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Abstract: Through energy transition, China can help curb the global climate challenge and achieve
carbon neutrality. However, the development of energy transition is potentially constrained by
minerals. Previous studies on energy minerals have been limited to power generation technologies
(e.g., wind and solar) and have mostly focused on rare metals. In this study, 18 minerals were selected
for investigation based on the energy transition scenario in China. A dynamic stock model was used
to calculate the installed capacity and phase-out of infrastructure. Through scenario analysis, changes
in the demand for minerals from China’s energy transition and the risks of these minerals were
assessed. Uncertainties in mineral intensity and lifetime assumptions were also addressed through
statistical estimation and sensitivity analysis. The results indicate that wind power and photovoltaics
will dominate the power generation sector in the future. Further, some minerals (Co, Cr, Cu, In, Li,
Ni, Te) will face risk (especially Co and In), which may limit the development of electric vehicles
and photovoltaics. Extending lifetime and reducing material intensity can reduce material demands
but cannot fully mitigate material supply risks. Therefore, resource security strategies should be
developed in advance to secure the supply of mineral resources in the energy transition process.

Keywords: energy scenario; mineral demand; low-carbon technologies; energy transition

1. Introduction

The low-carbon energy transition is a key pillar of climate change policy, aimed at
achieving the Paris Agreement’s “well below 2°” target [1]. It is also crucial for achieving
the UN’s 2030 Sustainable Development Goals (SDGs) [2]. According to the International
Energy Agency’s (IEA) World Energy Outlook 2021 [3], the total share of electricity in
the global end-use energy consumption will rise from 20% in 2020 to around 50% in 2050.
According to the International Renewable Energy Agency (IRENA), 14,000 GW and 8100 of
solar energy and wind power (WP), respectively, will be installed in 2050, and 90% of
electricity demand will be provided by renewable energy [4]. Transportation is also a major
sector for the country’s economic and social development, as well as for achieving SDGs.
It is a major energy end-use sector and a contributor to greenhouse gas (GHG) emissions [5],
accounting for about 24% of global energy-related GHG emissions [6], and electric vehicles
(EVs) are considered the main solution to curb climate change in the transportation sector.
Specifically, global EV ownership is expected to reach 1.78 billion in 2050 [7].

China’s recent rapid economic growth has led to massive consumption of fossil fuels,
making the country the largest primary energy consumer and CO, emitter. With China’s oil
import dependency rising annually [8,9] and its long-term passive position in international
climate change negotiations, low-carbon energy transition is the only option for the coun-
try’s sustainable development under the dual pressure of energy crisis and CO, emission
reduction [10]. Thus, renewable energy’s development will significantly reduce GHG
emissions and related climate impacts, which is crucial to improve global climate change.

Accordingly, the Chinese government has proposed a series of targets for the low-
carbon energy transition. The 12th and 13th Five-Year Plans predicted that the share of
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nonfossil energy in primary energy consumption would reach 11.4% and 15% by 2015 and
2020, respectively [11-13]. This target is reaffirmed in the newly released 14th Five-Year
Plan [14], which expects that the share of nonfossil energy in total energy consumption
will increase to about 20% by 2025. The National Development and Reform Commission
has released the “China 2050 Renewable Energy High Penetration Scenario and Roadmap
Study,” which provides a feasible pathway for high penetration of renewable energy
(mainly wind and solar) by 2050 [15]. Simultaneously, several agencies (e.g., the IEA [3] and
DNV [16]) have made similarly optimistic projections for the growth of renewable energy
in China. The country has recently made rapid progress in renewable energy development
and is the global leader in installed renewable energy capacity. In particular, 2021 has
seen approximately 1020 GW of installed capacity, with most of the growth from solar and
wind [17], and this rapid growth is expected to continue for some time.

However, clean energy technologies are more mineral-intensive than conventional
energy systems. They often rely on multiple minerals, and consequently, the demand for
them will increase rapidly during the transition to clean energy technologies [18]. Some of
these minerals are indispensable and extremely scarce, as well as at high risk in their supply
chain [19]. Therefore, prejudging potential resource supply bottlenecks, and dependence
on foreign minerals, is critical to both China’s energy transition and climate policy. Further,
China should develop a strategy accordingly.

Scientific studies have analyzed the mineral demand for energy technologies in dif-
ferent dimensions and perspectives (Table 1), and the spatial boundaries of these studies
cover different geographical scales, from global [20,21] to a particular country [22,23]. The
energy technologies considered in these studies are diverse, conducting extensive research
on WP [24], photovoltaics (PV) [19], and concentrated solar power (CSP) [25]. These studies
either include all metals required for energy technologies or are limited to key metals.
However, the following are several of the remaining shortcomings. First, most of these
studies have been conducted on a global scale, with fewer studies at the national level and
much fewer in developing and emerging economies. Second, country-wide studies often
consider only certain power generation technologies or material requirements for trans-
portation electrification. However, the deployment of low-carbon energy technologies will
also lead to a large expansion of electricity transmission and distribution (T&D) networks.
Regarding the types of minerals analyzed, only key rare metals, such as rare earth elements
(REES), are often considered, and less often base metals and nonmetals.

Table 1. Summary of related studies on mineral demand in the energy transition.

Literature = Region Time Technology Mineral
[26] Global 2060 PV, CSP, WP, EVs Co, Cu, Dy, Ga, In, Li, Nd, Ni, Pt, Se, Ag, Te
[21] Global 2060 PV, WE, CSP, hydropower, nuclear power, Fe, Al, Cu, Nd, Co, Pb
energy storage, T&D
[27] Global 2050 WP, PV, CSP, EV Cd, Cr, Co, Cu, Ggf;nh' Mn, Ni, Ag, Te,
PV, WP, EVs5, fuel cells, batteries, Ag, Nd, Pr, Dy, Tb, Yt, La, Ce, Eu, Co, Pt,
[20] Global 2050 electrolysis, efficient lighting Ru, In, Te
[28] Global 2100 EVs, WP Li, Co, REE (Pr, Dy, Nd)
[25] Global 2050 Ccsp Fe, Al, Ti, Cu, Mn, Cr, Zn, Ni, V, Mo, Nb, Ag
[29] Global 2050 PV (thin film) In, Ge, Ga, Se, Te, Cd
[19] China 2050 WP, PV Nd, Dy, Cd, Te, In, Ga, Se, Ge
. . . Ag, Te, In, Ge, Se, Ga, Cd, Nd, Dy, Pr, Tb,
[30] China 2050 All generation technologies Pb, Cu, Ni, Al Fe, Cr,
[31] China 2050 PV, WP, CSP, T&D hydropower, nuclear Al Cu, Fe
power, energy storage
[32] China 2050 All generation technologies Al, Cu, Fe, Cr, Ni
7] China 2050 EV Fe, B, Ni, Ti, Al, Co, Mn, Li, Cu, REE

(La, Ce, Pr, Nd, Sm, Dy)
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Table 1. Cont.

Literature = Region Time Technology Mineral
[22] Germany 2050 PV, WP, T&D, hydropower, geothermal, In, Ga, Se, Cd, Te, Nd, Dy, Y, Ag, Li, V
biomass, energy storage,
[23] France 2050 PV, WP, hydropower, nuclear power Al, Cu, Fe
[24] Denmark 2050 WP Nd, Dy, steel, cast iron, nonferrous metals

The energy technologies selected for this study include WP, PV, CSP, EVs, and T&D
because of the following reasons. First, they are expected to be deployed in large numbers
in China and worldwide in the future. With new development targets for China’s installed
WP and solar power under the carbon neutrality target, WP and solar power are ranked as
top priorities for the future development of renewable energy. Second, as important clean
technology with high market penetration, EVs have attracted the attention of the Chinese
government. China’s “New Energy Industry Development Plan (2021-2035)” sets the goal
of new energy vehicle sales. The sales will reach about 20% of total new vehicle sales by
2025, with EVs becoming the mainstream of new vehicles sold by 2035 [33]. Additionally,
future large-scale electrification may result in a significant increase in the demand for
electricity T&D.

WP and EVs require large amounts of REEs (e.g., Nd and Dy) to make permanent
magnets for generators [28]. Minerals such as Cd, Te or In, Ga, and Se are required for thin-
film solar technology, and Ge is a key component of a-Si (amorphous silicon) cells [34,35].
Meanwhile, CSP requires Ag for reflectors, Ni, and Mo for the high-strength steel alloys
needed for structures [25]. EVs drive the development of high-capacity batteries, which
will increase the demand for various materials (e.g., Li, Ni, Co, and Mg) [27]. Cu is the “cor-
nerstone” of all power-related technologies [5], while Fe and Al are crucial components of
T&D networks [31]. In this study, 18 elements that are crucial for the future development of
electricity and transportation are selected for investigation (Table 2). We did not distinguish
between metals and nonmetals as we consider them equally important.

Table 2. Energy technologies and related minerals involved in this study.
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The study aims to determine which minerals will pose constraints on energy technolo-
gies required for China’s energy transition in the medium to long term. Hence, relevant
measures can be developed to avoid these constraints. This study did not aim to propose
a new list of key minerals, but rather to determine which technologies may be at risk of
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not meeting their current deployment targets owing to shortages in mineral supply. The
remainder of this paper is structured as follows. Section 2 describes the methodology.
Section 3 provides the results of the analysis. Section 4 discusses technology development,
substitution and recycling, and the impact of energy transition in China. Finally, Section 5
provides the main conclusions of the study.

2. Methods
2.1. Energy Scenario

Many organizations have conducted studies on the future development of China’s
energy system [3,16,36,37]. These studies have different analytical perspectives and focus
and include one or more scenarios, which are predicted as far as 2060. Among the various
roadmaps on the feasibility of renewable energy development in the country, this study
adopts the “energy and power deep decarbonization scenario” as the main energy scenario
from the China Energy and Electricity Development Outlook 2021 by China Magisterial
Energy Navigato [38].

First, this scenario is based on a comprehensive model that considers different factors
(e.g., economic, technological, and national policies), with China’s newly proposed carbon
neutrality target as the constraint and energy supply security as the bottom line. Second, the
“energy and power deep decarbonization scenario” is set up to quantify the transformation
path of China’s energy and electricity by 2060. Additionally, forecasts are made for the
installation and generation of electricity by different energy technologies and the use of
electricity in the transportation sector.

2.2. Key Assumptions

This study focuses on energy technologies that might be deployed on a large scale
and are highly dependent on minerals (e.g.,, WP, PV, CSP, EV, and T&D). Each energy
technology includes different types of sub-technologies whose market shares are one of the
main determinants of future mineral demand. However, the shares are not often provided
in energy scenarios [30]. This section focuses on describing key assumptions, such as the
lifetime of energy technologies (Table 3) and the share of sub-technologies.

Table 3. Market shares and lifetime assumptions of sub-technologies.

CSpP WP BVs T&D
c-Si CdTe CIGS PT CRS Onshore Offshore BEVs PHEVs Wire Transformer
Market share % 85 5 50 50 / / 80 20 / /
Lifetime/year 30 30 30 25 25 15 40 30

Two major PV technologies are currently used, namely, c-Si (crystalline silicon) and
CdTe (cadmium telluride) thin film, which are called first and second-generation PV
technologies. Globally, c-Si has about 95% market share, CdTe has the second highest
market share (3.96%) [39]. However, a-Si has a lower market share, and its low efficiency
makes it unattractive for most applications [26]. In China, c-Si is the most mature technology,
occupying a major market share (about 90%). Unlike silicon-based cells (e.g., c-Si), thin-film
cells use few materials and theoretically have higher efficiency. CIGS (copper indium
gallium selenide) and CdTe are the main types of thin-film solar cells that can be currently
commercialized [40]. Among them, CdTe has developed faster in recent years, with its stable
performance and low manufacturing cost. However, CIGS may become more common
in the future owing to its high efficiency, low cost, and low toxicity [41]. As the current
market is dominated by c-Si, thin-film technology still has the potential to grow. This
study assumes 85% and 15% shares for c-Si and thin-film technology (CdTe 10%, CIGS 5%),
respectively (Table 3).

According to the concentration mode, the current CSP includes four different tech-
nologies: tower collector system (CRS), parabolic trough (PT), linear Fresnel, and dish
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Stirling [26]. Specifically, PT and CRS are widely used [27]. In China’s installed CSP in-
frastructure, CRS, PT, and linear Fresnel technology account for about 60%, 28%, and 12%,
respectively. Meanwhile, in the global installed solar thermal power generation, PT, CRS,
and linear Fresnel account for about 76%, 20%, and 4%, respectively [42]. It is assumed that
the CSP infrastructure in China has a 50% share each of CRS and PT.

The current Chinese new energy vehicle market is dominated by battery electric vehi-
cles (BEVs), supplemented by hybrid plug-in electric vehicles (PHEV). In 2021, 2.91 million
BEVs were sold in China, accounting for 82.8% of total new energy vehicle sales [43]. With
the charging infrastructure improvement and technological advancement, the number of
EVs is expected to continue to grow in China. Based on selected scenario forecasts, EV
ownership is expected to reach 350 million units in 2060. From the current market share
and considering the future development of hybrid tram technology, the market share of
BEVs and PHEVs is assumed to be 80% and 20%, respectively.

In this study, only the wires and transformers in electricity T&D are investigated
depending on data availability and importance. Different sizes are used for wires of
different voltages [31]. Based on the current status of the Chinese grid, we select 35, 110,
220, 330, £400, 500, £660, 750, £800, and 1000 kV in the accounting. The grid sizes
for future transmission grids were calculated using the current grid size and generation
capacity growth factors [21]. Then, the line length is multiplied by the mineral intensity
(MI) of the grid subelements. The results are summed to the mineral demand of the
transmission grid.

The installed life is referenced to the average value in previous studies and is taken to
be slightly higher while considering future technological advances (Table 3).

2.3. Mineral Demand Calculation
2.3.1. Installed Capacity

A life-cycle-based dynamic stock model was applied to calculate the inflow and
outflow of infrastructure stock [21,30,44]. The installed capacity (inflow) of infrastructure
was estimated based on the cumulative installed capacity in the energy scenario and the
phase-out capacity (outflow) in the old years, as expressed in Equation (1).

Fi"(t) = S(t) — S(t — 1) + F¥(t) (1)

where F™(t) is the installed capacity (inflow) in year t, S(t) is the cumulative installed
capacity (stock) in year t, and Fp®“(t) is the phased-out capacity (outflow) in year t.

The phased-out capacity is driven by the assumed development of lifetime and in-
service capacity [24]. Outflow is estimated based on the old annual installed capacity
(inflow), as expressed in Equation (2).

Fp(t) = F"'(t— L) 2

Here, L is the lifetime, and the initial year t is 2016.

The historical data on wind and solar installed capacity, transmission line length,
and transformer number are from the China Electricity Statistical Yearbook 2020 [45]. The
historical data on EVs are from the Ministry of Public Security.

2.3.2. Mineral Demand Calculation

The demand estimates for the minerals are based on dynamic stock analysis. Equation (3)
expresses the calculation of the demand for each mineral in a specific year [27]. Tables A1-A6
present the mineral intensities assuming that the composition and proportions of each
element do not change between now and 2060. The annual installed capacity of sub-
technologies is estimated based on the total installed capacity and the market share of
each sub-technology.

dagt = {leinll Fi™ (1)« MIx(1 — r)} 3)
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where dagt is the amount of mineral “a” required for the analyzed technology in a given
year (gt), Ml is the amount of mineral “a” required to make one functional unit FU per tech-
nology (for power generation technology, FU = 1 GW; for electric vehicle FU = 1 vehicle, for
wire FU = 1 km, for transformer FU = 1 unit), m is the number of technologies investigated,
and r is the recycled content of the mineral.

A certain amount of raw material is assumed to come from the recycling process. The
“recycled content”, also called the “recycled input rate,” is the share of recycled materials in
the total input [27]. Because the information available on “recycled content” is often very
general, the data used in this study are from the United Nations Environment Programme
and are presented in Appendix B.

2.3.3. Risk Level Classification

Risk assessment often involves various indicators (e.g., price, political stability, re-
source, and exporting country policies) [10], while depletion potential is a fundamental risk
for conducting an assessment from a long-term perspective [46]. This study focuses on the
factor of physical depletion, which is evaluated using Equation (4) and is related to reserves
(RSV). Specifically, “reserve” is a resource that can be economically extracted through the
application of technology that is currently or foreseeably available in the future. For this
study, current reserves are considered static, and the risk to mineral supply increases as the
depletion potential value increases.

Dep(a) = Da_T/RSV (a)sn 4)
where Dep(a) is the depletion potential of “a”, RSV is the proven reserves of “a” in
China in 2020, and Da_T is the cumulative demand within 2021-2060.

Additionally, supply constraints may arise when supply does not endure the rapid
growth in demand. Therefore, we compared cumulative demand with production P(a) 209
to assess the rate of increase in demand (RDI), Equation (5).

RDI = Da_T /P(a)yp0 ®)

where RDI is the ratio of the demand increase and P(a) 70z is the production in China
in 2020.

In this paper, Dep and RDI are used to classify the risk level of future supply (Table 4).
When Depyogp > 1, the cumulative demand for energy technologies is higher than China’s
reserves and may encounter high supply risk in the future. However, when Depyg3p > 1, the
risk is extremely high. When the cumulative demand is lower than the country’s reserves,
but the ratio of the demand increase is high (RDIyps9 > 40), mineral production may become
an important limiting factor for the supply of raw materials, defined as medium risk, and
others as low risk.

Table 4. Risk ratings and definition.

Rating Definition

Very High Depjpzp > 1

High Depapeo > 1
Medium Dep2060 <1,and RDIyggp > 40
Low Dep2060 < 1, and RD12060 <40

However, note that reserve data are dynamic and change with technology, mining
costs, the discovery of new deposits, etc. Thus, the risk level of minerals will also change.
Second, this study considered only several energy technologies, and no other applications
were considered. The evaluation results can only be regarded as an indication and not a
fact. Additionally, during risk assessment, extraction and production encounter uncertainty
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because the most critical materials are produced as byproducts/coproducts together with
other main materials.

3. Results
3.1. Installed and Phase-Out Capacity

According to the China Energy and Power Development Outlook 2021 [38], in the
“energy and power deep decarbonization scenario,” China’s installed power capacity
continuously grows in the long term, and nonfossil energy sources gradually become
the mainstay (about 80%, Table 5). Compared with the stock in 2020, the total installed
capacity of renewable energy will increase 5-6 times by 2060, and PV and WP are still
dominant. EV ownership in 2060 reaches seven times that of 2020 and is expected to exceed
350 million units.

7

Table 5. Summary of stocks in China in the “energy and power deep decarbonization scenario’
(2020-2060).

Stock in China (2020) Stock in China (2060) Stock Increase
PV (GW) 253 2010 794%
CSP (GW) 0.54 230 42,590%
WP (GW) 282 1920 681%
EVs (million) 4.92 350 7114%
Power Demand 75,204 158,465 210%

(TWh)

The installed capacity calculated by the dynamic stock model is higher. Figure 1
shows the annual infrastructure inflows (expansion and replacement), outflows, and stocks
from 2021 to 2060. Overall, the stock of PV, WP, and EVs will grow faster through 2040
and will slow down between 2040 and 2045, while CSP will continuously grow. PV and
WP inflows will peak around 2030, which may be linked to carbon peaking targets, with
inflows after 2040 mainly coming from trade-ins, about 88% of CSP inflows occurring after
2030. The cumulative PV inflow from 2021 to 2060 is 2605 GW, and the WP is 2680 GW.
The dynamic stock model calculates inflows to be approximately 1.5-23 times the stock
differential (1.5, 2.0, and 23 for PV, wind, and EVs, respectively) because inflows are driven
by a combination of infrastructure stock changes and replacements, while later demand
has been widely ignored in previous studies. For PV, WP, and EVs, the expansion of system
capacity in the early stage drives the inflow, while the trade-in is the main driver in the
later stage. For CSP, the new installed capacity is mainly driven by expansion as the growth
is slower in the early stage and the stock is low.

A large amount of obsolete infrastructure will be generated in the later years. Since
2030, much of China’s infrastructure will not be able to maintain its function and will enter
a phase of obsolescence. As shown in Figure 1, the phase-out capacity for all technologies
continues to increase. In the early years (2040-2045), the size of the phase-out capacity is at
a low level (i.e., about 3-30 GW for solar PV and 15-25 GW for wind). However, it rises
significantly from 2045 to 2060 (i.e., 40-80 GW for solar PV and 50-80 GW for wind). This
similar trend can be found in renewable cases in Germany [22], Francce [23], and the rest of
the world [24], as they commonly have a lifetime of more than 20 years and take a long
time to reach the end-of-service stage.
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Figure 1. Inflows, outflows, and stocks of infrastructure (2021-2060). Note: green represents the
new installed capacity (inflow), orange represents the eliminated capacity (outflow), and the curve
represents the stock.

3.2. Mineral Demand

Figure 2 shows the estimated cumulative mineral requirements by technologies and
elements from 2021 to 2060. Among all the technologies analyzed, EVs requires a wider
variety of minerals, including REEs, such as Nd and Dy. T&D mainly needs Al, Cu, and
Fe. Some metals (e.g., Se, Cd, Li, Co, and Ge) are used primarily in a single technology, and
others are used in multiple technologies (e.g., In, Dy, Mn, and Ni), but the main use is in
one technology. Overall, Fe, Al, Cu, and Cr will be the high-demand minerals.

PV is expected to account for the largest share of cumulative demand for Al by 2060
(43%), followed by EVs (36%) and T&D (15%). The largest share of demand for Fe is EVs
(43%), followed by WP (31%) and PV (13%). The highest cumulative demand for Cu is for
EV. Note that, in the future, various minerals will be required by EVs more than those in
other applications. In addition to common metals (e.g., Cu, Fe, and Al), other rare minerals
(e.g., Nd, Dy, Co, Li, and Ni) will be necessary. This is mainly because of the large ownership
and short lifetime of EVs, resulting in a large inflow driven by elimination during the
study period.
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Figure 2. Cumulative mineral demand for different energy technologies (2021-2060). Note: Different
colors represent the cumulative year-to-year mineral demand of different energy technologies.

3.3. Uncertainty and Sensitivity

The results for mineral demand depend on assumptions about several parameters
(e.g., energy scenario, market share of sub-technologies, MI, lifetime), so are subject to
a degree of uncertainty. To assess the uncertainty of results, we conducted a one-way
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sensitivity analysis using two sensitivity variables (MI and lifetime) to assess the impact of
each parameter on mineral demand. That is, a single parameter is changed, while other
parameters are held constant [24]. Two key parameters are adjusted by a certain range
to assess the impact on mineral demand. In this study, it was assumed that the installed
lifetime of each energy technology varied between 10% up and down. This range is roughly
the average lifetime to lifetime maximum in previous studies. Material intensity varies
between 10% up and down. In this section, we discuss the results for four selected minerals.
Appendix C provides the results for all materials.

Figure 3 indicates that extending the life reduces the “recycling potential” by changing
the pattern of inflows and outflows, thereby reducing the inflow and outflow of minerals.
For example, if the average lifetime is increased by 10%, cumulative Co demand would
be 4.24 Mt. Conversely, if the average lifetime is reduced by 10%, cumulative Co demand
would be increased by 24.5%. Results show that extending the lifetime will not alleviate
short-term supply shortages. However, in the long term, it can alleviate the potential
supply bottleneck by reducing the material throughput. Reducing the material intensity of
energy technologies does not change the inflow and outflow patterns; however, this can
directly reduce material demand (Figure 4).

This study provides a conservative estimate of future mineral demand owing to the
following assumptions: (a) In this study, we used the average of material intensity from
previous studies to calculate total demand and assumptions based on the mean value of
lifetime. (b) Recycled content used is optimistic, and the actual share of recycling may
be lower owing to significant growth in installed capacity in the short term. (c) Growth
in other uses is not considered. In addition to energy technology, important minerals are
needed in various industries (e.g., advanced manufacturing, green transportation, and the
military) [19]. For example, only 46% and 44% of global Li and Co are used in lithium-
ion batteries [47]. (d) This study does not consider imports and exports of materials and
infrastructure, given that China is a global leader in wind and solar manufacturing and may
manufacture related infrastructure for other countries, which may increase total demand.
Moreover, international trade in EVs and key components may also affect the demand for
key materials [7].
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Figure 3. Sensitivity analysis of the lifetime on mineral demand.
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Figure 4. Sensitivity analysis of mineral intensity on mineral demand.

Despite large uncertainty in the results owing to the above factors, the key mineral
demand growth and supply risk assessment remain valid. This study should not be
considered as an estimate of actual future material demand but as a hypothetical analysis of
future trends. Moreover, predicting all relevant developments in the material composition
of the technology is impossible. Therefore, refining these assumptions in future research
is necessary.

3.4. Risk Assessment

Figure 5 shows the depletion potential and demand increase ratio of 18 minerals in
2030 and 2060. Table 6 shows the evaluation results of risk. Table 7 summarizes the basic
data of mineral assessment, wherein, in addition to demand, reserves, production, and
other indicators, external dependency, and host elements are added.

Table 6. Assessment results of mineral risk.

Rating Mineral
Very High Co, In
High Cr, Cu, Li, Ni, Te
Medium Dy, Nd
Low Ag, Al, Cd, Ga, Ge, Fe, Min, Mo, Se

On the left are the four risk levels, and on the right are the minerals in each risk level.

Table 6 indicates that the risk level of Co and In is “very high,” and the current
domestic reserves can hardly meet the demand for energy technologies by 2030. The
current dependence of China on Co is 97.7%, and it is estimated that the cumulative
demand for Co will exceed 60% of the current global reserves. Hence, according to the
current reserves, meeting demand through imports in the future may be difficult, which is
extremely risky. The current domestic production of In can almost meet the consumption;
however, the policy needs to be strengthened to protect it in the future.

Current Cr, Cu, Li, Ni, and Te reserves can meet the consumption of several energy
technologies until 2030; however, they will not meet demand until 2060. Cumulative
demand for Ni is expected to be higher than seven times the current Chinese reserve,
and the average annual demand for Li and Te is expected to exceed current annual global
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Depletion Potential (up to 2030)

production. Notably, other areas of consumption for these minerals (e.g., metallurgical
(85.2%) and chemical (11.0%) industries) currently account for the largest share of domestic
Cr consumption [48].
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Figure 5. Depletion potential and ratio of demand increase for 18 minerals in 2030 and 2060. Note: Yellow
bars show the depletion potential (top) and the ratio of demand increase (bottom) for 18 minerals in
2030. Green bars show the depletion potential (top) and the ratio of increased demand (bottom) for
18 minerals in 2060.

Table 7. Basic data of the mineral risk assessment.

Ag Al Cd Cr Co Cu Dy Ga Ge
Cumulative demand /Kt 40 167,499 9.1 13211 4656 66,821 117 0.85 0.037
Reserves in China /Kt [49] 41 576,000 92[19] 12,200 [50] 80 26,000 792 [19] 190[51]  3.53[52]
Global reserves/Kt [49] 530 55,000,000 500 [53] 570,000 7600 880,000 1100 [19] 230 [51] 8.6 [52]
China’s annual
production kt [49] 3.38 37,100 10 200 [50] 22 1720 1.142 [19] 0.317 0.095
Global annual
production Kt [49] 24 65,100 24 37,000 142 20,600 1.328 [54] 0.327 0.14
External dependency/% 52.1 444 40.7 99.3 97.7 67.1 - - -
Coproduction/host Zn - Zn Pt Ni, Cu - Fe Al, Zn Zn
metal [54]
In Fe Li Mn Mo Nd Ni Se Te
Cumulative demand /Kt 136 707,391 4531 8568 1617 643 19,916 22 40
Reserves in China /Kt [49] 1.3 [19] 6,900,000 1500 54,000 8300 6784 [19] 2800 26 6.6
Global reserves/Kt [49] 12 [19] 85,000,000 22,000 1,500,000 16,000 12,800 [19] 95,000 100 31
China’s annual
production kt [49] 0.54 1,948,000 13.3 1340 120 15.215[19] 120 1.2 0.33
Global annual
production Kt [49] 0.96 3,100,000 83 18,900 298 17.937 [54] 2510 3.12 0.56
External dependency/% - 744 86.8 74.5 155 - 90.8 63.3 -
Coproduction/host 7n ) } Fe Cu Fe ) Cu Cu

metal [54]
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For Dy and Nd, the current reserve can meet the demand for the energy transition to
2060, but supply risk may be detectable from production. Dy has a high demand to increase
the potential of 102. Conversely, Nd has a demand increase potential of 42, meeting most of
the demand without considering other uses. While other metals, both in terms of depletion
potential and the ratio of demand increase, are at lower risk, this is not absolute.

4. Discussion
4.1. Risk of Mineral Supply

The demand for Co and In of China’s energy technologies by 2060 is 58 and 104 times
the current reserves, wherein the demand for Co is 0.8% of global reserves and can be met
by global reserves. Conversely, the demand for In far exceeds global reserves and may face
greater supply risk in the future. Cumulative demand for Cr, Cu, Li, and Ni are all higher
than China’s reserves and do not exceed global reserves. China is a large consumer of Cr,
and stainless steel production accounts for more than half of the world, rapid increase in
stainless steel production drives the upstream Cr demand [48]. Constrained by resource
conditions, China’s Cr demand is mainly met by imports.

Cumulative demand for Li and Ni exceeds 20% of global reserves, and a supply
bottleneck is likely in the future. According to the current situation, demand for Te exceeds
the global reserves, and the promising CdTe industry will continue driving future demand
for Te. Current Chinese Te production can meet domestic demand and export slightly.
However, as demand continues to increase, it will probably outstrip supply in the future.
The potential for Te resources in China is large and the degree of exploitation is also large.
Moreover, China is an important global supplier of Te, the resources are currently exported
in large quantities in the form of raw materials or products. Hence, a national reserve
policy should be established in time. Dy and Nd may be subject to production constraints.
Therefore, production in China would have to be significantly higher compared to historical
production to meet the demand for energy technology in China.

4.2. Supply of Coproduced Minerals

Minerals are coproduced with other host materials [7]. For example, about 95% and
70% of In and Ge, respectively, are associated with Zn; about 90% of Te with Cu, Co mainly
with Ni and Cu, and Nd and Dy with Fe [19,34,55]. Hence, in addition to issues related to
the availability and production capacity of the metals themselves, the supply of host and
associated metals should be concerned.

The amount of Zn and Cu that would need to be produced to meet the demand for In
and Te in the Chinese energy system can be estimated based on current production ratios
of associated (In and Te) and main metals (Zn and Cu), and the demand for the associated
metals. For instance, current global production ratios are 51 g of In per ton of Zn and 20.4 g
of Te per ton of Cu [30]. In this study, demand for In and Te is 136 kt and 40 kt, respectively.
Hence, based on the current production ratios and demand for the associated metals, to
meet the demand for In and Te, 2667 and 1960 Mt of Zn and Cu, respectively, should be
produced to meet the demand for Te. Considering the historical production of these two
metals, these numbers are huge.

Additionally, if one associated metal drives an increase in the production of the
main metal, it will also drive an increase in the production of the other associated metals
produced jointly. For example, if the demand for Nd and Dy increases, the supply of the
main metal Fe will increase, as will the supply of other REEs, such as La, Ce, and Y. China
should increase the production of several metals including Nd and Dy to avoid a production
supply shortage. Simultaneously, to minimize the impact of possible oversupply of other
coproduction metals, mining these metals from Dy and Nd-rich deposits and promoting
the utilization of other coproduction metals in more new applications is necessary.
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4.3. Role of Recycling

Recycling is a promising alternative to primary resources, by reducing the use of pri-
mary resources, recycling can alleviate shortages of critical materials and improve resource
use efficiency. Most studies have also highlighted the urgent need for more recycling of
critical metals in applications [56,57]. However, our findings indicate that the benefits of
recycling are significantly limited in terms of mitigating supply risk, especially over the
next 30 years. Additionally, more emphasis should be placed on options for production
and use phases (i.e., technology development and better application management, resource
efficiency improvements) for the following reasons:

(a) Available recycling resources are considerably limited in the short term. First, his-
torical inflows and lifetimes determine available recycling resources. Energy infrastructure
typically has a 20-year (or more) lifespan and is installed in small volumes in the initial
years. Therefore, recycling resources are very limited until 2030 and remain low until
2040. (b) Between 2021 and 2060, China will experience a rapidly growing demand for
renewable energy and key materials. Owing to the limited recovery resources and large
material requirements, the mineral demand for renewable energy technologies in China
will continue to become dominated by primary ore resources. (c) Recycling is not always
the best option. Key minerals are always used in small quantities; however, these are
combined with other materials in complex ways in components [58]. In some cases, collect-
ing, isolating, and purifying critical materials from other components may require greater
effort than extracting new materials [59]. Therefore, recycling is not always technically,
environmentally, or economically feasible.

However, critical materials for the end-of-life phase are expected to become abun-
dant, beginning in 2040. Therefore, this study advocates that recycling should still be
pursued, but more attention should be paid to extending its lifetime and efficiency during
the use phase and using more advanced technologies to reduce material intensity. In con-
clusion, from a material perspective, attention should be paid to technological development
and innovation.

4.4. Technology Development and Substitution

Technological development and substitution can mitigate risks associated with mate-
rial availability. Examples include reducing the intensity of materials while maintaining
performance, increasing service life, and finding substitutes. In this study, the impact of
technological developments can be illustrated by changes in MI and lifetime. For example,
PV technology, which adds 6 years to its current lifespan, would reduce material require-
ments by 27%, and an increase in the lifetime of EVs by 4 years would reduce demand
for metals used by 22%. The effect of reducing the intensity of the material can be more
immediate than that of extending its life. As the life-extending effect does not manifest itself
until at least one service cycle is completed, a delay effect manifests. If mineral intensity
maintains its continuous decline, cumulative demand will decrease.

Substitution of materials or sub-technologies can also reduce risks associated with key
materials. Most technologies can be replaced by slightly lower performance (or higher cost)
technologies. However, lithium batteries outperform current competitors owing to higher
energy and power density, making lithium more difficult to replace while maintaining
performance and cost [26]. The choice of sub-technology is expected to make a decisive
difference in material requirements and associated risks. In most cases, whether the
material is important depends on the particular sub-technology used (e.g., thin-film solar
PV) rather than the share or amount of renewable energy used. Demand for Te is expected
to decrease if CdTe is eliminated and the market share of CIGS increases, and other metals
(e.g., Ag and In) are not expected to increase much [32]. A detailed discussion of technology
development and substitution for PV and WP is included in the reference [26]. Policymakers
and researchers studying the importance of minerals should consider this finding and focus
more on how risk can be reduced by developing the use of new technologies that reduce
intensity or increase lifetime, and promote technological and material diversity.
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4.5. International Impact

Mitigating global climate change will require an unprecedented scaling up of renew-
able infrastructure worldwide. Considering the greater metal intensity of renewables,
global energy system demand will rapidly shift from fossil energy to metals [18]. The
enhanced metal-energy nexus will have various key impacts on mineral systems.

First, energy transition may increase resource competition among countries. While
global energy governance analyzes supply risks to oil, coal, and other fossil fuels, renewable
technologies enhance global energy security [60]. With the global transition to renewable
energy, demand for the requisite materials is growing [61,62], but availability remains
limited. Key minerals are unevenly distributed across countries and concentrated in a few
countries. About 82% of REE production and 37% of reserves are currently concentrated
in China; more than 75% of Li production is concentrated in Australia and Chile; 84% of
reserves are concentrated in Australia, China, and Chile; and about 52% of Co production
and 47% of reserves are concentrated in Congo [49]. Consequently, global and national pol-
icymakers monitor such mineral constraints in energy planning, and have thus developed
corresponding mineral policies [63]. Future developments are expected to significantly
increase the competition for these minerals among countries.

Second, driven by global energy transition, mineral demand has made international
trade in key minerals increasingly important. In this study, China will require a large
number of different materials to support rapid renewable energy growth. Demand for
most of these minerals (i.e., Cd, Te, In, Ga, Se, and Ge) will exceed its domestic reserves,
making international trade imperative. As these key minerals remain unevenly distributed
and highly concentrated in a limited number of countries, the transnational exchange of
technologies and minerals will be instrumental in mitigating climate change. Cooperation
among countries with renewable energy and mineral resources is key to the global energy
transition, enhancing international energy cooperation decisions to mitigate potential
supply risks.

4.6. Environmental and Social Issues

While environmental health is a key driver in energy transition, policies and strategies
that only consider decarbonization can present serious unprecedented problems. Copper
mining can lead to long-term heavy mineral contamination of soil and water bodies [64].
The production process of REEs requires large amounts of chemicals—which can endanger
human health if poorly managed—and generates large amounts of solid waste, gas, and
wastewater [65]. In the early stage, while China’s rare earth industry was developing
rapidly, extensive mining caused damage to mountains, soil, water bodies, and the ecologi-
cal environment [66]. In addition, the environmental impacts are unclear for some minerals
(e.g., specialty minerals used in PV) because these are often mined as byproducts [64].

Although the increase in mineral demand and a large number of mining activities can
create environmental or social problems, these will reduce fossil fuel extraction impacts,
especially coal mining, which can lead to lung damage and kidney disease due to coal dust
exposure [67]. For all energy-related mining activities, developing protective measures to
avoid negative impacts on the environmental health of workers and local communities
will contribute to the achievement of sustainable energy (or SDG 7). Considering the
environmental and social impacts (including health and human rights impacts) of resource
demand may help advance management policies and mitigate the potential adverse impacts
of a low-carbon transition. Hence, examining the full life cycle of energy technologies and
their materials ensures that these mining activities create a net positive contribution to the
fight against climate change [68].

5. Conclusions

This study analyzed the minerals required for the future development of power gener-
ation technologies, electricity T&D, and EVs in China. Through a dynamic stock model,
we calculated the flows and stocks of energy infrastructure by making assumptions about
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mineral intensity, sub-technology market share, service life, and recycling while quantifying
annual and cumulative demand for 18 minerals, and discussed future mineral supply risks.
Finally, we discussed the influence of uncertainty on the results from parameters such as
lifetime and material intensity. From the analysis, we draw the following conclusions:

1. Our analysis demonstrates that using materials in energy systems should not only
emphasize power generation but also consider mineral material demand in trans-
mission and consumption sectors, according to scenarios of future energy system
development. For example, owing to very high ownership and the short lifetime of
future EVs, demand for a wide range of minerals will exceed future demand in other
applications, including other scarce minerals (e.g., Nd, Dy, Co, Li, and Ni).

2. From the research perspective of this paper, China’s energy system prioritizes the
security of Co and In; availability of Cr, Cu, Li, Ni, and Te; and the production capacity
of Nd and Dy. Currently, Co, Li, and Ni mainly limit EV development, particularly in
thin-film technologies (CdTe and CIGS) in PV; moreover, the availability of In has a
relatively large impact on EVs. Among high-risk minerals, no mineral availability is
expected to limit WP. Conversely, the production of medium-risk minerals Nd and Dy
may limit these technologies.

3. Without adequate supplies of primary minerals, carbon-neutral scenarios remain
difficult to achieve. China should balance the development and use of different tech-
nology types to improve the lifetime of its energy infrastructure, reduce the material
intensity, improve resource efficiency, and, in the long term, increase the recycling
and reuse of end-of-life materials. This could mitigate some of the environmental
impacts associated with the production of these materials and drive technological
development. Additionally, energy models used to generate these scenarios should
include energy—mineral relationships.

4. China plays an important role in the future supply of several metals, but it currently
has a low share of resources in some other minerals. China’s production of minerals
such as REEs will be required to meet the growing demand for these materials in the
domestic energy transition. Therefore, we can expect shortages in the availability of
these materials for energy technologies in other regions. Future use of several metals,
including Ni, Co, and Li, is expected to be large, and resource security strategies
should be developed in advance.

5. While the power sector is not the only contributor to the growth in the demand
for global materials over the next few decades, expected growth in infrastructure
required for electrifying power generation, transmission, and transportation will
likely mean that it will become increasingly important in material demand through
2060. Our study analysis is limited to several energy technologies and excludes other
applications. Therefore, expanding the analysis to include the entire electricity system
in future studies and combining it with analyses of other sectors is important.
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Appendix A

Assumptions of mineral intensity.

Table A1. List of minerals used in CSP installations (in ton/GW) [64].

Trough Tower
Ag 8 12
Al 285 72,967
Cr 4733 3700
Cu 3175 1400
Fe 583,333 393,000
Mn 736 5700
Mo 200 56
Ni 471 1800
Table A2. List of minerals used in PV installations (in ton/GW) [69].
CIGS CdTe C-Si Undefined
Ag 18.00703125
Al 45,125
Cd 1.3 48.86666667
Cr 2790
Cu 132.8333333 2930.023333 697.5
Fe 78,014.28571
Ga 3.693103448
In 1747.505882 155
Mo 200
Ni 16 1
Se 18.00703125
Si 1716.25
Te 50.68888889
Table A3. List of minerals used in WP installations (in ton/GW) [69].
Offshore Onshore Undefined
Al 3060.428571 1656
Cr 372 610.3333333
Cu 8187.1 3514.071429
Dy 13.38222222 6.78
Fe 257,696.6667 134,575.5
Mn 45
Mo 225.5
Nd 136.7713333 83.29
Ni 111 111
Pr 34 2.325
Te 7 1
Table A4. List of minerals used in wires (in ton/km) [31].
Voltage (kV) Fe Al
Alternating Current
(AC) 35 0.65 2
110 1.4 4
220 3 9
330 10 30
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Table A4. Cont.

Voltage (kV) Fe Al
500 20 60
750 45 135
1000 65 195
Direct Current (DC) +400 11.5 35
+660 22.5 67.5
+800 40 120
Table A5. List of minerals used in transformer (in Kg/unit) [21].
Steel (Fe) Al Cu
HYV Transformer 296,000 497 76047
Table A6. List of minerals used in EV (in g/vehicle) [69].
BEV PHEV
Ag 23 28
Al 136,900 134,652
Co 11,234 3911
Cr 9910 10,696
Cu 110,196 58,418
Dy 161 127
Fe 828,731 1,003,969
Ga 1 0.81
Ge 0.09 0.05
In 0.28 0.22
Li 7234 3719
Mn 19577 11,808
Mo 1835 1835
Nd 552 804
Ni 42,184 27,086
Pr 77 336
Te 34 20
Appendix B
Recycled content.
Table A7. List of contents of recovered minerals [27].
Recycled Content/% Recycled Content/%
Ag 30 Ge 35
Al 36 In 37.5
Cd 25 Li 1
Co 32 Mn 37
Cr 20 Mo 33
Cu 30 Nd 5
Dy 10 Ni 29
Fe 50 Se 0[19]
Ga 25 Te 1
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Appendix C

Sensitivity and uncertainty analysis.
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Figure A1. Results of mineral intensity sensitivity analysis for all minerals.
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