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Abstract

As critical minerals required for the production of new energy batteries, the demand
forecasts and trends for Li, Co, Ni, and Mn are of crucial importance for ensuring the energy
transition and China’s sustainable development. This study has developed a comprehensive
analytical framework, combining dynamic material flow analysis, stock-driven forecasting,
and scenario analysis to conduct a life-cycle assessment of the critical mineral resources
(2010-2060). (1) Retrospective estimates show that in 2024, demand for Li, Co, Ni, and Mn
reached 117 kt, 79 kt, 78 kt, and 45 kt, respectively. By 2060, the maximum demand for
these minerals is projected to rise to 651 kt, 1090 kt, 1080 kt, and 757 kt, respectively. (2) Li
is the mineral with the highest demand. Under different recovery scenarios, the lithium
substitution rates reach 55.4%, 68.3%, and 85.3%, respectively. Given that the demand in
cascade utilisation is far lower than the volume of retired new energy vehicle batteries, a
cascade utilisation rate exceeding 23% would theoretically suffice to meet the entire relevant
market demand. To secure the supply of critical minerals for energy batteries, this study
suggests accelerating the construction of standardised recycling systems and implementing
strict entry approvals to prevent overcapacity.

Keywords: sustainable energy transition; new energy battery; critical minerals; material
flow analysis; battery recycling; cascade utilisation; demand forecast

1. Introduction

In order to achieve the goal of limiting global warming to 1.5 °C, as proposed by IPCC
in 2018 [1], the energy transition has become a shared choice for sustainable development
across nations. As a major global energy consumer, China faces an urgent need for an
energy transition. To achieve its energy transition targets, China has introduced policies
aimed at vigorously developing the renewable energy sector. Under the guidance of these
policies, industries such as EVs, WP, PV, and ESI have expanded rapidly, further driving
demand for new energy batteries. By the end of 2025, demand for new energy batteries in
China reached 1700.5 GWh [2]. Lithium (Li), cobalt (Co), nickel (Ni), and manganese (Mn)
are critical materials required for the production of new energy batteries, with demand in
2025 expected to reach 328 kt, 89 kt, 546 kt, and 213 kt, respectively. In the future, as the
new energy industry continues to develop, demand for new energy batteries will increase
rapidly [3]. Ensuring a stable supply of the critical minerals required for the production of
new energy batteries is of significant strategic importance [4-6].
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The academic community has conducted extensive research into the calculation and
forecasting of demand for critical minerals used in new energy batteries. In terms of
the subjects of study, the research focuses primarily on four strategically scarce critical
minerals: Li [7], Co [8], Ni [9] and Mn [10], with particular emphasis on analysing their
strategic importance [11-13], supply and demand dynamics [14,15], and the situation
across the supply chain [16]. With regard to application scenarios, as EVs were developed
earlier and have the largest market share, they have become a primary focus of academic
research [17,18]. For instance, Dong et al. [19] calculated the historical supply and demand
of key metals in China’s new energy vehicle industry, and assessed the balance between
supply and demand, whilst Ying et al. [20], from the perspective of EVs, analysed the
demand for Li, Co and Ni resources in the context of the energy transition, and assessed
the resource security challenges facing China in relation to these metals.

In terms of research methods, material flow analysis (MFA) and stock-driven mod-
elling are well-suited to analysing the flow of critical minerals for new energy batteries
across all stages of the supply chain, thereby providing a theoretical basis for historical
accounting [21,22]. Forecasting future demand for critical minerals used in new energy
batteries is influenced by a range of factors, including economic growth [23], the energy
transition [24], industrial structure [25], and technological progress [26,27]; currently, such
forecasts are primarily made using a combination of macroeconomic drivers and scenario
modelling. For example, Xu et al. [28] examined the demand for new energy vehicles
across five geographical regions in 2050, forecast the demand for critical minerals, and
subsequently assessed the resource criticality of key metals—such as Co, Li, Ni, Nd, and
Dy—in global new energy passenger vehicles. Regarding the analysis of uncertainty in
forecast results, uncertainty in stock-driven models stems primarily from the settings of
exogenous parameters (such as battery life, metal strength, and recovery rates).

To ensure a stable supply of critical minerals for new energy batteries, the development
of a circular economy has become a key pathway for promoting the sustainable devel-
opment of the energy sector. The lifespan of new energy batteries generally ranges from
5 to 15 years. The widespread adoption of new energy batteries in China began in 2010.
From 2014 onwards, China began large-scale development of new energy power generation
sectors such as WP and PV, driving demand for new energy batteries for applications such
as SSS. The demand for critical minerals in the new energy industry accelerated further
after the announcement of the Dual Carbon targets in 2020. The country is now entering a
wave of battery retirement [10]. According to forecasts, the volume of retired EV batteries
will reach 52.4 GWh by 2025 [4]. The recycling of new energy batteries not only alleviates
supply pressures on key minerals for these batteries [5,6], but also reduces, to a certain
extent, environmental pollution and carbon emissions associated with the production
of primary mineral resources [7,29]. Consequently, in recent years, the recycling of new
energy batteries has attracted widespread attention from researchers and industry both
domestically and internationally [30-32]. Research has focused on historical assessments
and forecasts of the volume of retired new energy batteries [33-35]. Wu et al. [36] and
Qian et al. [37] have assessed the potential for recycling and secondary use of new energy
batteries in China [38,39]. Although recycling technologies are continuously advancing,
these cannot fully replace the demand for primary minerals [40]; simultaneously, the devel-
opment of the recycling industry is constrained by various factors, including technology
and cost. Xu Qing et al. [39] formulated a multi-scenario joint optimisation model for the
allocation of cascade utilisation and payback period, with annual net profit as the objective
function, and calculated the costs of cascade utilisation.
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The above literature has laid the theoretical foundations for this study, but it also has
certain limitations (Table S1). Firstly, the research perspective currently focuses primarily
on EVs, whilst there is relatively little research on the ESI—which is growing rapidly and
represents the main application area for retired batteries. Secondly, in terms of research
methodology, existing studies predominantly employ either MFA or scenario analysis in
isolation to conduct single-dimensional research; MFA is often confined to historical static
flow accounting, whilst stock-driven models lack sufficient dynamic predictive capability.
Thirdly, about recycling, most existing studies assess the supply-side potential based on the
number of retired batteries but fail to systematically forecast the actual demand for cascade
utilisation scenarios. Consequently, it is impossible to determine the extent to which the
recycling industry actually supports the sustainable development of the new energy battery
sector, let alone identify the potential risks of overcapacity in cascade utilisation.

To address these gaps, this study asks three questions: (1) How did the demand, in-use
stocks, and retirement flows of Li, Co, Ni, and Mn in China’s new energy batteries evolve
during 2010-2024? (2) How will battery and mineral demand change during 2025-2060
under alternative energy policy and battery technology pathways? (3) To what extent
can recycling substitute for primary minerals, and can the potential supply of cascade
utilisation batteries exceed downstream demand?

This study makes three marginal contributions to the existing literature. Firstly, the
study expands the scope of analysis from EVs—which have been the focus of mainstream
research—to encompass six major battery application scenarios, thereby providing a more
comprehensive picture of China’s battery material flows. Secondly, this research aims
to develop a systematic framework for sequential integration, combining dynamic MFA,
stock-driven forecasting, and scenario assessment. This framework offers the traceability
capabilities lacking in studies that rely on a single method. Thirdly, the study systematically
compares the supply of recycled materials with market demand for cascade utilisation,
identifies potential risks of overcapacity, and draws conclusions that are of value for
policy-making—conclusions that cannot be obtained by relying solely on forecasts of
end-of-life volumes.

2. Methods and Data

This paper establishes a comprehensive analytical process covering three aspects of
critical minerals for new energy batteries: historical accounting, multi-scenario forecasting,
and assessment of recycling potential. (This study focuses on forecasting demand for key
minerals used in new energy batteries and assessing their recycling potential; it does not
construct a comprehensive model of the supply side for these minerals.)

Firstly, using a dynamic MFA approach and based on the law of conservation of
mass, the study systematically traces the full life-cycle flow paths of four critical minerals
between 2010 and 2024, covering battery manufacturing, usage scenarios and end-of-life
recycling. Secondly, a stock-driven model is introduced. Based on future socio-economic
and policy scenarios (three energy policy scenarios multiplied by four battery technology
scenarios), this model calculates the annual inflow of critical minerals by forecasting future
societal stock levels for different battery application scenarios. Finally, by setting different
recovery rates and cascade utilisation rates, this paper quantifies the actual contribution of
the circular economy to alleviating pressure on the supply of virgin minerals, examining
both the recyclable volume of retired batteries on the supply side and the actual demand
(in the context of cascade utilisation scenarios) on the demand side. Figure 1 summarises
the system boundaries; Sections 2.2 and 2.3 provide a detailed explanation of the equations,
scenario assumptions and data sources.
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Figure 1. Flowchart of critical minerals for new energy batteries.

CU: Cascade Utilization

2.1. MFA Model

This paper begins by establishing a MFA framework that encompasses the entire life
cycle of new energy batteries, as shown in Figure 1. The figure illustrates the complete life
cycle of a new energy battery, from the production of raw materials through to its man-
ufacture, use, decommissioning, recycling and disposal. The geographical scope covers
mainland China; the time frame is 2010-2024; the study focuses on four metals—Li, Co, Ni,
and Mn; application scenarios include new EVs, E-bikes, ES, and WP, PV, and SSS; recycling
methods include both cascade utilisation and recovery; and the material flow processes
are clearly illustrated in the figure. At the upstream stage, primary minerals are processed
before entering the battery manufacturing process; at the midstream stage, battery products
are deployed across six major end-use applications, thereby forming the stock of batteries
currently in use across society; downstream, retired batteries are no longer simply regarded
as waste, but instead follow two circular pathways: recycling (recovering secondary ma-
terials) and cascade utilisation (downcycling for applications with lower energy density
requirements, such as low-speed EVs and backup power supplies for communication base
stations). This framework not only tracks the inflows, outflows and losses of materials, but
also provides a clearer picture of how the circular economy is embedded within the new
energy battery supply chain, offering a comprehensive conceptual basis for subsequent
accounting and forecasting.

2.1.1. Basic Equation of Conservation of Mass

Based on the framework outlined above, this paper employs a bottom-up dynamic
material flow approach to calculate the historical demand for new energy batteries between
2010 and 2024. During the flow of substances within a system, regardless of any changes in
their form, the law of conservation of mass applies; that is, the total inflow equals the total
outflow. In this paper, the elements in question are Li, Co, Ni, and Mn. The basic equation
for the conservation of mass is as follows [41]:

Ii’lFi,]‘(t) + RECFi,]'(t) + CuFi,j(t) = OutFi,]'(f) + ASi,j(t) 1)
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where i represents different elements (Li, Co, Ni, and Mn); j represents different usage
scenarios in the material flow. AS; i(t) represents the stock net change at the end of the year
t at stage j. InF; j(t), RecF;;(t), CuF; j(t), OutF;;(t), represents the inflow, recycling, cascade
utilisation, and outflow of element i in usage scenario j in year ¢.

2.1.2. Inflow, Outflow and Recycling

The inflow InF; j(t) is calculated using the quantity of product fed into stage i and the
mineral content coefficient of that product; the outflow OutF;(t) is calculated using the
inflow to stage i and the recovery rate of usage scenario j. The calculation formulas are
as follows:

ITlFl"j(t) = O](i’) X Qi,j(t) (2)
OutFij(t) = Y Dji(t') x fi(t —t',a, p) (3)
t<t

In the above formulas, O;(t) represents the quantity of product invested in stage j in
year t; Qi j(t) represents the product coefficient for usage scenario j in year, D; (t)w denotes
the consumption of critical mineral 7 in domestic utilisation scenario j in year t’; f; is the
probability density function of the lifetime distribution for usage scenario j, which in this
paper follows a Weibull distribution, where 1 and « are the relevant parameters of the
Weibull distribution.

The methods for calculating the corresponding amounts for recycling and cascade
utilisation are as follows:

RecFi,]-(t) e OMfFi,]'(t) X T’IR,]?C(t) 4)
CMFi,j(t) = OMtFi’]'(t) X rzc,]u(t) (5)

Rec

In the equation, 7; i (t) represents the recycling rate of element i from end-of-life

batteries in usage scenario j in year . riCj” (t) represents the secondary utilisation rate of
element i from end-of-life batteries in usage scenario j in year t.

2.1.3. Analysis of Current Inventory

The stock of a substance during the use phase is defined as the in-use stock, which
refers to the total quantity of the substance present in all end-products in use within the
system under study. From a methodological perspective, the introduction of the concept of
‘in-use stock” and its calculation methods represents one of the key contributions of MFA.
Once these in-use stocks reach the end of their service life, they are either recycled to enter
the next life cycle or discarded, becoming waste batteries. The method for accounting for
in-use stocks of critical mineral elements is as follows [19]:

6
Si(t) =) Si(t) (6)
k=1
S,'/j(f) = I?’lFilj(t) — OutFi/]‘(f) + S,’/j(f — 1) (7)

where j represent distinct categories of application scenarios; S;(t) denotes the total installed
base in year t; S; () denotes the installed base of application scenario j in year f; InF; j(t)
denotes the inflow for application scenario k in year t; OutF; j(t) denotes the outflow for
application scenario j in year t; S; j(f — 1) denotes the installed base of application scenario j
in the previous year. Assume that China’s installed base was 0 at the beginning of 2010.
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2.1.4. Calculated Using Existing Stock

When forecasting future demand for new energy batteries, it is difficult to predict
the exact volume for any given scenario; however, by combining scenario analysis with
relevant socio-economic factors, policies, and technological pathways, it is possible to
estimate the specific market size and capacity, and thereby work backwards to calculate
the annual volume. This paper, therefore, uses a stock-driven model to forecast demand
for critical minerals. The core logic of the stock-driven model is that, given the target stock
levels for each year, the inflows for each year are calculated retrospectively. The specific
calculation steps are as follows:

(1) The recursive calculation for the stock-driven model begins in the first year of the
model. Calculation of the outflow from decommissioning in the current year, OutF; ;(t):
based on the lifetime distribution function

t
OutF;;(t) = [ InF(t)-L(t—7)dT (8)
to
L(t — T)dT represents the lifetime distribution function; t represents the actual time,
and T represents the time of material input.
(2) Assuming the initial stock is 0, calculate the difference between the future stock
Sfut(t) and the current stock S(¢).
AS(t) = Sgye(t) — S(t) = Spui(f) — (InF(t) — OutF(t)dt ©)
t topt
= Sque(t) = [, InF(t)dt — [, [, InF(0)L(T —0)d6

(3) The future inflow InF;;(t) is calculated using the stock difference AS(#) obtained in
Equation (9) and the model year T.
mE(t) = 250 (10)
T
Then repeat the steps above, starting with Equation (8), until the inflow for each future
year has been calculated.

2.1.5. Demand Forecasting

In order to further forecast the demand for critical minerals in the new energy battery
sector up to 2060, and in line with the development trends of the new energy battery
industry, this paper employs a logistic function to forecast the demand for critical minerals
in new energy batteries under different scenarios.

_ S sat (t)
Sut(t) = ) (11)
Ssat(t) is the saturated target stock, k is the growth rate parameter, tj is the initial year
of the forecast.

2.2. Scenario Assumption

The industries associated with new energy batteries are predominantly in the field
of emerging technologies, characterised by late inception, rapid development, and a high
degree of uncertainty. Consequently, when forecasting demand for new energy batteries,
existing frameworks struggle to analyse them effectively. This paper develops scenario-
based assumptions based on current social and economic conditions, the intensity of policy
measures, and the direction of technological progress.

https://doi.org/10.3390/su18179005


https://doi.org/10.3390/su18179005

Sustainability 2026, 18, 9005

7 of 23

2.2.1. Energy Policy Scenarios

To achieve China’s energy transition goals, the government has, in recent years, issued
several key policies to accelerate the development of the new energy industry. Taking into
account the energy policy outlooks set out in various reports, this paper proposes three
distinct energy transition scenarios: Stated Energy Policies Scenario (STEPS, low scenario),
Announced Pledges Scenario (APS, medium scenario) and Net Zero Emissions by 2050
Scenario (NZE, high scenario), representing low, medium and high levels of critical minerals
for new energy batteries. The development objectives and assumptions for different sectors
under specific policy scenarios are set out in Table S2. Forecasts of future demand for new
energy batteries under different scenario assumptions are provided; the specific analytical
process is shown in Text S1 and Figure S1.

2.2.2. Battery Technology Scenarios

The proportion of critical minerals used in new energy batteries is closely linked to
battery technology and the market share of different battery types. Lithium iron phosphate
(LFP) batteries offer a long service life, chemical stability, and relatively low costs. Whilst
Ternary lithium (NCM) batteries offer high-energy density, these batteries exhibit poor
high-temperature performance and a relatively short life cycle. Table S3 provides historical
statistics on the market share of different battery types. Based on the current state of devel-
opment of new energy batteries, four different battery technology development scenarios
have been established: the baseline scenario, the LFP batteries dominated scenario [41],
the NCM batteries dominated scenario [34,42,43], and the new technology breakthrough
scenario. The forecast assumptions for the various scenarios are set out in Table 1, and
the resulting projections for the future market share of batteries under different battery
technology scenarios are shown in Table S4. This provides the projected demand for critical
minerals used in various types of renewable energy batteries under different combinations
of energy policies and renewable energy market share scenarios.

Table 1. Market share forecast for new energy batteries: 2025-2060.

Scenarios

Basic Assumptions

Bl

Basic

Maintain the same proportion of batteries in 2024.

B2

LFP

This scenario assumes that LFP battery technology will advance in the future, with
improvements in energy density, coupled with low production costs, high safety performance,
good thermal stability and a long cycle life, enabling it to gain further market share in the electric
vehicle sector. This paper assumes that its market share will ultimately rise to 87.5% [44,45].

B3

NCM

NCM batteries offer high-energy density, excellent performance at both high and low
temperatures, high charging efficiency and a compact size. However, their current applications
are limited by factors such as low safety performance, short cycle life and high costs. Assuming
that future technological breakthroughs lead to a substantial reduction in the cost of NCM
batteries, thereby expanding the range of applications, the market share is projected to reach 63%
by 2060 [34,41,42].

B4

Technical
breakthrough

This scenario assumes that breakthroughs in new battery technologies—such as sodium-ion
batteries and solid-state batteries—will disrupt the existing market. Currently, sodium-ion
batteries offer advantages in low-temperature performance, rate capability, and cost-effectiveness,
but these are offset by shorter cycle life and lower energy density. As the technology advances,
sodium-ion batteries are expected to become the primary battery solution in energy storage,
commercial vehicles and passenger cars, thereby reducing the market share of LFP batteries and
NCM batteries [44].

2.3. Data Sources

Before proceeding with the specific calculations, it is first necessary to clarify the
sources of the data (Table 2). This paper draws primarily on authoritative literature,
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industry reports, and statistical data from government bodies and trade associations. The
specific values for the metal material intensity coefficients (the mass of Li, Co, Ni, and
Mn contained per unit of battery capacity) for different battery types (LFP, NCM, LMO)
are shown in Table S5. The lifetime distribution functions for each battery type are fitted
using the Weibull distribution. The specific parameters are shown in Table S6. Sales
figures and the number of new EVs in circulation are sourced from the China Association
of Automobile Manufacturers; data on E-bikes and ES are taken from annual industry
reports; and figures for WP, PV, and ESI installed capacity are sourced from the National
Energy Administration’s Report on the Development of New Energy Storage in China.
The relevant data can be found in Table S7. The historical proportions of recycling and
second-life utilisation are shown in Supplementary Tables S8 and S9. A dynamic material
flow calculation workflow for critical minerals is shown in Figure S2.

Table 2. Summary of model parameter data sources.

Data

Table Reference

Forecast of the scale of new energy

Wang et al. [46]; Hu [47]; Song et al. [48]; China Energy
Outlook [49]; National Development and Reform
Commission & National Energy Administration [50];

battery applications Table 52 National Energy Administration [51]; 2025 China
Two-Wheeled Electric Vehicle Industry Research Report [52];
China Waterborne Transport Research Institute [53]
Historical statistics on the market .
share of different battery types (%) Table S3 Yang [38]; Elshkaki et al. [54]; Lu [55]
. . Yang [38]; China Automotive Data Co. [56]; China Electric
Changes in battery composition . . .
. Table 54 Vehicle Industry Technology Innovation Strategic
across different battery types .
Alliance [57]
The strength of Li, Co, Ni and Mn as
battery metal materials in different Table S5 Ying et al. [20]; Zhang et al. [34]
battery chemistries (kg/kWh)
Different battery lifetime functions Table S6 Elshkaki et al. [54]
China Industrial Energy Conservation and Clean
Historical stock data for the main Pr0f:11.1ct10r} Association [43]; Lu [55]; National E.nergy
A . Administration Department of Energy Conservation and
application scenarios of new energy Table S7

batteries

Science & Technology Equipment; Power Planning &
Engineering Institute. [51]; China Association of
Automobile Manufacturers [58]

Proportion of cascaded utilisation of
new energy batteries/Recycling Rates Tables S8 and S9 Liu et al. [32]; Boesch et al. [59]; Liu [60]
for New Energy Batteries

3. Historical Accounting Results

Historical accounting for 20102024 establishes the baseline for the forecasts in
Sections 4 and 5. This section quantifies mineral demand, in-use stocks, and retirement
flows and uses the resulting 2024 stocks and retirement patterns to initialise and calibrate
the stock-driven model.

3.1. Historical Demand Calculation

Based on the material flow model described above, this paper has calculated the
annual demand for four key minerals for the period 2010-2024 (Figure 2). The results show
that demand for Li stood at 0.78 kt in 2010. By 2015, demand for Li, Co, Ni, and Mn had
reached 5.1 kt, 1.7 kt, 1.6 kt and 5.1 kt, respectively. Thereafter, demand entered a phase
of accelerated growth; by 2024, demand for the four minerals had reached 117 kt, 79 kt,
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5493

112,185

79,313 NCM

78 kt and 45 kt, respectively, representing increases of 6.5-fold, 3.84-fold, 3.84-fold and
3.61-fold compared with 2020. In terms of demand structure, new EVs will consume 99 kt
of Li in 2024, accounting for 84% of total Li consumption; the ESI will consume 8.2 kt of Li,
accounting for 6.9%.

The market share distribution across different new energy battery types also signifi-
cantly influences demand for critical mineral elements. In the power battery market, before
2011, the Chinese market exclusively utilised LFP batteries. NCM batteries, characterised
by their high-energy density, entered the EV market from 2012 onwards [25], and have since
become the prevailing power battery technology. In recent years, LFP battery technology

has undergone continuous refinement, gradually reclaiming market share. As of 2023,
NCM batteries accounted for 126.2 GWh of installed power battery capacity, representing
31.6% of the total and marking a year-on-year increase of 14.3%. LFP batteries reached an
installed capacity of 261.0 GWh, reflecting a year-on-year growth of 42.1%.

8484

(b) Co

Figure 2. Cont.
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Figure 2. Critical mineral material flows for new energy batteries (2010-2024; unit: tonnes).

Figure 3 illustrates the demand for various elements between 2010 and 2024. It is
evident from the chart that demand for four critical minerals has surged over the past
15 years, whilst the market share of different battery types markedly influences the demand
for elements. Between 2016 and 2020, the market share of LFP batteries declined, while
that of NCM batteries gradually expanded, driving a surge in demand for Ni and Co.
Since 2020, demand for LFP batteries has surged once more, driven by soaring sales of
new energy vehicles and continuous advancements in battery technology. Consequently,
when forecasting future demand for critical minerals, it is essential to consider both the
pace of development across different application scenarios and the market share of various

battery types.
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Figure 3. Changes in demand for Li, Co, Ni, and Mn from 2010 to 2024.

3.2. Current Inventory Calculation

Currently, in China, the stock of critical minerals used in new energy batteries is grow-
ing rapidly. As shown in Figure S3, by 2024, the social stockpiles of the four elements Li, Co,
Ni, and Mn had reached 62 kt, 106 kt, 35 kt, and 62 kt, respectively. The majority of lithium’s
social stockpile is concentrated in new energy vehicles, accounting for approximately 85%.
The ESI represents the second largest application scenario for Li, collectively accounting
for around 14%. Owing to the performance differences between LFP batteries and NCM
batteries, the ESI currently employs LFP batteries almost exclusively, whilst NCM batteries
are primarily utilised in new energy vehicle applications. Consequently, societal reserves
of Ni and Co are concentrated primarily in the new energy vehicle sector. As the first batch
of new energy vehicles retires, a significant volume of new energy batteries is entering
the end-of-life phase. The appropriate utilisation of retired batteries can help alleviate
shortages in critical mineral supplies to some extent and reduce carbon emissions during
battery production.

3.3. Retired Battery Flow Calculation

This study estimated the volume of end-of-life new energy batteries in China for the
period 20102024, using the battery lifetime distribution function (Table S6). As new energy
batteries introduced to the market between 2010 and 2015 gradually reach the end of their
service life, the volume of end-of-life new energy batteries in China has been growing
rapidly since 2018. On the recycling side, before 2016, the volume of end-of-life batteries
was limited; coupled with high recycling costs and insufficient economic returns, large-scale
recycling had not yet taken hold. Since 2016, however, the volume of retired batteries has
continued to rise, whilst prices for key minerals such as Li and Co have surged significantly,
driving the rapid expansion of the recycling industry, with many companies establishing
battery recycling operations. This paper quantifies the quantities of four key minerals that
have been decommissioned, recovered, and reused in cascade. About decommissioned
quantities, the quantities of these four minerals have increased rapidly since 2018. The
retired Li volume increased from 0.64 kt in 2018 to 11.89 kt in 2024; the retired Co volume
rose from 0.36 kt to 16.97 kt; the retired Ni volume rose from 0.36 kt to 16.87 kt; and the
retired Mn volume rose from 0.47 kt to 10.35 kt. In terms of the source structure of retired
materials, 80% of the Li recovered comes from new EV batteries, 8% from E-bikes, and 9%
from the ESI. As NCM batteries are rarely used in the ESI, the Co, Ni, and Mn recovered
mainly originate from the power battery industry.

About recycling and cascade utilisation (Figure 4b,c), the amount of Li recovered
increased from 0.2 kt in 2018 to 5.4 kt in 2024; over the same period, the volume of
secondary use rose from 18.9 t to 0.4 kt, with all cascade utilisation originating from LFP
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batteries. By 2024, the total volume of recycled materials had reached approximately half of
that of retired materials, with 53% originating from new energy vehicles and 19% from the
ESI. Taking the demand for 2024 as a benchmark, the key minerals contributed by recycling
could substitute 10.6%, 5%, 11.4%, and 10.7% of the primary demand for Li, Co, Ni, and
Mn, respectively.
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Figure 4. Changes in the allocation of retirement volumes for different critical minerals from 2010
to 2024.

Historical accounting data for the period 2010-2024 indicate that demand for key min-
erals used in China’s new energy batteries has undergone a rapid expansion, progressing
from its infancy to a period of explosive growth. By 2024, demand for Li, Co, Ni, and
Mn had reached 117 kt, 79 kt, 78 kt, and 45 kt respectively, with new energy vehicles
being the dominant driver; Li accounted for as much as 84% of total consumption. In
the metal sector, fluctuations in the market share of different battery technologies have a
significant impact on the structure of element demand—the expansion of NCM batteries’
market share between 2016 and 2020 directly drove growth in demand for Co, Ni, and Mn,
whilst the resurgence of LFP batteries led to a relative increase in the share of Li demand.
Regarding the recycling sector, the volume of retired batteries has increased rapidly since
2018; however, the current rate at which recycling substitutes primary minerals remains
limited (approximately 5-11% in 2024). As the wave of retired batteries begins to emerge
in the future, this substitution potential will gradually be realised. The historical baseline
described above provides a basis for calibration and initial parameters for subsequent
predictive models. Specifically, the 2024 in-use stocks and historical retirement patterns
derived here serve as the starting point and calibration targets for the stock-driven model
applied in Section 4.
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4. Forecast of Critical Mineral Demand
4.1. Forecast of Demand for New Energy Batteries

Figure 5 illustrates the projected demand for new energy batteries across various
scenarios under different policy frameworks. In terms of growth trends, except for E-bikes,
which have already reached saturation, demand growth across other sectors follows an
S-curve pattern, characterised by rapid expansion followed by stabilisation. For most
industries, the period of rapid growth will occur between 2025 and 2040, after which
demand levels will gradually stabilise. Three different energy policy scenarios exert a
relatively minor influence on the growth tendency of new energy batteries, while having a
pronounced effect on the ultimate demand for such batteries. In 2024, the aggregate demand
for new energy batteries across various scenarios totals 1080 GWh. By 2060, demand under
the STEPS, APS, and NZE scenarios is projected to reach 4110 GWh, 4638 GWh, and
5182 GWHh, respectively, representing growth factors of 3.8, 4.2, and 4.8 times. Regardless
of the policy scenario, demand for new energy vehicles significantly outstrips that of other
sectors. Taking the new energy policy scenario as an example, battery demand for new
energy vehicles in 2024 will reach 980 GWh, accounting for 90.7% of total demand. By 2060,
with total demand rising to 4825 GWh, this proportion will increase to 93%. The market for
ES remains relatively small and is in its nascent stages, thus accounting for the smallest
share of demand among other industries. Within the ESI, the rapid expansion of WP and
PV industries in recent years has driven a significant surge in demand for supporting ESI
batteries. By 2060, total battery demand in the ESI is projected to reach 267 GWh, a 135%
increase from 197 GWh in 2024. This growth rate is markedly slower than that of the new

energy vehicle sector. In summary, EVs remain the primary driver of future growth in
demand for new energy batteries.
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Figure 5. Demand for new energy batteries from 2025 to 2060 under different policy scenarios .

4.2. Critical Mineral Demand Forecast

The results are shown in Figure 6. By 2060, Li demand is projected to rise to 445 kt,
502 kt, and 561 kt, respectively, under three energy policy scenarios. These figures represent
3.5,3.9, and 4.4 times the demand levels recorded in 2025. Under the NZE scenario, demand
for Co, Ni, and Mn is projected to reach 346 kt, 342 kt, and 295 kt, respectively, by 2060.
These figures represent a 4.6-fold increase over 2025 demand levels. In terms of growth
rates, demand is forecast to exceed 30% by 2025, indicating a period of rapid expansion
for the new energy battery sector. As the industry approaches saturation, growth rates
will gradually decline. From 2040 onwards, with most market sectors nearing saturation

and only partial replacement demand arising from retired batteries, growth rates will
progressively approach zero.
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Figure 6. Demand for critical mineral elements in new energy batteries (2025-2060 under the NZE
policy scenario).

In the LFP-dominant scenario, assuming LFP batteries share increases from the current
70% to 90% and gradually regains the new energy battery market, Li demand growth
is projected to decelerate after 2035. Subsequently, demand and market share gradually
increased. By 2060, Li demand under the three distinct energy policy scenarios would
reach 428 kt, 483 kt, and 540 kt, respectively. Under a high market-demand scenario,
the gradual decline in NCM battery market share will cause demand for the other three
elements to peak around 2035, reaching maximum requirements of 380 kt, 370 kt, and
253 kt, respectively. Subsequently, driven by the declining market share of NCM batteries,
battery demand decreased year on year, reaching 181 kt, 180 kt, and 142 kt, respectively,
by 2060.

In the NCM-dominant scenario, it is assumed that the proportion of NCM batteries
will increase from the current 35% to 70%. The widespread adoption of NCM batteries has
led to a steady increase in demand for Ni, Co, and Mn. Under a high-demand scenario, by
2060, the demand for the three elements will reach 1090 kt, 1080 kt, and 757 kt, respectively,
representing 10.4, 10.6, and 11.3 times the 2025 demand levels. Demand for Li is growing
gradually as the market share of LFP batteries declines, reaching 651 kt by 2060. Under
the NCM-dominant scenario, particular attention must be paid to the supply of Ni, Co,
and Mn.

In a scenario of technological advancement, it is assumed that future advancement in
lithium-sodium battery technology and cost efficiency will rapidly capture market share.
This has led to both LFP batteries and NCM batteries seeing their market share decline
to around 10%. Sodium possesses abundant reserves and does not utilise elements such
as Li, Co, Ni, or Mn. Consequently, demand for these four elements will decline rapidly
after reaching peak levels in 2035. Under the highest-demand scenario, peak demand
levels reached 446 kt, 380 kt, 378 kt, and 253 kt, respectively, declining to 258 kt, 181 kt,
180 kt, and 143 kt by 2060. In this scenario, the supply of critical minerals would cease to
be a prominent issue. See attached Figures 54 and S5 for the result diagrams of the STEPS
scenario and APS scenario.

The overall analysis indicates that, except for scenarios involving breakthroughs in
new technologies, the demand trend for Li resources remains relatively stable across other
scenarios. During the study period, demand is projected to grow steadily, with final
consumption ranging between 561 kt and 651 kt, representing four to five times the current
demand level. To achieve China’s energy transition goals, securing an adequate supply
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of Li resources has become an urgent priority. Battery technology scenarios significantly
influence Co, Ni, and Mn. Should NCM batteries come to dominate the market in the
future, the supply of Co, Ni, and Mn must be accorded equal consideration. The projected
retirement flows generated in this section will serve as the primary input for the recycling
and cascade utilisation assessment in Section 5.

5. Critical Mineral Recycling Forecast

Projected retirement flows are evaluated under low, standard, and high circularity
scenarios. Under three distinct scenarios, the recovery rates achieved were 65%, 85%, and
100%, with the cascade utilisation rates for LFP reaching 40%, 60%, and 80%, respectively.
Therefore, this paper analyses projected demand, recycling volumes, and substitution
rates for different future years. To reflect China’s maximum demand for critical minerals,
this section focuses solely on high-energy policies. LFP batteries possess characteristics
rendering them suitable for a utilisation model involving cascade utilisation followed by
recycling. NCM batteries are directly recycled to recover precious metals. LMO batteries
contain minimal precious metals, entail high recycling costs, and afford poor recycling
margins. Consequently, this paper assumes that LMO batteries are not recycled.

5.1. Recycling Forecast Results

Figure 7 illustrates the demand, recovery, and substitution rate of Li (negative values
indicate demand). Under the baseline policy scenario, by 2040, under low, standard and
extreme recycling scenarios, recycling volumes will increase to 309 kt, 404 kt, and 476 kt
respectively. The recovery rates reached 55.4%, 68.3%, and 85.3%, respectively, after which
the growth in recycling volume gradually slowed. Around the year 2048, the recycling
substitution rate reached its maximum value. By 2060, recycling volumes under different
recovery rates will reach 364 kt, 476 kt, and 560 kt, respectively. Under both the LFP-
dominated and NCM-dominated scenarios, the pattern of growth in recycling volumes
mirrors that of the baseline scenario. Under the high-recycling-rate scenario, Li element
recovery volumes by 2060 would reach 542 kt and 645 kt, respectively. Owing to the higher
Li content in NCM batteries compared to LFP batteries, both Li demand and recovery
volumes are higher under the NCM-dominated scenario than under the LFP-dominated
scenario. Under the new technology breakthrough scenario, Li recovery volumes increase
rapidly between 2025 and 2040. Subsequently, demand gradually declines as the market
shares of both LFP batteries and NCM batteries decline. With the phasing out of historical
inventories, the high-recovery scenario sees the Li demand substitution rate exceed 100%
(129%). This will significantly reduce reliance on Li imports.

The forecast charts of Co, Ni, and Mn for the recycling volumes/demand and substi-
tution rates of the remaining three elements can be found in Figures S6-58. Under four
distinct battery scenarios, the maximum Co recovery volumes projected for 2060 are 345
kt, 235 kt, 981 kt, and 234 kt, respectively. The recycling substitution rate will increase
rapidly before 2040, followed by a gradual decline thereafter. By 2060, the substitution rates
will be 99.8%, 129.6%, 89.9%, and 129.6%, respectively. The variation in Ni content will
be similar to that of Co. Under the NCM battery-dominated scenario, demand for these
three elements also peaks at 1091 kt, 1084 kt, and 757 kt, respectively. Calculated using the
minimum recovery rate, annual shortages of 452 kt, 450 kt, and 305 kt will persist by 2060.
Therefore, under the prevailing NCM battery scenario, the supply risks associated with Co,
Ni, and Mn must be given due consideration.
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Figure 7. Forecast for Li element demand/recovery volume and substitution rate (The pink dots repre-

sent the replacement rates) (Figures (a—c): Basic scenario; Figures (d—f): LFP scenario; Figures (g-i): LFP

scenario; Figures (j—1): LFP scenario. In each figure, the upper part shows the projected recycling

volume, and the lower part shows the projected demand volume).

5.2. Results of the Cascading Utilisation Forecast

Figure 8 presents the predicted substitution rates for cascading utilisation across

different battery scenarios. The cascade utilisation ratios in this paper are based on data
from the Research Report on the Full-Chain Solution for Recycling and Processing Retired
EV Power Batteries in Hainan Province, China. This paper assumes that by 2035, the
proportion of cascading utilisation will reach 40%, 60%, and 80% under low, standard and
extreme scenarios, respectively. Thereafter, the proportion of retired batteries utilised in

secondary applications will remain unchanged until 2060. Under the baseline scenario,
by around 2030, the volume of Li utilised through cascading applications will reach 22 kt,
thereby meeting the Li demand of both the ESI and the E-bike. As the new energy vehicle
market continues to expand, the replacement rate for cascade utilisation scenarios under
low, standard and extreme tiers could reach 400%, 600%, and 800%, respectively, by 2060.
Under the dominant scenario of NCM batteries and the scenario of new technological
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breakthroughs, the number of cascade utilisation NCM batteries will decline rapidly after
2040; however, it will still be sufficient to meet the demand for energy storage and E-
bikes. Calculations indicate that, under these three battery scenarios, if the rate of cascade
utilisation exceeds 23%, it would theoretically be sufficient to meet the battery demand for
all future cascade utilisation scenarios. Therefore, while cascading utilisation technology
can maximise the value of battery usage, the expansion of the cascade utilisation industry
should be comprehensively evaluated based on downstream market demand to avoid
creating an oversupply in the cascade utilisation market.
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Figure 8. Prediction of substitution rates for battery cascade utilisation across different scenarios.

6. Discussion and Policy Suggestions
6.1. Findings

The key findings of this section can be summarised in three aspects (Table 3): the
structure of demand is determined by the battery technology pathway; the recycling

substitution rate undergoes phased changes; and there is an upper limit to the market
capacity for cascade utilisation.

6.2. Uncertainty Analysis
6.2.1. Uncertainty in Model Assumptions

This paper establishes three energy policy scenarios (STEPS, APS, NZE) and four bat-
tery technology scenarios (baseline, LFP-dominated, NCM-dominated, and technological
breakthrough) to analyse how changes in external scenario assumptions affect the results.
If actual policy implementation proves more robust than assumed in the NZE scenario, bat-
tery demand will exceed the upper limit of the forecast presented in this paper; conversely,
if the penetration rate of new energy falls short of expectations, demand will be closer
to the STEPS range. Across the three policy scenarios, the total battery demand in 2060
spans approximately 1000 GWh. In terms of technological pathways, should technological
breakthroughs occur before 2035—the year specified in this paper—the inflexion point
marking the decline in demand for these minerals will arrive earlier; if, however, no such
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breakthroughs are achieved, the market landscape will revert to a long-term competitive
dynamic between LFP and NCM batteries.

Table 3. Summary of the principal results, the analyses, and literature comparison.

Findings

Literature
Comparison

Implications

Demand for critical minerals is driven by
electric vehicles (EVs), whilst the
composition is determined by the battery
technology pathway. Under the NCM
pathway, demand for cobalt (1090 kt) is
six times that of the LFP pathway (181 kt);
lithium is present in both LFP and NCM
and is least affected by the technology
pathway.

IEA: 2040 global Li demand is about five
times the current level, consistent with
this trend.

The choice of technological pathway has

a far greater impact on resource security

than differences in policy scenarios. The

rapid development of

low-mineral-consumption technologies,
such as LFP and sodium-ion batteries,

can reduce dependence on Co and Ni. If

NCM technology develops rapidly,

attention must focus on securing the

supply of critical minerals such as Co, Ni,

and Mn.

The substitution effect of recycling will
primarily become apparent from 2040
onwards. By 2040, under scenarios,
lithium recycling volumes will reach 309
kt, 404 kt, and 476 kt, respectively, with
substitution rates for lithium demand
during the same period reaching 55.4%,
68.3%, and 85.3%, respectively.

Zhang et al. [34]: at least 84% collection is
needed for a closed EV-battery loop.

The choice of technological pathway has

a far greater impact on resource security

than differences in policy scenarios. The

rapid development of

low-mineral-consumption technologies,
such as LFP and sodium-ion batteries,

can reduce dependence on Co and Ni. If

NCM technology develops rapidly,

attention must focus on securing the

supply of critical minerals such as Co, Ni,

and Mn.

Cascade utilisation reduces the demand
for new batteries by extending their
service life, the battery demand in
downstream applications can be met
when the proportion of retired batteries
entering cascade utilisation exceeds 23%.

Xu Qing [39]: optimal scale depends on
demand, prices, and battery performance.

The main challenge facing cascade
utilisation is not a shortage of retired
batteries, but rather that the supply of
suitable batteries may exceed actual
market capacity.

6.2.2. Uncertainty in Key Parameters

Monte Carlo analysis of uncertainties in metal strength coefficients. Based on differ-
ences in metal content across batteries (Table S5), we used a triangular distribution as the
probability model and ran 3000 independent simulation iterations under the NZE scenario
to obtain 95% confidence intervals for demand for the four mineral types (Figure S9). In
2060, the relative widths of the confidence intervals for the various metals were as follows:
lithium +11.9%, cobalt +11.4%, nickel £11.4%, and manganese +6.7%; the model structure
remained robust throughout the forecast period. The range of variation in the above param-
eters is far smaller than the range of demand across the 12 scenario combinations (lithium
258-651 kt), demonstrating that the primary uncertainty stems from external scenario
assumptions rather than fluctuations in internal parameters.

6.2.3. Model Validation and Result Robustness

To validate the model’s reliability, we compared our 2040 recovery substitution rates
under the general recycling scenario with benchmark studies (Table S11). Our results
(68.3-101.8%) are consistent with Schuster et al. [61] and Zhang et al. [34], with minor
deviations attributable to differences in parameter assumptions (e.g., recovery participation
rates, battery lifetimes, NCM sub-model composition). This confirms the robustness of our
model framework. For forecast accuracy, Table S12 reports MAPE and R? values. R? values
for electric vehicles and energy storage are excellent; electric ships show lower R? due to
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limited early-stage data, but their small scale makes their impact on overall conclusions
negligible. RMSE-to-mean ratios are reasonable for most scenarios, except for photovoltaic
and shared energy storage where recent explosive growth slightly elevates the ratio.

6.3. Policy Suggestions

(1) Optimise the distribution of recycling capacity and improve capacity utilisation
rates. Calculations in this paper indicate that retired batteries will require about 5 million
metric tonnes per annum of processing capacity by 2040. China’s current capacity stands at
4.23 million metric tonnes per annum, but the actual volume recycled is only 650,000 metric
tonnes, resulting in a capacity utilisation rate of less than 20%. The core issue is not a
shortage of total capacity, but rather a spatial mismatch: production capacity is concentrated
in the central regions, whilst retired batteries are mainly distributed in the eastern coastal
areas. In the short term, streamline approval procedures for inter-provincial transport
and introduce transport subsidies to ease local supply-demand imbalances; in the long
term, promote ‘localised allocation” by prioritising new production capacity for the core
retirement areas in the eastern coastal regions.

(2) Scientific planning of production capacity for the cascade utilisation of batteries
is required to prevent overcapacity. The calculations in this paper indicate that a cascade
utilisation rate exceeding 23% would be sufficient to meet the battery demand across all
downstream applications. It is recommended that the pace of expansion in cascade utilisa-
tion capacity be linked to the actual growth rate of demand in downstream applications
(15-20% annual growth), rather than to the growth rate of end-of-life batteries. At the same
time, establish a quality certification system for cascade batteries with minimum thresholds
such as a capacity retention rate of >70% and a cycle life of >1000 cycles.

(3) Establish an early-warning and stockpiling system to secure the supply of critical
minerals. China’s reliance on imports for Li, Co, and Ni stands at 58-71%, 92-98%, and 86%,
respectively, and its supply chains are highly concentrated in a small number of countries.
It is recommended that a supply security early-warning mechanism be established (with a
yellow alert triggered when imports from a single source country exceed 70% and a red
alert triggered when they fall below 50%); that the strategic mineral reserve system be
improved, with reserves amounting to no less than 3-6 months’ consumption; and that
domestic resource exploration and development be accelerated, with the aim of increasing
the share of domestic lithium supply to over 40% by 2030.

7. Conclusions

This study integrates dynamic material flow analysis (MFA), stock-driven forecasting,
and scenario analysis to systematically quantify demand trajectories and recycling potential
for key minerals used in new energy batteries in China from 2010 to 2060. The main
conclusions are as follows:

(1) Policy objectives determine the size of the battery installed base, whilst the tech-
nological pathway determines the intensity of mineral consumption. If NCM batteries
become dominant, supply risks for Co, Ni, and Mn will be at their highest; when LFP or
emerging technologies gain market share, demand for these three minerals will decline.

(2) A circular supply chain can significantly reduce demand for virgin minerals, but
it requires careful timing and effective management. Under different recycling scenarios,
recycled Li can meet 55.4% to 85.3% of market demand; when more than 23% of qualified
retired batteries are used for cascade utilisation, the supply from such applications can
meet projected downstream demand.

(3) Establish an early-warning and stockpiling system for the security of supply of
critical minerals. China is highly dependent on imports for Li, Co, and Ni, with supply
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chains heavily concentrated in a small number of countries. It is recommended that an
early-warning mechanism for supply security be established; the strategic stockpiling
system be improved, with stockpiles amounting to no less than 3-6 months’ consumption;
and the development of domestic resources be accelerated, with the aim of increasing the
share of domestic lithium supply to over 40% by 2030.
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Abbreviations

The following abbreviations are used in this manuscript:

STEPS Stated Energy Policies Scenario
APS Announced Pledges Scenario
NZE Net Zero Emissions

LFP Iron Phosphate battery

NCM  Ternary lithium battery

LMO  Lithium Manganese Oxide

Li Lithium
Co Cobalt

Ni Nickel

Mn Manganese

MFA  Material Flow Analysis
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PM Primary minerals

ME Material Extraction

RM Recycled Material

TI Transportation Industry
ESI Energy Storage Industry
CuU Cascade Utilisation

EV Electric Vehicle

ES Electric Ship

E-Bike Electric Bicycle
WP Wind Power

PV Photovoltaic

SSS Solid-State Storage
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