environmental governance [7-8]. Indonesia ratified the
agreement through Law No. 16/2016 and pledged to reduce greenhouse gas (GHG) emissions by 31.89%
unconditionally by 2030, and up to 43.20% with international support. These targets are part of
Indonesia’s Enhanced Nationally Determined Contributions (NDCs), which incorporate strategies in
land use, energy transition, and sustainable development. The commitment illustrates Indonesia’s
proactive stance in integrating climate action into national development agendas while recognizing the
necessity of global solidarity and support, particularly in finance and technology transfer, to meet its
more ambitious emission reduction goals [9-11]. Reinforcing this commitment, Indonesia declared its
intention to achieve Net-Zero Emissions by 2060 or earlier at COP-26 in 2021. This milestone
declaration indicates a paradigm shift in Indonesia's climate policy orientation toward long-term
decarbonization and sustainable development. Achieving net-zero emissions will require structural
transformations across sectors such as energy, transportation, industry, and land use, highlighting the
government's resolve in building a green economy [12-16]. Indonesia submitted its Long-Term Strategy
for Low Carbon and Climate Resilience (LTS-LCCR) to the UNFCCC, detailing its plans to peak
emissions by 2030 and transition toward a climate-resilient future [17-20].

Indonesia possesses substantial strategic potential to capitalize on its vast reserves of critical
minerals—particularly copper, nickel, and aluminum—which serve as essential inputs for national
industrial development and the acceleration of low-carbon technologies. These minerals are
indispensable for manufacturing key components of renewable energy systems, including wind turbine
generators, photovoltaic solar cells, and energy storage batteries. Leveraging this mineral wealth not
only supports domestic value creation and green economic growth but also positions Indonesia as a
pivotal player in the global clean energy transition [21-22]. However, challenges remain in optimizing
their use amid rising global demand, especially for critical minerals like gallium and scandium used in
healthcare. According to the IEA, the global shift to sustainable energy will double mineral demand by
2040. Despite this, Indonesia’s mining sector faces safety issues and uneven extraction, with limited use
of minerals like bauxite and vanadium. In 2021 alone, 93 mining accidents caused 11 deaths. Moreover,
the integration of these minerals into the renewable energy sector is limited, as 84% of Indonesia’s
energy still came from fossil fuels that year, with only 14% of renewable targets met by 2020.
Strengthening safety, refining extraction methods, fostering international partnerships, and increasing
investment in clean energy are essential for a resilient, low-carbon future [23-27].

Despite Indonesia’s robust policy framework to accelerate energy transition and net-zero emissions
by 2060, there remains a significant knowledge gap regarding the alignment between domestic critical
mineral availability and technological pathways for renewable energy deployment. Most existing studies
focus on sectoral mineral potentials or policy analysis but fail to integrate a sustainability science lens
with techno-economic considerations of mineral supply chains for low-carbon technologies [28-33].
This study addresses the existing research gap by evaluating the readiness of Indonesia’s critical mineral
resources in supporting the deployment of renewable energy technologies within the framework of the
national net-zero emission strategy. The research provides a novel contribution by integrating material
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criticality mapping specific to low-carbon technologies, analyzing the sustainability and resilience of
mineral supply chains, and assessing localization strategies—particularly the Local Component Level
(TKDN)—through an innovation and policy-oriented lens. Drawing from life-cycle analysis, global
supply chain risk modeling, and criticality assessment frameworks, this study delivers a strategic
synthesis that bridges natural resource governance with energy system innovation. The interdisciplinary
approach adopted in this study positions critical minerals not merely as industrial commodities, but as
essential enablers in the transformation toward a sustainable and sovereign energy future for Indonesia.

2. Literature Review

2.1 The Role of Critical Minerals in Renewable Energy

Renewable energy plays a vital role in addressing climate change and achieving the Sustainable
Development Goals (SDGs), particularly in clean energy and climate action. Although global renewable
energy capacity grew significantly from 923 GW in 2004 to 2,588 GW in 2019, its development heavily
depends on critical minerals such as nickel, cobalt, copper, lithium, and rare earth elements. The shift
from fossil fuels to technologies like solar, wind, electric vehicles, and hydrogen has intensified demand
for these minerals, transforming the mining and metals sectors with new challenges and opportunities.
Low-carbon technologies in power generation and transportation require far more metals than fossil fuel
systems—solar and wind plants, for example, use up to 300% more metals than gas plants. This
necessitates a stable supply of both abundant and specialty minerals. Moreover, factors like lifecycle
emissions, mineral types, and sourcing practices influence the carbon footprint of these technologies,
emphasizing the need for efficient and sustainable resource use in the transition to clean energy [34-38].

Power generation Material intensity, tons of Emission intensity,” kiloton CO,
CuEq' per terawatt-hour? per terawatt-hour”
Coal Gas Wind*  Solar Coal Gas Wind Soar
fired fired photo- fired photo-
voltaic voitaic
Road transport Material intensity, grams of Emission intensity,’ grams CO,
CuEq' per thousand kilometers equivalent per kilometer
2,000

HEV CE" FCEV* BEV ICE FCEV BEV

Figure 1. Critical mineral intensity in power generation and land transportation [39]

Geothermal and hydropower are key components of sustainable energy development. Geothermal
energy harnesses the Earth’s internal heat from deep rock layers, often accessed by drilling into
subterranean water reservoirs. This energy source, driven by the planet's geothermal gradient, is
continuous, low-emission, and cost-effective. While more reliable than solar or wind, geothermal
systems face material challenges due to corrosive conditions. To combat corrosion, high-nickel alloys
like Alloy 625 and C-276, and stainless steels such as 316L and 304L, are used, though no universal
material suits all due to varying brine compositions, requiring ongoing research. Hydropower, on the
other hand, converts water flow into electricity using turbines and generators. By 2020, global capacity
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reached 1,308 GW and is projected to grow 60% by 2050. Turbines made from fiberglass and stainless
steel are supported by systems using zinc for cooling, corrosion resistance, and electrical protection.
Both energy sources are essential in achieving long-term sustainability and energy security [40-45].
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Figure 2. Hydropower application scheme [46]

Biomass energy, derived from organic materials and animal waste, is converted into heat, power,
and biofuels using materials like stainless steel and nickel alloys to resist corrosion during processing.
Common grades include 304(L), 316(L), and duplex types such as 2205 and 2507, while copper is
crucial for plant growth and bioenergy production. Aluminum, serving as an eco-friendly energy storage
medium, and zinc, essential for biodiesel synthesis through catalytic processes, also play key roles. In
parallel, energy networks—among the world’s most complex systems—must ensure reliable electricity
distribution while supporting growing electric vehicle usage. Structural materials like steel protect
infrastructure, while copper and aluminum act as main conductors. Though aluminum is more corrosion-
prone, it is a lighter, more cost-effective conductor, whereas copper offers superior conductivity and is
ideal for indoor wiring. Electrical steel, used in transformers and motors, provides enhanced magnetic
properties, ensuring efficient power transmission and generation in a sustainable energy future [47-51].
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Figure 3. Energy supply from electricity networks to renewable energy [50]

Inter-array grids

Concentrated solar power (CSP) systems use mirrors to focus sunlight onto a receiver that heats
fluid to drive a turbine or engine for power generation. Beyond electricity, CSP is also applied in
industries like food processing, chemical manufacturing, and desalination. Materials such as stainless
steel are favored for their resistance to corrosion and high temperatures, while copper provides excellent
electrical and thermal conductivity for precision components. Aluminum boosts heat collection due to
its strength, reflectivity, and lightness, and nickel enhances the durability of steel alloys under harsh
conditions. Hydrogen, a key to carbon neutrality, is projected to exceed 500 MTA in demand by 2050.
Its production via SMR, electrolysis, or biomass gasification relies on critical minerals like platinum,
iridium, nickel, and rare earth elements. Green hydrogen, produced using water electrolyzers like
PEMWE, AWE, AEMWE, and SOEC, faces barriers including high costs and mineral scarcity.
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Advancing hydrogen technology and improving mineral recycling are essential to scaling production
sustainably and minimizing environmental impact [52-54].
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Figure 4. Types of water electrolysis [116]

Wind turbines generate electricity by converting wind’s kinetic energy into mechanical motion
through aerodynamic blade forces that drive a rotor and generator. They are built using materials like
copper, aluminum, steel, fiberglass, and iron, with zinc used to prevent corrosion. Permanent magnets
containing neodymium, praseodymium, dysprosium, and terbium increase turbine efficiency, while
sturdy steel towers ensure stability. Copper is crucial for improving energy efficiency and reducing CO:
emissions in wind systems. In solar technology, copper and silver are heavily used, with silver
comprising about 10% of solar module costs. Monocrystalline silicon and emerging technologies like
perovskite/silicon cells offer higher efficiency but increase mineral demand, particularly for silver.
Future scenarios suggest rising global needs for aluminum, cadmium, copper, and silver, alongside thin-
film technologies elevating demand for germanium and tellurium. Solar panel supports rely on
aluminum and stainless steel for strength and corrosion resistance. Minerals like silicon, indium,
gallium, selenium, and tellurium are also essential for improving solar cell conductivity and performance
[55-57].
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Figure 5. The role of critical minerals in photovoltaics [58]
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Batteries are vital for electric vehicles (EVs), with their size and capacity shaped by energy
consumption, which ranges from 100 to 300 Wh/km. By 2030, battery material demand could reach 14
million tons. Key materials include copper, aluminum, graphite, lithium, cobalt, and nickel, the latter
three comprising about 20% of a battery’s mass. EV battery cells feature an anode (graphite or silicon),
cathode (nickel, manganese, or cobalt), electrolyte, and aluminum casing. Aluminum use in EVSs is
expected to rise to 233 kg per vehicle by 2026. Rare earth metals such as terbium, dysprosium,
praseodymium, and neodymium enhance electric motor efficiency under high heat. Fuel cells, a clean
alternative to combustion, convert hydrogen or other fuels into electricity with only heat and water as
emissions. These systems rely on materials like platinum-nickel catalysts, aluminum, stainless steel, and
various oxides and rare earths to boost performance and durability. As these technologies evolve, they
support sustainable energy in transport, power, and industry [59-62].
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2.2 Availability of Critical Minerals in Indonesia

Indonesia recognizes 47 critical minerals under Ministerial Decree No. 296.K/MB.01/MEM.B/2023,
with high demand in sectors like health, security, and renewable energy. While the country mines
lithium, nickel, and steel, it still imports aluminum—valued at $5.9 million USD from Angola in 2022.
Currently, 21 essential minerals are especially needed in technology related to renewable energy.

Table 1 Critical Mineral Classification

No Critical Mineral Types of Usefulness in RE No Critical Mineral Types of Usefulness in RE Technology
Technology

1 Aluminum 12 Nickel

2 Iron 13 Silver

3 Dysprosium 14 Platinum

4 Gallium 15 Praseodymium
5 Graphite 16 Zinc

6 Iridium 17 Silica

7 Cadmium 18 Tellurium

8 Cobalt 19 Copper

9 Lithium 20 Terbium

10 Manganese 21 Uranium
11 Neodymium

Iron, the fourth most abundant element in Earth’s crust, is crucial for new and renewable energy

(NRE) technologies like wind and gas turbines. Indonesia holds substantial iron reserves 1 billion tons
projected and 13 billion tons of total resources mainly found in South Kalimantan’s Yiwan Mine and
other regions like Southeast Sulawesi and North Maluku. A single wind turbine requires around 1,500
tons of iron ore, while a gas turbine needs about 300 tons. With its vast iron resources, Indonesia has
the potential to produce up to 8.6 million wind turbines or 43.3 million gas turbines, significantly
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Figure 7. Distribution of Iron Ore per Province in Indonesia in 2020 [66]

Indonesia, the world’s seventh-largest copper producer, saw a production decline from 941,000
metric tons in 2022 to 840,000 in 2023, yet still holds strong potential for advancing renewable energy
technologies like solar panels and wind turbines. With current output, Indonesia can support the creation
of approximately 330,000 solar panels, 308,000 onshore wind turbines, and 115,000 offshore wind
turbines, largely supplied by the Grasberg Mine in Papua and other regional mines. Although not a top
global aluminum producer, Indonesia’s bauxite and alumina resources have grown, reaching 1.8 billion
tons by 2020. This positions the country to manufacture about 85 million solar panels, based on the
alumina requirement of 21 tons per megawatt, bolstering its role in the renewable energy sector [67-69].
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Figure 8. Total Resources and Reserves of Alumina in Indonesia [66]

Indonesia, the world’s top nickel producer in 2023 with 1.8 million metric tons, significantly
contributes to renewable energy (RE) technologies such as solar panels and wind turbines. Despite a
decline in reserves since 2019, current production enables the potential construction of 7.5 million
offshore wind turbines, 4.5 million onshore turbines, and 1.8 billion solar panels. Meanwhile,
Indonesia’s zinc reserves 57.9 million tons of ore and 2.3 million tons of metal are concentrated in areas
like Dairi, North Sumatra, and represent 1% of global reserves. These resources support RE growth,
particularly through the use of zinc in technologies like CIGS solar cells and EV components [70].
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Figure 9. Distribution of Zinc Resources and Reserves in Indonesia [71]

Bangka Belitung holds 180,323 tons of monazite, a source of rare earth metals such as dysprosium,
terbium, neodymium, and praseodymium key components in permanent magnets used in electric
vehicles, electronics, aviation, and energy-efficient lighting. These elements are vital for technological
advancement, and the government is urged to optimize their utilization. Additionally, Indonesia
possesses vast silicon resources, especially silica sand, with over 400 million tons in total and 79 million
tons in reserves, mainly located in Banda Aceh, Bangka, Belitung, and Bengkulu. In 2022, Indonesia
produced 1.1 million tons of silica sand, sufficient to manufacture around 253,000 solar panels.

20012 2013 2014 2015 20017 2018 2019 2020 2021 2022

Figure 10. Indonesia's Annual Silica Sand Production 2012 — 2022 [72]

Indonesia holds significant potential for the development of renewable energy through its abundant
critical minerals, including cobalt, graphite, and manganese. Cobalt, often found alongside nickel and
copper, has ore reserves of 449.08 million tons and metal reserves of 258,746 tons, mainly located in
North Maluku and Southeast Sulawesi. In 2023, Indonesia produced 17,000 tons of cobalt, supporting
the potential production of up to 2.5 million electric vehicles and 8.5 million lithium-ion batteries.
Graphite, found in Payakumbuh, West Sumatra, has an indicated resource of around 14 million tons and
is used in various applications such as battery electrodes and lightweight composite materials.
Meanwhile, manganese sourced from regions such as South Kalimantan, West Java, and Yogyakarta
has reserves of up to 108 million tons of ore and 49 million tons of metal. This mineral availability
enables the construction of up to 169,000 wind turbines, supporting Indonesia's clean energy transition
[73-74].
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Figure 11. Indonesia's Manganese Resources and Reserves [74]

Silver (Ag) and cadmium (Cd) are two critical metals with significant but differing roles in
technology and renewable energy. Silver, prized for its conductivity and ductility, is widely used in
electronics, jewelry, and solar panels. Indonesia holds vast silver ore resources—over 10 billion tons—
and metal reserves of 11,000 tons, yet annual production remains limited, peaking at 487.8 tons in 2019.
Major silver mines include Grasberg (Papua), Martabe (North Sumatra), and Tujuh Bukit (East Java),
which, if fully optimized, could support the deployment of approximately 833 million 1-GW solar
panels. In contrast, cadmium is a toxic heavy metal found primarily as a byproduct of zinc ore
processing, such as sphalerite and greenockite. Although cadmium deposits in Indonesia are not widely
distributed, the metal remains important for applications like nickel-cadmium batteries due to its unique
electrochemical properties [75-76].

Figure 12. Cadmium Ore [76]

Gallium (Ga) and iridium (Ir) are two critical yet scarce metals essential to advanced technologies.
Gallium, found as an impurity in bauxite, zinc, and aluminum ores, is notable for its low melting point
and is used in thermostats, thermometers, transistors, and diodes. Indonesia previously exported bauxite
rich in gallium, especially to Japan, but since 2014 has mandated domestic processing, enabling gallium
production with high economic value around five times the price of gold. However, only about 10% of
bauxite-derived materials are used for gallium in LED and semiconductor applications. In contrast,
iridium—an extremely rare and corrosion-resistant transition metal occurs in nickel and platinum ores
and is critical for semiconductors, catalysts, electrodes, medical equipment, and cancer treatment.
Despite its high utility, Indonesia lacks dedicated iridium mining, relying entirely on imports, with
global supplies mainly sourced from Canada, Russia, and South Afric.r

Figure 13. (a) Galium Ore [77] (b) Iridium Ore [78]
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Lithium (Li) and platinum (Pt) are essential minerals for advancing modern technology and
renewable energy. Lithium, an alkali metal primarily found in granite, pegmatite, and minerals such as
spodumene and lepidolite, is vital for lithium-ion batteries used in electronics and electric vehicles.
Although Indonesia currently lacks sufficient mining and processing capabilities and relies on imports,
the government plans to develop domestic production by constructing a 30,000-ton lithium carbonate
plant and a 50,000-ton lithium hydroxide facility. These facilities aim to exploit lithium reserves in
regions such as Bangka Belitung, Aceh, and Sumatra to reduce import dependency. In contrast,
platinum, a precious metal present in nickel, copper, and palladium ores, is highly valued for its strength,
conductivity, and corrosion resistance. It is used in jewelry, electronics, catalysts, and laboratory tools.
With estimated reserves of 114 million tons as of 2021, Indonesia has significant potential to become a
major global platinum producer. Realizing this potential requires strategic investment and enhanced
extraction efforts, particularly in areas like Martapura and Bengkalis.

Figure 14. (a) Lihtium Ore [79] (b) Paltinum Ore [80]

Tellurium (Te) and uranium (U) are two strategically important minerals with growing relevance in
modern technology and energy sectors. Tellurium, a metalloid primarily obtained as a byproduct of
copper and tin mining, is used extensively in photovoltaic solar panels, fire-resistant magnesium alloys,
stainless steel, and semiconductor devices such as diodes and infrared sensors. Despite its critical
applications, tellurium is produced in minimal quantities in Indonesia, and its resource potential remains
unclear, necessitating further exploration and evaluation. On the other hand, uranium, a radioactive
element found in minerals like carnallite and uraninite, serves as the primary fuel for nuclear reactors
that currently generate about 10% of global electricity through nuclear fission. Although Indonesia
possesses approximately 13,503 tons of uranium reserves as of 2021, these are limited and dispersed
across several regions, including the Riau Islands, Kalimantan, Sulawesi, Sumatra, Papua, and Bangka
Belitung. Unlocking the full potential of these resources will require sustained research and development
to support national energy security and technological progress.
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Figure 15. Distribution of Uranium and Thorium Minerals in Indonesia as of 2021 [81]

2.3 Local Component Level (TKDN) for Renewable Energy Development Using Critical Minerals
The Local Component Level (TKDN) represents the proportion of local content in goods, services, or
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both, and serves as a strategic initiative by the Indonesian government to strengthen industrial
infrastructure and support domestic enterprises [82]. As part of this effort, TKDN encourages greater
use of locally produced products. In alignment with the Ministry of Energy and Mineral Resources
(KESDM) Regulation No. 16 of 2020 on the Strategic Plan 2020-2024, Indonesia's installed renewable
energy capacity reached 10,300.7 MW by 2019, marking a 21% increase since 2015, as shown in Table
2.

Table 2 The development of installed capacity of renewable energy plants
Achievement of Renewable Energy Electricity Supply

Type (MW)
2015 2016 2017 2018 2019
Geothermal Power Plant 1,438 1,533 1,808 1,948 2,131
Bioenergy Power Plant 1,742 1,783 1,857 1,883 1,890
Hydro and Micro-hydro Power Plant 5,277 5,621 5,658 5,742 5,976
Solar Power Plant 33 44 52 73 146
Wind Power Plant 1 1 1 144 154
Hybrid Power Plant 4 4 4 4 4
Ocean Current Power Plant 0 0 0 0 0
Total 8,496 8,986 9,380 9,793 10,301

The Photovoltaic Solar Energy System (SESF), commonly known as a Photovoltaic Solar Power
Plant (PLTS) or solar module, is utilized not just for rural electrification projects but also for applications
such as area and street lighting, as well as powering places of worship. Rooftop solar power plants and
other solar power installations are being utilized increasingly regularly. Figureure 16 demonstrates that

PLTS's installed capacity surged by 335% from 2015 to 2019, attaining 145.81 MW.
Satuan: Mega Watt

260,3
180,0
| 145,81
118,6 (I
76,9 92,1 o 73,06
33,49 44,27 - 405
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Figure 16 Development of installed capacity of solar power plants (PLTS) [83]

Figureure 16 highlights TKDN percentage requirements based on Regulation No. 04/M-
Ind/Per/2/2017 for Solar Power Plants (PLTS). However, Indonesia's local industry struggles to meet
these standards due to high production costs and limited capabilities. The TKDN requirement for PLTS
can reach 65%, while the minimum target is 40.50%, hindering investment viability. In 2023, Indonesia
only reached USD 1.1 billion in renewable energy (RE) investment, falling short of its USD 1.7 billion
goal. Most local manufacturers produce only 450 Wp solar modules, with only one making 560 Wp,
while 21 factories rely on imported solar cells. Locally made modules are also 30% - 45% more
expensive than imported ones. Meanwhile, geothermal energy remains a government priority, though
only 4.7% (1,343.5 MW) of Indonesia’s 28,994 MW potential about 40% of the world’s reserves has
been utilized, covering various resource categories including hypothetical, speculative, and proven
reserves [84].

Local Content Requirement (TKDN) refers to the ratio of domestic components contained within
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goods and services. For goods, it encompasses domestically sourced raw materials, design, and
manufacturing processes. For services, it includes local labor, equipment, software, and supporting
facilities. In the context of geothermal power plants (PLTP), TKDN calculations cover major
components such as steam turbines, steam systems, generators, electrical systems, and civil structures.
In addition, it also accounts for services including consultancy, engineering, procurement, and
construction (EPC), testing, training, and other supporting activities. The minimum TKDN requirements
are stipulated under Regulation of the Ministry of Industry No. 54/M-IND/PER/3/2012 [85-86].

Table 3 Minimum local component level (TKDN) for geothermal power plant (PLTP)
Geothermal Power Plant Scale

Geothermal Power Plant

(PLTP) WSMW 10 1060 MW 60-100 MW 110 MW

Goods 31.30% 21%  1570%  16.30% 16%

Service 80.18%  82.30%  7410% _ 60.10%  58.40%
Goods and Service 42% 40.45% 33.24% 29.21% 28.95%

Despite the minimum TKDN requirements for geothermal power plants (PLTP) set by Ministerial
Regulation No. 54/2012 (Table 3), project implementation faces challenges. In Bengkulu, TKDN
regulations—particularly those involving turbines have delayed 600 MW projects in Kepahiang and
Lebong. As a result, JICA withdrew its funding, citing a mismatch between TKDN mandates and
procurement guidelines. Overall, geothermal development remains difficult due to complex technical
standards that often require foreign investment to proceed effectively [87].

Table 4 Minimum local component level (TKDN) for hydro and micro-hydro power plant
Hydro Power Plant Scale

Hydro Power Plant (PLTP)

15 MW 15-50 MW 50-150 MW >150 MW
Goods 64.20% 49.84% 48.11% 47.82%
Service 86.06% 55.54% 51.10% 46.98%
Goods and Service 71% 51.60% 49.00% 47.60%

The table referenced outlines the minimum Domestic Component Level (TKDN) for hydropower
and micro-hydro power plants (PLTA and PLTMH) as stipulated in Ministerial Regulation No. 54/M-
IND/PER/3/2012. By December 2023, PT Kayan Hydro Energy (KHE) achieved an 80% TKDN for the
Kayan hydropower project, leveraging abundant local resources in Kalimantan, while two micro-hydro
plants PLTM Lambur and PLTM Aek Sibundong were successfully commissioned in 2022. However,
other projects such as PLTA Bakaru 1 and 2, PLTA Upper Cisokan PS, and several smaller hydro
facilities still face hurdles in meeting TKDN requirements. Meanwhile, bioenergy has emerged as a
promising contributor to Indonesia’s renewable energy mix, accounting for 7.7% in 2023, with biodiesel
production reaching 12.3 million kg, saving over 122 trillion rupiahs and reducing 132 million tons of
greenhouse gas emissions. Despite this progress, bioenergy development is constrained by logistical
limitations, sustainability concerns, and a lack of incentives, particularly for non-palm-based biofuels.
Regulation No. 9 of 2023 by MESDM seeks to address these barriers, including procurement
inefficiencies and transportation challenges [88-90].

2.4 Strategies to secure critical mineral supplies

The restricted availability and crucial role of vital minerals have made securing their supply a global
concern, as identified in the World Bank’s 2020 study, which highlights this issue as a barrier to
economic development. Indonesia has responded with a collaborative strategy involving government,
industry, and academia to stabilize mineral supply chains. At the 2021 international trade conference in
Jakarta, the Minister of Trade reaffirmed Indonesia’s commitment to regional cooperation in this area.
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Indonesia’s strategies are divided into domestic and international efforts. Domestically, the government
is focused on critical mineral classification, downstream processing regulation, technological innovation
to reduce emissions, better resource utilization, and repurposing coal waste. Internationally, Indonesia,
like other countries, is working to boost domestic production, diversify supply sources, and expand
recycling. China has moved toward self-sufficiency by investing in overseas mining and enhancing local
recycling, while Japan emphasizes partnerships with key mineral-producing countries like Australia and
Indonesia to secure supplies for its manufacturing and technology sectors. Figureures 5.8 and 17

underscore Japan’s reliance on these international sources for vital minerals [91-94].
Others 8%

Malaysia 10%
France 11%

Vietnam 14%
China 58%

Figure 17. Japan's Dependence on Critical Minerals Supply Countries [94]

As fossil fuel reserves diminish and their adverse impacts become increasingly apparent, the role of
renewable energy has grown more critical. Meeting global energy needs requires a thorough
understanding of efficient and effective renewable energy strategies. This section examines the
approaches adopted by Indonesia and other nations, with a particular focus on identifying strategies
most suitable for PLN, Indonesia’s state-owned electricity utility, to ensure a sustainable energy supply.
Indonesia, with its high geothermal potential due to subsurface heat, ranks as the world's second-largest
producer of geothermal power, generating 2,418 MW as of 2023. However, only 11% of its geothermal
resources had been utilized by 2018, leaving significant untapped capacity [95-96].

To stimulate development, the government enacted Law No. 21 of 2014 on Geothermal Energy and
PLN plays a crucial role in supporting such projects. One key challenge is PLN’s lengthy and complex
process for finalizing Power Purchase Agreements (PPAs), which hinders investment; thus, streamlining
negotiations would significantly aid project acceleration. In addition to geothermal, hydropower
represents another major renewable source. Derived from the mechanical energy of flowing water,
hydropower remains one of the most widely used renewable technologies worldwide. Between 2017
and 2021, global hydroelectric capacity expanded rapidly, with the East Asia and Pacific region leading
in installed capacity for nearly five consecutive years [97-98].

Hydropower installed capacity growth, 2017-2021 (GW)
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Figure 18. Growth in Installed Electricity Capacity in Each Region of the World in 2017-2021 [99]
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Indonesia remains underutilized in its hydroelectric potential, despite East Asia and the Pacific
leading in hydropower capacity from 2017 to 2021. In 2023, Indonesia’s projected hydropower potential
reached 76.09 GW, yet only about 5.28 GW (6.9%) has been realized. This shortfall stems from high
investment costs, lengthy permitting processes, land-use challenges, forested hydropower sites, and poor
water quality. To overcome these barriers, PLN and the government must revise investment strategies
to attract investors, simplify permitting procedures, and promote equitable development of hydropower
across all viable regions, while ensuring adherence to Environmental Impact Assessments (Amdal).
Additionally, rather than focusing solely on large-scale projects, hydropower plants can be designed to
meet local energy needs, optimizing land use [100-103].

Meanwhile, nuclear energy, sourced from the fission of atomic nuclei, remains a significant
contributor to global electricity, supplying around 10% of the total energy mix, with 361,105 MW of
installed capacity as of 2022. Although Indonesia holds approximately 70,000 tons of UsQs, categorized
into measured, indicated, inferred, and hypothetical resources, it has yet to build a nuclear power plant
(NPP). However, plans are underway, with PLN expected to play a key role in establishing the country’s
first NPP by 2030 in coordination with the Ministry of Energy and Mineral Resources (ESDM) and the
Nuclear Energy Council (MTN). Concurrently, bioenergy sourced from biomass such as agricultural
waste, forestry residues, grasses, food waste, and microalgae represents another growing renewable
energy option. It is commonly used to blend or replace fossil fuels and generate electricity through
biomass power plants (PLTBm), offering a sustainable pathway within Indonesia’s energy transition
[104-107].

Table 5 Top Biofuel-Producing Nations by 2022

Nations Biofuel Production (Thousand Barrels of Qil per Day)
United States 728
Brazil 409
Indonesia 174
China 66
Germany 62
Argentina 45
India 43
Netherlands 39
Thailand 36
France 35

In 2022, Indonesia positioned itself as the world’s third-largest biofuel producer, underscoring the
government’s strong commitment to transitioning from fossil fuels to renewable energy through its
mandatory Biofuel (BBN) program. However, challenges persist in advancing B40, D100, and Bioavtur
fuels, along with infrastructure development for the “Merah Putih” catalyst, palm oil-based gasoline,
natural gas (BBG), and electric vehicles. Despite achieving a total biomass power plant (PLTBm)
capacity of 1,856.6 MW in 2018—214.6 MW on-grid and 1,643.9 MW off-grid—Indonesia did not rank
among the top 10 countries for installed PLTBm capacity in 2022. Globally, PLTBm capacity reached
26,060 MW, with Brazil leading at 12,688 MW. To enhance bioenergy utilization, the Indonesian
government has launched several market-based initiatives, such as co-firing coal plants (PLTU) with
biomass, supporting captive power plant electricity sales to PLN through the Excess Power scheme,
converting diesel plants to Crude Palm Qil-fueled plants (PLTBn-CPO), and developing Waste-to-
Energy (PLTSa) and agro-industrial waste power plants. These efforts are reinforced by state budget
support (APBN) and more accessible financing [108-109].

Meanwhile, electricity transmission from producers to end users continues to evolve with growing
global demand. Based on World Energy & Climate Statistics, global power generation grew by 2.3% in
2022 compared to 2021—slower than the 5.7% increase seen the year prior. In 2021, Indonesia produced
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308,661 GWh of electricity, ranking sixth in the Asia-Pacific region. This reflects the country’s
consistent upward trend in electricity generation since 2000, signifying its rising energy demand and
production capacity [110-112].

Total electricity production, Indonesia
400 000 GWh

T I I T I
2000 2005 2010 2015 2021

Figure 19. Total Electricity Production in Indonesia 2000 — 2021[113].

Despite annual increases in energy generation, Indonesia remains heavily reliant on fossil fuels,
particularly coal, which accounted for 61.5% of electricity production in 2021. To mitigate this
dependency, the government has adopted strategies such as boosting renewable energy deployment,
implementing carbon taxes and trading schemes, cofiring coal plants, decommissioning outdated coal-
fired units, and developing Carbon Capture and Storage (CCS) systems. In alignment with its
environmental commitments, Indonesia aims to reduce carbon emissions by 29% independently and up
to 41% with international support by 2030. In the realm of emerging technologies, fuel cells which
convert hydrogen and oxygen into electricity via electrochemical reactions are increasingly being used
globally. South Korea's Shinincheon Bitdream Fuel Cell Power Plant exemplifies this trend, boasting a
capacity of 78.96 MW and generating 700 GWh annually. In Indonesia, although fuel cell adoption is
still nascent, the establishment of the Indonesia Association Fuel Cell and Hydrogen Energy (INAFHE)
by BPPT reflects growing national interest. INAFHE brings together key institutions like LIPI, BATAN,
ESDM, academia, and private sectors to accelerate development in this field [114-116].

Indonesia also holds vast potential for Concentrated Solar Power (CSP) due to its abundant sunlight,
though environmental constraints such as the need for expansive flat land and consistent solar radiation
pose obstacles. CSP, which focuses sunlight using mirrors or lenses to produce heat for electricity, is
still in the R&D stage domestically. Nonetheless, the Ministry of Energy and Mineral Resources targets
a 23% renewable energy share by 2025, with CSP seen as a key contributor. This technology is also
linked to mineral resource strategies due to its reliance on specific critical materials. Additionally,
hydrogen is gaining attention as a clean alternative to fossil fuels, though like electricity, it is a secondary
energy carrier. Global interest in low-emission hydrogen projects is rising, with potential output
estimated at 38 metric tons per year by 2030. Indonesia has made strides in this area, as PT Aneka Gas
Industri (AGI) has launched the country’s first green hydrogen plant using water electrolysis. Moreover,
PT PLN (Persero) inaugurated a pilot Green Hydrogen Plant and Hydrogen Refueling Station at the
Kamojang Geothermal Power Plant on February 21, marking a significant milestone in Indonesia's
hydrogen infrastructure development [117-121].

Figure 20. The First Officially Operating Hydrogen Filling Station [121]
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Wind energy converts wind's kinetic energy into electricity using turbines with rotating blades that
drive generators. Wind is caused by air pressure differences, and its speed is affected by the Coriolis
effect, sunlight, and geography. Applications range from traditional milling sails to modern wind farms
and bladeless turbines.Wind energy converts wind's kinetic energy into electricity using turbines with
rotating blades that drive generators. Wind is caused by air pressure differences, and its speed is affected
by the Coriolis effect, sunlight, and geography. Applications range from traditional milling sails to
modern wind farms and bladeless turbines. [122].
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Figure 21. Total Wind Energy System and Capacity Factor between China and the United States [123]

Data shows that Thailand leads in renewable energy ownership, with Indonesia following. However,
Indonesia faces challenges in wind energy implementation due to its uneven terrain and the specific
wind speeds needed for turbines. In contrast, solar photovoltaics (PV) which use semiconductors to
convert sunlight into electricity are gaining global prominence due to declining costs. Indonesia has
played a role in the global rise of PV technology, as seen in large-scale projects like the Desert Sunlight
Solar Farm in the U.S., which generates 550 MW of power across 1,600 hectares [124-125].
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Figure 22. Contribution of energy sources, both electricity generation and total installed electricity capacity
globally in 2050 [126]

Although solar energy currently contributes only 3.6% to global electricity production, its adoption
is rapidly increasing, accounting for 31% of new renewable energy capacity in 2022. Global solar power
capacity grew significantly across 235 countries and regions from 2021 to 2022, with projections
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indicating that by 2050, solar photovoltaic (PV) technology could supply 25% of global electricity.
Europe led this growth in 2022 with an installed capacity of 225,478 MW. Despite this global
momentum, Indonesia remains behind, with only 271.6 MW of installed solar capacity in 2022 far below
the national target of 893.3 MW. The Ministry of Energy and Mineral Resources aims to increase rooftop
solar capacity to 3,600 MW by 2025. Meanwhile, the electric vehicle (EV) market continues to expand,
with 14 million EVs sold globally in 2023a 35% rise from 2022. China led with 8.1 million sales,
followed by the U.S. with 1.4 million, driven by tax incentives and revised regulations. In Indonesia,
the EV sector is gaining traction through strong government policy and investor interest. Despite
comprising only 0.1% of the automotive market in 2020, Indonesia’s resource wealth and industrial
growth position it as a future EV hub, though obstacles like high costs and limited charging
infrastructure must still be overcome [127-130].
25 Renewable Energy Technology Considerations
Indonesia’s energy sustainability hinges on harnessing local resources for renewable energy (RE)
development, supported by policies that encourage research and innovative technology deployment. Key
minerals such as nickel, cobalt, and copper are crucial in advancing toward sustainable energy by
enhancing energy independence, reducing greenhouse gas emissions, and diversifying the national
energy mix. Nickel, vital for lithium-ion batteries used in electric vehicles and energy storage systems,
is abundant in Sulawesi, which holds around 80% of the world’s nickel reserves. Although its utilization
in battery production is still limited, usage is rapidly growing alongside the rising demand for electric
vehicles and renewable technologies. Similarly, cobalt primarily sourced from Halmahera Island is used
in lithium-ion batteries for both energy storage and electric vehicles. While its current application in
Indonesia remains constrained, cobalt presents significant potential to accelerate the development of
electric vehicle infrastructure and renewable energy systems [131-132].

™
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Figure 23. Cobalt production yield in batteries [133]

Indonesia possesses substantial mineral reserves that play a crucial role in the development of
renewable energy technologies. The country is estimated to have around 800,000 tons of tin, primarily
located in the Bangka and Belitung Islands, which is used in solder and electronic components for solar
panels, wind turbines, and control systems, although its utilization remains limited. Additionally,
Indonesia holds significant copper reserves, particularly in Papua and West Nusa Tenggara, home to the
Grasberg mine one of the largest copper mines in the world. Copper is essential for renewable energy
technologies as it is used in batteries, electrical wiring, and various components of solar and wind energy
systems. While copper has been employed in some renewable energy applications in Indonesia, its
widespread use must be enhanced to support domestic clean energy infrastructure and innovation [133-
135].
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Figure 24. Tin Production in the Rl Market [134]

3. Methods

This study adopts a qualitative, exploratory-descriptive research design to assess Indonesia’s readiness
in leveraging its critical mineral resources for renewable energy (RE) technology and net-zero transition.
The methodological approach integrates multiple analytical frameworks to enhance both strategic depth
and policy relevance. First, a Life Cycle Assessment (LCA) is employed to evaluate the environmental
impact of critical mineral use across various RE technologies. Second, a criticality matrix is utilized to
map the supply risk and economic importance of key minerals in Indonesia’s context, drawing upon
internationally recognized indicators. Third, a value chain analysis is conducted to examine the domestic
mineral development trajectory from upstream extraction to downstream industrial application,
including the evaluation of local content (TKDN) requirements. Fourth, a resource typology framework
is applied to classify Indonesia’s mineral endowment based on geological availability, processing
readiness, and strategic potential. These approaches are complemented by SWOT analysis and
stakeholder benchmarking to contextualize national strategies within broader global energy transition
trends. Data is sourced from peer-reviewed literature, government publications, and global databases,
ensuring robust triangulation and empirical grounding. This comprehensive methodology provides a
structured basis for generating policy-relevant insights on enhancing critical mineral governance in
support of Indonesia’s renewable energy ambitions. The flowchart in the Figureure 25 depicts the
research methodology for Phase 1, which is structured into three sequential stages. The first stage
involves identifying and classifying critical minerals relevant to renewable energy (RE) technologies.
The second stage focuses on analyzing Indonesia’s mineral potential and evaluating its readiness to
support national net-zero emission targets. The third stage encompasses the assessment of localization
strategies (TKDN) and the formulation of strategic policy recommendations. Throughout these stages,
a data triangulation approach is employed by integrating information from multiple sources, including
government institutions, international organizations, and peer-reviewed academic journals, to ensure the
robustness and validity of the research findings.
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Figure 25. Flowchart of the research

4. Result and Discussions
4.1 Results

In Figureure 26 shown the SWOT analysis highlights Indonesia’s abundant reserves of critical
minerals such as nickel, cobalt, copper, and rare earth elements, supported by national regulations and
strong government commitment to energy transition and green economy initiatives. However, the sector
faces challenges including limited downstream processing capacity, low technological readiness, and
difficulties in meeting Local Content Requirements (TKDN), which hinder investment and industrial
growth. Opportunities arise from growing global demand for renewable energy minerals driven by
electric vehicles, solar PV, wind energy, and energy storage technologies, positioning Indonesia to
become a key player in battery manufacturing and the clean energy value chain. Nonetheless, threats
such as global price volatility, environmental and social risks, and geopolitical tensions may restrict
access to technology and markets. Strategic policies are needed to enhance Indonesia’s competitiveness
and promote sustainable development in the critical minerals sector.
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Table 6 summarizes the critical mineral value chain for renewable energy technologies, outlining
each stage from extraction to end-of-life and recycling. The extraction stage involves mining essential
minerals, which can cause significant environmental impacts such as deforestation and water
contamination. Processing and refining transform raw minerals into usable components but are
associated with high energy use and chemical waste risks. Manufacturing uses these processed minerals
to produce renewable energy components, with considerations for emissions, resource efficiency, and
local content (TKDN). Deployment and operation integrate these technologies into infrastructure, where
operational emissions are low but depend on mineral types. Finally, end-of-life and recycling focus on
waste management and mineral recovery, though Indonesia currently has limited recycling capacity,

STRENGTHS

+ Abundant domestic reserves
of crifical minerals such as
nickel. cobalt, copper, and
rare earth elements.

» Existence of national
regulatory framewwoks
te.g,. Ministerial Decree
No. 296.K/MK.01/MEM.B/
2023) supporting mineral
classification.

» Strong policy support for
energy transition and green
economy from the govern-
ment and state-owned
enterprises (e.g. PLN).

OPPORTUNITIES

+ Rising global demand for
crifical minerals driven by the
expansion of EVs, solar PV,
wind energy, and energy
storage systems.

+ Potential for indonesia to
emerge as a global battery
manufacturing and clean
energy value chain leader.

+ Strengthened bilateral and
multilateral cooperation
(e.g,, Unifed States,

China, South Korea, EU)

WEAKNESSES

+ Limited domestic

downstream processing
and refining capacity: relf-
ance on raw mineral
exports.

+ Low level of fechnological

readiness and innovation
capacity in mineral proces-
sing and RE technology
manufacturing.

» Local manufacturers strugole

fo meet Local Content
Requiroments (TKDN),
leading fo investment lelays.

THREATS

« Volatility in global mineral

prices and trade disruptions
may undermine national
economic and energy securfy.

« Environmental degradation

and social confiict risks
assoclated with unregulated
or unsustainable mining
practices.

+ Geopolitical tensions and

resource nationalism may
affect access to key
mineral processing

Figure 26. SWOT analysis of critical raw materials

underscoring the need for enhanced circular economy practices.

Table 6 Life cycle analysis of critical raw materials

" Environmental
Stage Description Considerations
Mining of critical minerals .
such as nickel, cobalt, (?ee;gg;?:non' land
Extraction bauxite, copper, and rare biodiversity loss, water
earth elements  from contamination
domestic reserves. '
Smelting, separation, and
purification of raw minerals High energy
Processing &  into usable components for consumption,
Refining RE  technology (e.g., emissions, chemical
battery-grade nickel, waste disposal risks.
refined silicon).
. Emissions from
Manufacturing _Use of processed minerals manufacturing,
in components of solar PV, -
resource  efficiency,
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wind turbines, EV batteries,
fuel cells, etc.

TKDN (local content)
impact.

Integration into national Operational emissions

Deployment & infrastructure (e.g., solar (low), durability and

Operation farms, EV fleets, wind efficiency influenced
plants). by mineral type.

Decor_nmlssmnmg, waste Low recycling

End-of-Life & handll_n g, and capacity in Indonesia;

. recycling/recovery of . . ’

Recycling : potential circular

valuable minerals (e.g.,

lithium, cobalt, copper). economy benefits.

Table 7 shown the Indonesia’s renewable energy (RE) value chain, spanning from mineral
extraction to end-use deployment, reflects both strategic advantages and critical constraints. The
upstream stage, encompassing exploration and mining, demonstrates Indonesia’s strong position due to
its abundant reserves of critical minerals such as nickel, bauxite, copper, and rare earth elements (REES).
However, this stage faces challenges, including environmental degradation risks, safety concerns, and
social resistance from local communities, which could hinder sustainable resource exploitation.

In the midstream stage, which involves processing and refining, Indonesia has made progress in
developing domestic smelting capacities, yet significant gaps persist. The reliance on energy-intensive
technologies and difficulties in meeting Local Content Requirements (TKDN) constrain the sector’s
growth. Meanwhile, the downstream manufacturing of RE components—such as battery cells, solar
panels, and electric vehicle (EV) parts—remains underdeveloped due to technological dependence on
imports and limited economies of scale, undermining Indonesia’s potential to establish a competitive
industrial base.

The deployment phase, including the construction of RE facilities like solar power plants (PLTS)
and wind farms (PLTB), shows gradual improvement, supported by state-owned enterprises (e.g., PLN)
and national energy transition targets. Nevertheless, financing limitations and regulatory inefficiencies
delay project implementation. Finally, the end-of-life and recycling segment remains nascent, with only
pilot-scale initiatives in place. The absence of comprehensive circular economy systems and low public
awareness further impede progress in recovering critical materials from used RE technologies.
Addressing these constraints through policy reforms, technological investments, and international
collaboration will be pivotal for Indonesia to fully leverage its mineral wealth for a sustainable energy
future.

Table 7 Value chain analysis from mineral to renewable energy deployment

Stage Key Activities Indonesia’s Constraints
Position
Upstream Survey, Strong:  abundant Environmental and
(pr loration & licensing, reserves (nickel, safety  concerns,
Minpin ) extraction of bauxite, copper, community
9 raw minerals REEs) resistance
Smelting,
Midstream purlflca'_uon, Developing: Technology gaps,
- conversion to . . . .
(Processing & . . growing domestic energy-intensive,
L intermediate
Refining) . : smelters TKDN challenges
industrial
forms
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Downstream

(Manufacturing)

Deployment

End-of-Life

Recycling

&

Component
production:
battery  cells,
solar  panels,
EV parts
Construction
of RE facilities
(PLTS,
PLTBm, EV
infrastructure,
etc.)
Collection,
separation,
recovery of
critical
materials from
used RE tech

Weak: limited
industrial base for
RE components

Improving: PLN &
national targets in
place

Nascent: pilot-scale
recycling only

Dependence  on
imported tech, low
economies of scale

Funding gaps,
regulatory
bottlenecks

Low public

awareness, lack of
circular systems

Table 8 present the Indonesia's mineral resources exhibit varying degrees of development readiness
across a clear classification spectrum. Proven reserves like Grasberg's copper and Morowali's nickel are
actively exploited, while probable reserves such as Bangka Belitung's rare earth elements require further
validation. The country also holds inferred resources (e.g., Kalimantan's uranium) needing exploration
investment, along with speculative potential in lithium deposits that could bolster future mineral supply
chains. Notably absent are formal strategic stockpiles, representing both a policy gap and opportunity
for securing critical minerals. This resource typology reveals Indonesia's immediate strengths and future
potential in the global minerals market. While established mines currently drive economic value,
underdeveloped inferred and speculative resources - particularly those relevant to renewable energy
technologies - demand systematic exploration and assessment. The absence of strategic stockpiles
highlights an area for policy innovation to enhance mineral security as global demand for critical
resources intensifies, especially for energy transition applications.

Table 8 Typology of resources classification of Indonesia’s mineral assets

Resource Definition Examples_ n Status
Type Indonesia
Economically mineable Grasberg (Copper), .
Ereg:elﬁ\r/‘es resources with confirmed Morowali (Nickel), g(Ct:\éﬁzj
quantity and quality Halmahera (Cobalt) P
Resources with reasonable Monazite (REE) in .
Probable . . - Partially
economic confidence but less Bangka  Belitung,
Reserves . N explored
certainty Zinc in Sumatra
Inferred Estimated based on limited Ura_n Ium (in Not actively
. ) Kalimantan, Papua),
Resources  geological evidence : developed
Gallium
Speculative Pre_sumed to exist based on Lithium  (Bangka, Targeted for
regional geology, not yet - future
Resources . Sumatra), Tellurium .
confirmed exploration
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Reserves maintained for Not formally Potential area for
long-term  industrial  or developed in RI policy
energy security needs policy development

Strategic
Stockpiles

Figureure 27 show the criticality matrix for a strategic evaluation of Indonesia's mineral resources
based on their importance to renewable energy (RE) technologies and associated supply risks. Minerals
such as silicon, copper, cobalt, and rare earth elements (REES) are positioned as highly critical, reflecting
their indispensable role in manufacturing solar panels, wind turbines, batteries, and other RE
components. These resources score notably high on both axes—demonstrating significant technological
importance (4.5-5.0 on the scale) and elevated supply risk (3.0-5.0), the latter stemming from
geopolitical dependencies, concentrated production, or environmental extraction challenges. In
contrast, bauxite (aluminum) exhibits lower criticality, with moderate importance (scoring 1.0-3.0) to
RE technologies and relatively stable supply risks (1.0-3.0). This disparity underscores the varying
degrees of strategic value among Indonesia's mineral assets, with high-criticality minerals requiring
prioritized policy attention to secure supply chains. The matrix further highlights potential
vulnerabilities, particularly for cobalt and REES, where global demand surges and export restrictions
could disrupt domestic RE ambitions.

To mitigate these risks, Indonesia must adopt integrated strategies, including diversified sourcing,
investment in domestic processing, and international partnerships. The criticality framework not only
identifies immediate priorities but also guides long-term mineral governance to support the nation's
energy transition. Future research should expand this analysis to include socio-environmental factors,
ensuring sustainable resource management aligns with RE deployment goals.

&5 Criticality Matrix - Indonesian Minerals for Renewable Energy Technologies

o

=)
X
X

&
n

»
X
x.
X
X

W
5

Bauxite (Alum.)

Importance to Renewable Energy Technologies (Low - High)
N N w
o w o
X

Lo
wu

1'(10 1.5 2.0 25 3:0 35 4.0 4.5 5.0 5:5
Supply Risk (Low - High)

Figure 27. Indonesian criticality matrix for minerals in renewable energy technologies

Table 9-10 provides a structured overview of Indonesia’s readiness and strategic pathways in
managing critical mineral resources for renewable energy development. The Scenario Planning, outlines
three future-oriented scenarios—Optimistic, Baseline, and Pessimistic—based on varying degrees of
policy success, market stability, and technological integration. Each scenario is analyzed in terms of its
projected impact on mineral demand, local content (TKDN) targets, and the corresponding policy
implications. For instance, under the Optimistic scenario, the demand for critical minerals is expected
to rise sharply due to accelerated deployment of RE technologies and electric vehicles, necessitating
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strong downstream integration and international cooperation. Conversely, the Pessimistic scenario
warns of increased risks stemming from weak governance, supply chain disruptions, and socio-
environmental conflicts, which would hinder Indonesia's energy transition.

The Stakeholder Mapping, identifies and categorizes key actors involved in Indonesia’s critical
mineral governance. It details the roles, interest levels, and influence of each stakeholder, including
government ministries, PLN, mining companies, research institutions, local communities, and
international investors. High-influence entities such as the Ministry of Energy and Mineral Resources
(ESDM), the Ministry of Industry, and PLN are central to regulatory development, industrial policy, and
infrastructure implementation. Meanwhile, non-state actors like environmental NGOs and local
communities, although less influential, play a crucial role in ensuring sustainable and socially accepted
mineral practices. This mapping provides a foundational understanding for multi-stakeholder
coordination and policy alignment, essential for achieving a resilient and inclusive mineral supply chain
aligned with Indonesia’s net-zero ambition.

Table 9 Scenario plannings

TKDN
. - Impact on . L (Local
Scenario Description Mineral Demand Policy Implication Content)
Target
High global demand,
successful downstream Incentivize R&D,
integration, strong Very High (Rapid strengthen circular
Optimistic  international expansion of RE economy, secure long- >60%
cooperation, and techand EVs) term international
environmental agreements.
safeguards in place.
Moderate growth in
Baseline renewable deployment, Moderate Maintain steady
(Current partial success in local (Gradual RE investment and improve 40-50%
Trajectory) content and mineral implementation)  governance mechanisms.
processing.
Global market .
o Reform regulations,
volatility, b Low (Delays in mitigate
Pessimistic domestic policies, high y '9 . <30%
. RE development)  social/environmental
environmental and ) A .
. . risks, diversify sourcing.
social opposition.
Table 10 Stakeholders mapping
Stakeholder Role Interest Influence
Level Level
Ministry of Energy . .
Resources (ESDM) gnt

Industrial policy, TKDN
Ministry of Industry regulation, downstream industry High High
development

PLN (State .
Electricity Deployment of RE infrastructure, High High
c power purchase agreements

ompany)
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Private Mining Mineral extraction, processing,

Companies export operations High High

Research Conduct studies, provide

Institutions & innovation and technical Medium Medium

Universities recommendations

Local Governments Perml_t issuance, regional mineral Medium Medium
planning and development

. Monitoring sustainability,

Environmental . . .
advocacy, community High Medium

NGOs
engagement
Capital and technology

Foreign Investors investment in RE and mineral High High
processing

Local Communities Resource ~ stewardship,  land High Medium

access, social license to operate

4.1 Discussion

The study underscores Indonesia's pivotal role in the global renewable energy (RE) transition,
leveraging its abundant critical minerals to achieve net-zero emissions by 2060. Indonesia's vast reserves
of nickel, cobalt, copper, and rare earth elements (REES) position it as a key player in supplying
materials essential for RE technologies, such as solar panels, wind turbines, and lithium-ion batteries.
However, the paper reveals a significant gap between the country's mineral potential and its capacity to
harness these resources effectively. Despite being the world's top nickel producer, Indonesia's local
content (TKDN) requirements remain unmet due to technological limitations and high production costs.
This disconnect highlights the urgent need for strategic policies to bridge the gap between resource
availability and industrial capability. A critical issue identified is the low integration of domestic
minerals into RE technologies. For instance, while Indonesia produces 1.8 million metric tons of nickel
annually, its utilization in battery manufacturing is minimal, with most raw materials exported. This
trend not only limits economic value addition but also exacerbates dependency on foreign technology.
The paper emphasizes the importance of downstream industrial development to enhance TKDN and
reduce reliance on imports. Strengthening local processing capabilities and fostering innovation in
mineral refining could transform Indonesia from a raw material exporter to a hub for high-value RE
components, aligning with global sustainability goals.

The environmental and social impacts of mineral exploration present another layer of complexity.
Mining accidents, deforestation, and water contamination pose significant risks, undermining the
sustainability of Indonesia's RE ambitions. The study calls for stringent regulations and sustainable
mining practices to mitigate these effects. For example, adopting circular economy principles, such as
recycling critical minerals from end-of-life products, could reduce environmental degradation while
securing supply chains. Balancing economic growth with ecological preservation is paramount to
ensuring long-term viability and gaining public support for RE projects. International collaboration
emerges as a key strategy to address supply chain vulnerabilities. The paper cites China's self-sufficiency
model and Japan's partnerships with mineral-rich nations as benchmarks. Indonesia could leverage
similar alliances to access advanced technologies, diversify supply sources, and stabilize prices amid
global market volatility. Regional cooperation within ASEAN and frameworks like the Indo-Pacific
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Economic Framework (IPEF) could further enhance resource security and trade resilience. Such
partnerships must prioritize equitable benefits to avoid neo-colonial exploitation of Indonesia's mineral
wealth.

The study also highlights disparities in RE technology adoption across sectors. Geothermal and
hydropower dominate Indonesia's RE capacity, yet solar and wind energy lag due to infrastructural and
regulatory hurdles. For instance, solar PV installation reached only 270.1 MW in 2023, far below the
893.3 MW target. Streamlining power purchase agreements (PPAS), incentivizing investments, and
simplifying permitting processes are recommended to accelerate deployment. Tailoring solutions to
regional conditions—such as optimizing wind farms in high-wind areas and solar plants in sun-rich
regions—could maximize efficiency and resource use. Policy coherence is another critical challenge.
While Indonesia has robust frameworks like the Long-Term Strategy for Low Carbon and Climate
Resilience (LTS-LCCR), implementation gaps persist. Conflicting regulations, such as TKDN mandates
delaying geothermal projects, deter investors. The paper advocates for harmonizing policies across
ministries and enhancing stakeholder coordination. A unified approach, involving government, industry,
and academia, is essential to align mineral governance with RE targets and ensure policy effectiveness.

The role of state-owned enterprises (SOEs) like PLN is pivotal in driving the energy transition.
PLN's initiatives, such as co-firing biomass in coal plants and piloting green hydrogen projects,
demonstrate progress. However, the study notes that SOEs face financial and operational constraints,
necessitating public-private partnerships (PPPs) and international funding. Mobilizing green finance and
de-risking investments through guarantees could unlock capital for large-scale RE projects, ensuring
Indonesia meets its 23% RE share target by 2025.

Finally, this research underscores the need for continuous research and development (R&D) to
innovate RE technologies suited to Indonesia's resource profile. Investing in R&D for lithium extraction,
rare earth processing, and advanced battery systems could position Indonesia as a leader in the global
RE market. Coupled with education and workforce training, such efforts would build domestic expertise
and reduce technological dependence. The study concludes that Indonesia's path to net-zero emissions
hinges on a holistic strategy—integrating resource management, policy reform, international
cooperation, and sustainable practices—to transform its mineral wealth into a catalyst for a resilient,
low-carbon future.

4.2 Recommendation
1. Enhance Downstream Processing and Local Content (TKDN) Requirements

To maximize the economic and technological benefits of Indonesia’s critical minerals, the
government must prioritize downstream industrial development. Strengthening local processing
capabilities for minerals like nickel, cobalt, and rare earth elements (REEs) will reduce reliance on raw
material exports and increase the Local Component Level (TKDN) in renewable energy (RE)
technologies. Policies should incentivize domestic manufacturing of high-value components, such as
lithium-ion batteries and solar panels, while addressing barriers like high production costs and
technological gaps through targeted subsidies and R&D investments.
2. Adopt Sustainable Mining Practices and Circular Economy Principles

Given the environmental and social risks associated with mineral extraction, Indonesia must enforce
stringent regulations to mitigate deforestation, water contamination, and mining accidents.
Implementing circular economy strategies—such as recycling critical minerals from end-of-life RE
technologies—can reduce environmental degradation and secure supply chains. Collaboration with
international organizations to adopt best practices in sustainable mining and resource management will
further align Indonesia’s mineral sector with global sustainability goals.
3. Strengthen International and Regional Collaborations
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To mitigate supply chain vulnerabilities, Indonesia should pursue strategic partnerships with
mineral-rich nations and technology leaders, such as Japan and China. Frameworks like the Indo-Pacific
Economic Forum (IPEF) can facilitate knowledge transfer, diversify supply sources, and stabilize prices
amid global market volatility. Regional cooperation within ASEAN should also be leveraged to
harmonize policies, share expertise, and attract foreign investment while ensuring equitable benefits for
Indonesia’s mineral resources.

4. Streamline Policy Implementation and Stakeholder Coordination

Despite robust frameworks like the Long-Term Strategy for Low Carbon and Climate Resilience
(LTS-LCCR), conflicting regulations—such as TKDN mandates delaying geothermal projects—hinder
progress. A unified approach involving the Ministry of Energy and Mineral Resources (ESDM), PLN,
and private sectors is essential to harmonize policies, simplify permitting processes, and accelerate RE
deployment. Establishing a dedicated task force for RE project management can improve coordination
and resolve bottlenecks in power purchase agreements (PPAs) and financing.

5. Invest in Research, Innovation, and Workforce Development

Continuous R&D is critical to advancing RE technologies tailored to Indonesia’s resource profile,
such as lithium extraction and rare earth processing. Funding for universities and research institutions
should be increased to foster innovation in battery systems, solar PV efficiency, and hydrogen
technologies. Concurrently, vocational training programs must be expanded to build domestic expertise,
reducing dependence on foreign technology and ensuring a skilled workforce for Indonesia’s energy
transition. By integrating these measures, Indonesia can transform its mineral wealth into a cornerstone
of a resilient, low-carbon future.

5. Conclusions

This comprehensive study highlights Indonesia's strategic position in the global renewable energy
transition, emphasizing the critical role of its abundant mineral resources—including nickel, cobalt,
copper, and rare earth elements (REES)—in achieving the nation's net-zero emissions target by 2060.
The research reveals that while Indonesia possesses significant reserves of these essential minerals, their
full potential remains underutilized due to several key challenges. These include the persistent gap in
local content (TKDN) requirements for renewable energy technologies, which stems from limited
downstream processing capabilities, high production costs, and technological dependencies on foreign
imports. Additionally, the environmental and social impacts of mineral extraction, such as deforestation,
water contamination, and mining accidents, pose significant risks that must be mitigated through
stringent regulations and sustainable practices. The findings further demonstrate that Indonesia's current
reliance on raw material exports, rather than high-value-added manufacturing, constrains its ability to
capitalize on the growing global demand for RE technologies. To address these issues, the study
advocates for a multi-faceted approach, including enhanced downstream industrial development, the
adoption of circular economy principles for mineral recycling, and stronger international partnerships
to diversify supply chains and stabilize market volatility. Policy coherence across government agencies,
streamlined permitting processes, and increased investment in research and workforce development are
also identified as critical enablers for advancing Indonesia's renewable energy sector. By implementing
these strategic recommendations, Indonesia can transition from a resource exporter to a leader in
sustainable energy technology, ensuring long-term economic growth, environmental preservation, and
energy security. This transformation will not only support the nation's climate commitments but also
position it as a key player in the global clean energy landscape, fostering innovation and resilience in
the face of evolving energy demands.
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