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With the rapid development of the lithium-ion battery (LIB) industry, the demand for core valuable
elements in LIB has increased dramatically. A safe supply of corresponding metals is crucial to ensure the
industry’s sustainability. However, quantitative evaluation to reveal the supply risk including criticality of
LIBs in China is still not available. In this regard, criticality analysis was carried out to identify the
importance of a speciﬁc metal in the current LIBs supply chain of raw materials. Subsequently, a
comprehensive methodology to evaluate supply sustainability is established in this research by
considering the combined effects of material supply, economic ﬂuctuations, and technology innovation
in the time frame from 2015 to 2030. An integrated index called Chinese supply resilience is introduced,
indicating that a low Chinese supply resilience has a high possibility of supply shortage of the corresponding metal while a high resilience level represents minor supply risk. The results show that
insufﬁcient material supply has already induced a severe shortage for lithium (Li) and cobalt (Co).
Speciﬁcally, Chinese supply resilience of lithium moves from the threshold to the low resilience zone,
whereas that for cobalt remains in the low area, both implying a high risk of supply shortage. Furthermore, three appropriate mitigation measures, that is, recycling of spent LIBs, substitution of raw materials, and an increase in domestic raw materials production are considered. Recycling demonstrates the
most effective solution to alleviate the potential supply risk of corresponding materials. With this
research, it may promote management efﬁciency on end-of-life LIBs for policy makers.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
In recent years, with the rapid upgrading of the most used
electronic devices and momentum in the global electric vehicles
market, the lithium-ion battery (LIB) industry is booming in China,
in response to the Chinese relevant energy conservation and
emission reduction policies. Until now, LIBs have dominated the
current choice of energy storage, exhibiting excellent electrochemical properties and highest practical energy density. Lithium
has become an indispensable and critical element of the power
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battery industry. Meanwhile, as a major component of the
commercially available cathode candidates, for example lithium
cobalt oxide (LiCoO2), cobalt has become equally important and
constitutes the largest contribution to the cost of LIBs, given its
recent price ﬂuctuations (Henriksen et al., 2002).
With the rapid development in the lithium-ion battery industry,
a large number of metal materials will be needed, especially lithium
and cobalt. In fact, according to the United States Geological Survey
(USGS) and China’s development status report on the cobalt industry, consumption in the battery production line was nearly 56%
for lithium and 44% for cobalt in 2018, globally (USGS, 2019;
CHYXX, 2018c). Moreover, the battery industry consumes nearly
75% of cobalt, making China the world’s largest consumer of cobalt
(CHYXX, 2017a; Free, 2018). With its production accounting for 50%
of the global market share, China dominates as the top
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manufacturer of LIBs, ahead of Japan and South Korea (CHYXX,
2017b; Qian, 2018). However, the worldwide production of cobalt
and lithium has not increased in recent years (USGS, 2018), probably indicating a serious shortage in the foreseeable future. At
present, many researchers are engaged in developing a circular
economy industry and recovery techniques of valuable metals from
spent LIBs, although an ideal recovery system, which is both highefﬁcient and environmentally friendly, is yet to be established.
Therefore, issues regarding availability and sustainability of the
corresponding metal resources that are closely connected with the
long-term survival and continuation of the manufacturing industry
must be solved effectively (Alonso et al., 2012; Golev and Corder.,
2015; Graedel, 2011). Thus, the risk involved in securing a sustainable supply of raw materials containing valuable metals needs
to be identiﬁed.
Evaluating critical materials is an integrated strategy that can
establish targeted measurements to secure and improve access to
raw materials. In 2014, cobalt was identiﬁed as one of the critical
raw materials and lithium was almost close to the threshold of
criticality, based on the evaluation of economic importance and
supply risk by the European Union (EU) (EC, 2014). When the
criticality of materials used in the LIB industry is analyzed for China,
it is seen that lithium and cobalt are both in the criticality zone, and
this is identiﬁed as being signiﬁcant for the energy system (Song
et al., 2019; Fang et al., 2018; Sun et al., 2017b). Therefore, to
ensure a stable and safe supply of the two critical metals, the supply
risk of lithium and cobalt for electric vehicles in China should be
assessed using a thorough and comprehensive system.
To assess the supply stability of critical materials consumed in
major economic activities, several methods have been developed to
help policy makers overcome the supply risk. Delucchi et al. (2013)
indicated that if lithium production and the recycling industries are
developed as expected, the raw materials used in the two types of
Li-ion batteries (LiMn2O4 and LiFePO4) would not be scarce and
expensive. Simon et al. (2015) and Marscheider-Weidemann et al.
(2016) forecasted depletion of reserves as the main factor
contributing to supply risk, and the average growth rate of lithium
and cobalt is expected at 7.5% and 3% to satisfy the increasing demand, respectively. As for the evaluation methods in the previous
literature, supply risk was presented and evaluated as one of the
parameters for material criticality assessment in most cases. It was
ﬁrst assessed quantitatively in the report published by the U.S. NRC
(2008), which has been the cornerstone for similar subsequent
studies. The concept of the impact of supply risk was tailored to the
system of interest by European Commission and economic effects
were additionally considered (EC, 2010). Both of them are pioneering and preliminary research. Some studies have done systematic research on analysis of supply risk by setting multiple
factors including demand and production, market and government
environment, as well as geological scarcity (BGS, 2012; Graedel
et al., 2012; Erdmann and Graedel, 2011). However, the results
were predominantly obtained from static methodology. For
example, the valuable methodology established by Graedel et al.
(2012), used the distribution of global production as a measure of
the short to mid-term supply basis. Owing to the ever-increasing
demand for materials, continuous evolution in relevant technologies and varying policy situations, static evaluation of supply risk
will not help to identify the future constraints to which we could be
exposed as a result of decisions taken now. Besides, Graedel et al.
(2012) allocated equal weights to every parameter, which was not
reasonable for other evaluation subjects. The conceptualization of
supply resilience was developed by the Joint Research Center of the
EU (JRC, 2016), but the lack of clear classiﬁcation of requirementdemand imbalance and economic impacts may lead to some
overlap in the process of establishing indicators. In addition, many

researchers adopted life cycle assessment (LCA) methodology to
estimate the ecosystem quality and impact on human health
(Peters et al., 2016; Zackrisson et al., 2010). In China, LCA techniques
are widely used and developed by modifying and improving the
relevant database (Chen et al., 2011; Hong et al., 2017; Lu et al.,
2017), while uniﬁed model was adopted and effects of technological evolution could not be analyzed. In a word, there is an urgent
need for a new integrated investigation on supply risk assessment
of the critical raw materials in LIBs in China, but detailed and
comprehensive research focusing on Chinese raw material supply
risk is limited.
In this study, a novel assessment methodology for supply sustainability (possibility of supply shortage) of critical raw materials
is established. Dynamic aspects are incorporated in the consideration of reserves depletion, production capability and time frame,
in which context the predictions and suggestions for the future will
be much reliable. Besides, a combination of comprehensive parameters including demand, reserves, economy, technology, and
policies are evaluated quantitatively. We also analyze the impacts
of secondary resource recycle and substitution, which represent the
ability to alleviate supply disruption through reduction in demand
for primary material. Furthermore, the whole supply chain design
concept is integrated into the method by carefully analyzing the
effects of both upstream and downstream on the supply resilience.
The methodology is demonstrated by applying it to the supply risk
assessment for lithium and cobalt consumed by electric vehicles in
China, and indicators can be applied to other countries and other
materials when the relevant data are used.
2. Methodology
This research aims to examine if the risk of critical raw materials
along the supply chain will impede the development of electric
vehicles in the future. A comprehensive and thorough methodology
in this study is derived from the knowledge published by the Joint
Research Center of the EU and the criticality methodology in previous literature (JRC, 2016.; Fang et al., 2018; Sun et al., 2016). The
established methodology in the manuscript considers various aspects by reintegrating and modifying the indicators, including the
dynamics of material supply and economic ﬂuctuation. The period
ranging from 2015 to 2030 is selected. The results are presented
based on the effect of material supply (MS), economic ﬂuctuation
(EF), and a comprehensive index called Chinese resilience to materials supply. All the indicators are assumed to be located on the
values 0 to 1. The value for 0 represents the maximum inﬂuence on
supply resilience, and 1 represents minimum inﬂuence.
The indicators and formulas are calculated as described below:
2.1. Material supply (MS)

MS ¼ 0:5*Md þ 0:3*Rd þ 0:2*Sa

(1)

As is shown in equation (1), the analysis of material supply is
based on three sub-indicators: material demand (Md), reserve
depletion (Rd), and supply adequacy (Sa), which will be elaborated
in the following section. Md is the most directly inﬂuential factor of
MS, while the values of Rd and Sa are indirect and qualitative. In this
case, a higher weighting number is assumed to be the indicator Md.
2.1.1. Material demand (Md)
Considering that competition for the same material exists both
worldwide and domestic, Md is composed of three sub-indicators
for understanding the different aspects of the material demand.
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Each sub-indicator is expressed as follows:
Md1 is the ratio of Chinese demand for a speciﬁc material from
electric vehicles to its total global demand. If the value of Md1 is
high, it tends to directly reﬂect a supply shortage of the corresponding material for power batteries used in electric vehicles.

Md1 ¼

Chinese material demand for power batteries
Total global demand

(2)

Md2 is the ratio of Chinese demand for a material for power
batteries to its total Chinese demand in all ﬁelds. Md2 identiﬁes the
domestic competition with other ﬁelds.

Md2 ¼

Chinese material demand for power batteries
Total Chinese demand

(3)

Md3 is the percentage of total Chinese demand to total global
demand for a speciﬁc material.

Md3 ¼

Total Chinese demand
Total Global demand

ð1  Md1 Þ þ ð1  Md2 Þ þ ð1  Md3 Þ
3

(5)

2.1.2. Reserve depletion (Rd)
Indicator Rd provides a vision for future sustainability assessment based on the fraction between current reserves and consumption. The forecasted consumption is assumed to be equal to
total global demand, which is expressed in indicator Md1. The
known reserves are also required for obtaining the Reserves
Depletion Index (RDI), which can be found according to the Mineral
Commodity Summaries published by the USGS.

RDIm ¼

Capacity utilization ratio ¼

Global Demand
Mining capacity

(7)

Under most conditions, the capacity utilization ratio is less than
70%, indicating ample buffer for an emergency case of a surge or
disruption of supply, and the value of Sa will be set up as 1. In other
cases where the ratio is higher than 70%, Sa will be 0.7, indicating a
potential supply risk in the future.
2.2. Economic ﬂuctuation (EF)

EF ¼ AverageðIp; Ss; Scd; Pp; Mci; IrÞ

(8)

EF is calculated based on the equation (8), indicating that the six
economic sub-indicators have the same impact on the value of EF.
The meaning of each sub-indicator will be explained subsequently.

(4)

As mentioned above, the higher the value of Md, the weaker will
be the inﬂuence it brings to the supply risk, while the values of the
sub-indicators have a contradictory effect with Md. Thus, Md is the
arithmetic mean of the modiﬁed three sub-indicators: 1-Md1, 1Md2, and 1-Md3, which is expressed below.

Md ¼

3

2.2.1. Investment potential (Ip)
Indicator Ip provides a holistic overview of Chinese investment
potential based on open data about gross domestic product (GDP)
(accepted data of countries’ economic level). Countries with a fast
growing GDP always tend to have greater potential to invest and
attract more investments. Ip is calculated as the ratio of Chinese
GDP and total global GDP (estimated by data for 37 selected
countries with higher values of GDP). Besides, a country’s environmental performance is also considered by introducing the
Environmental Performance Index (EPI) as the weighting coefﬁcient of GDP (EPI, 2016). Ip can be expressed by the following
equation with mixed effects of Chinese GDP and EPI and those of
other leading countries:

Ip ¼

(9)
where CN represents China, GDPCN and EPICN are GDP and EPI for
China, GDPnon-CN and EPInon-CN represent GDP and EPI for other

Reservesðm1Þ  Consumptionðm1Þ Reservesðm1Þ  Demandðm1Þ
¼
Consumption m
Demand m

where RDIm represents the value of RDI in the year m, Reservesm-1
and Consumptionm-1 are the amount of reserves and consumption
in the year m-1.
Overall, for most materials, the outcome of RDI is greater than
18, indicating adequate reserves for the corresponding material and
the value of Rd being 1. If RDI is less than 18, Rd is supposed to be 0.7
to make a little contribution to MS.

2.1.3. Supply adequacy (Sa)
Economic development is always accompanied by an increasing
demand for materials, and it is possible to cope with this if the
capacity of the materials also grows with time (Humphreys, 2012).
Indicator Sa evaluates the supply adequacy of global raw materials
from 2015 to 2030, as reﬂected by the capacity utilization ratio.

GDPCN *ð1  EPICN Þ
P36
i¼1 ðGDPnonCN *ð1  EPInonCN ÞÞ

GDPCN *ð1  EPICN Þ þ

(6)

countries. For the entire period, the most recent EPI values are used
for China and the other countries as no future EPI projections are
available.
2.2.2. Supply stability (Ss)
Indicator Ss is set up to consider the supply stability of a country
in mining and reﬁning processes based on the conventional
method called Herﬁndahl-Hirschman Index (HHI). The mining
production and share predictions for each country until 2030 were
estimated based on the production capacities of the operating
mines and projects currently in the development stage. However,
uncertainties exist in relation to the completeness of the datasets
used as well as market conditions that are critical for the timing of
the production capability. To make allowances for delays in the
delivery of mining projects, ﬁxed development timeframes were
applied to projects in the production pipeline: mines currently
under construction are expected to become operational in 2020;
projects in the feasibility stage (either started or completed) are
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expected to come onstream in 2022; supply from projects in the
“prefeasibility” and “reserves development stage” is expected to be
available beyond 2027. The detailed calculation method is presented in supplementary data. The World Governance Index (WGI)
(WGI, 2015), which is recognized as an indication of countries’
political stability, is applied as the weighting factor in the following
equations (EC, 2017; Song et al., 2019; Sun et al., 2016). Ssm and Ssr
are then calculated in detail.

HHIm
¼
Ssm ¼
10000
HHIr
Ssr ¼
¼
10000

Pq 
p

Share2m;p *WGIp



10000
Pq 
p

Share2r;p *WGIp

(10)



10000

(11)

where p is the country that has share possession, p  q. Sharem,p is
the mine share of country p, Sharer,p is the reﬁning share of country
p.
Ss is the sum of the two components:

Ss ¼ Ssm þ Ssr

(12)

2.2.3. Supply chain dependency (Scd)
Indicator Scd considers the dependency of the other downstream stages (speciﬁc processed materials in LIBs and module
manufacture) along the supply chain, besides the mining and
reﬁning processes. A higher share also contributes to greater
resilience, and Y equals to China’s share in the above two stages. The
detailed calculation formulas are as follows.

HHI
¼
XP ¼
10000

Pq 
p

Share2p *WGIp



10000

(13)

Fig. 1. Methodology for assessing Chinese supply resilience along the supply chain.

2.2.5. Material cost impact (Mci)
Indicator Mci implies the effect of speciﬁc material cost on the
main product cost. If the cost of a given material accounts for a large
portion of the total cost, any abrupt increase or decrease will
directly inﬂuence the promotion of the speciﬁc technology. In this
study, Mci is approximately calculated based on the equation (18)
owing to the difﬁculty in considering the entire costs for all the
processes.

T  Ai *Bi
T

YCN ¼ Chinese Share

(14)

Mci ¼

XP þ YCN
2

(15)

where Ai is the average market price of raw material i ($/kg), Bi is
the consumption of material i per unit battery power (kg/W), T is
the total cost of a substance used per unit battery power ($/W).

2.2.4. Purchasing potential (Pp)
Apart from investment potential, domestic purchasing potential
should also be assessed separately. Here, GDP and GDP per capita
are used to estimate Pp. Considering the signiﬁcant inﬂuence
caused by environmental restrictions in different countries on the
low-carbon technologies, EPI is used as the weighting factor of a
country’s GDP and GDP per capita, which is similar to the calculation for Ip. The detailed equation for Pp is as follows:

2.2.6. Import reliance (Ir)
The degree of reliance for an imported raw material will have a
signiﬁcant impact on the supply resilience for the speciﬁc material.
The higher the import reliance, the greater will be the supply risk,
and this will strongly inﬂuence the EF values. Generally, import
reliance can be obtained through the percentage of net import
amount in the net consumption amount:

Scd ¼

Ir ¼ 1 

MþN
Pp ¼
2

(16)

(19)

where.
the amount of Chinese net import is calculated based on the
following equation:

where M ¼ Ip.
and

N¼

Chinese Net Import
Chinese Net Consumption

(18)

Per capita GDP CN *ð1  EPICN Þ
Per capita GDP CN *ð1  EPICN Þ þ Per capita GDP nonCN *ð1  EPInonCN Þ

(17)
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Chinese net import ¼ Chinese demand  Domestic production
The Chinese net consumption is set up to be the same as Chinese
demand.

Ir ¼ 1 

Chinese demand  Domestic production
Chinese demand

(20)

2.3. Chinese supply resilience
The indicators are aggregated into two series as described
above: material supply (MS) and economic ﬂuctuation (EF), which
represent the impact of material and economy on the supply sustainability of lithium and cobalt, respectively. On the other hand, in
order to integrate these indicators more effectively and systematically, they are separated into two dimensions: upstream index (UI)
and downstream index (DI) (Fig. 1). According to the results of MS
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and EF, which will be discussed in detail in the following
subsections 4.1 and 4.2, the impact of indicators relevant to material supply and demand have a greater inﬂuence on supply risk,
while economy proves to have a minor effect. On the basis of these
conclusions, UI is calculated as the arithmetic average of the six
indicators along the upstream supply chain (Md, Rd, Sa, Ip, Ss, Ir),
while DI is supposed to be the weighted mean (50%: 20%: 30%) of
the three indicators along the downstream chain (Scd, Pp, Mci) with
Scd making a bigger contribution. Moreover, the assumption is
consistent with the methodology in JRC (JRC, 2016). The values of UI
are used as X-axis, and values of DI as Y-axis of the materials supply
resilience diagram. The Chinese supply resilience for each raw
material is shown for a given year.
The charts for supply resilience are assumed to evolve with time
for the years 2015, 2017, 2020, 2022, 2025, 2027, and 2030. The
product of the two resilience dimensions (UI*DI) is used to quantify
the overall resilience, referred to as Chinese supply resilience here.
This is particularly useful to rank the resilience, allowing also for
quantitative comparison of the evolution, for example in terms of
percentage variation with time. Depending on the values of UI*DI,
the resilience chart can be divided into three parts with ﬁxed
product curves (UI*DI ¼ 0.3 and 0.45): green for high resilience
area, yellow for middle resilience area, and red for low resilience
area. The basis for these areas is that previous studies suggested
that lithium and cobalt are the critical raw materials or have high
risk in the EU (EC, 2017); therefore, the supply resilience of lithium
and cobalt should be set near the red area in 2016, where the
threshold curve between the red and yellow areas (UI*DI ¼ 0.3) is
established accordingly. Meanwhile, the threshold curve between
the yellow and green areas is set with the UI*DI value of 0.45,
leaving a further 50% increase in the scope for resilience. The
illustration is shown in Fig. 2.
C Materials with high Chinese supply resilience (UI*DI  0.45)
will locate in the green area, indicating a sustainable supply
chain
C Materials with middle Chinese supply resilience (0.3
<UI*DI < 0.45) will fall in the yellow area, implying a moderate degree of supply shortage
C Materials with low Chinese supply resilience (UI*DI  0.3)
will position in the red area, representing a high risk of
supply shortage

2.4. Scenarios analysis
The Chinese supply resilience is assessed in terms of four
different scenarios. Each scenario provides a detailed effect prediction of three possible conditions considering the mitigation
strategies: raw materials increase in domestic production, recycling
of spent LIBs, and substitution of raw materials.

Fig. 2. Supply resilience in this context is deﬁned as follows: supply
resilience ¼ upstream index*downstream index (JRC, 2016). The contour lines represent different combinations of “upstream index” and “downstream index” that lead to
the same supply resilience level. While in the logarithmically scaled matrix, the levels
of uniform supply resilience exhibit a convex shape. (a) Supply resilience function
derived from the product of the two axes “upstream index” and “downstream index.”
(b) The visual diagram of the supply resilience matrix with contour lines representing
the corresponding level of the function above.

C Scenario 1: It is a fundamental scenario that does not apply
any of the three mitigation strategies during the whole-time
range, which is a conservative scenario.
C Scenario 2: Considers the possible increase (16% for lithium
per year (CHYXX, 2018a) and 10% for cobalt per year (CHYXX,
2018b) in the domestic production of raw materials in China
based on the baseline Scenario 1.
C Scenario 3: Considers the recycling of spent LIBs and the
domestic production increase in Chinese raw materials as the
possible mitigation measures based on Scenario 1. The recovery rates of lithium in 2015 and 2017 are close to zero
under the limitations of the current production line, and it is
estimated to be 15% (S-shape curve) of the domestic demand
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in 2030 (JRC, 2016); whereas even though the current recovery rate for cobalt is excellent (95%), the collection rate
is only around 9%. Therefore, the recovery rates of cobalt are
around 0 and 7% in 2015 and 2017, respectively, and it is
conservatively set to be 40% in 2030 (JRC, 2016). The detailed
recycling rates for each year are listed in Tables S7 and S8.
C Scenario 4: Considers all three mitigation strategies (domestic production, recycling, and substitution) mentioned
above, which is supposed to be the most optimistic one.
Currently, lithium-sulphur, metal-air, magnesium-ion and
sodium-ion batteries, and hydrogen fuel cells are being
explored to replace Li-ion batteries, and they are in various
stages of maturity, while all of them still are 15e20 years
away from commercial viability. According to the present
research, there is little possibility that substitutes of lithium
will become a production reality during the considered time
range (i.e., 2015e2030). Therefore, the substitution rate of
lithium is set to be zero here; various raw materials such as
nickel (Ni), manganese (Mn), and aluminum (Al) can be used
as potential substitutes for cobalt and the substitution rate is
estimated at almost 26% in 2030 (JRC, 2016). The detailed
substitution rates for each year are listed in Tables S7 and S8.
The mitigation measures being considered impact only the upstream supply chain; thus, the above assessment scenarios are
applied to indicator UI.

Table 2
Scores for indicators in electric vehicles in China for lithium.
Li

2015

2017

2020

2022

2025

2027

2030

Md
Rd
Sa
MS

0.775
1
1
0.888

0.740
1
1
0.856

0.571
1
1
0.748

0.532
1
1
0.697

0.487
1
0.9
0.655

0.481
1
0.7
0.565

0.365
1
0.7
0.499

Table 3
Scores for indicators in electric vehicles in China for cobalt.
Co

2015

2017

2020

2022

2025

2027

2030

Md
Rd
Sa
MS

0.853
1
1
0.927

0.825
1
1
0.913

0.747
1
0.7
0.814

0.697
1
0.7
0.789

0.625
1
0.7
0.752

0.578
1
0.7
0.729

0.471
1
0.7
0.676

Table 4
Scores for indicators in electric vehicles in China for lithium.
Li

2015

2017

2020

2022

2025

2027

2030

Ip
Ss
Scd
Pp
Mci
Ir
EF

0.217
0.948
0.313
0.247
0.993
0.870
0.598

0.224
0.954
0.314
0.255
0.990
0.860
0.599

0.234
0.958
0.326
0.266
0.988
0.830
0.600

0.241
0.961
0.328
0.274
0.986
0.820
0.602

0.251
0.963
0.332
0.285
0.983
0.800
0.603

0.258
0.965
0.332
0.292
0.978
0.770
0.599

0.268
0.968
0.332
0.304
0.970
0.750
0.598

3. Data resources
As for the data sources, the demand for lithium and cobalt in
power batteries in China and worldwide is calculated considering
the amount of lithium and cobalt consumed by electrical vehicles,
namely battery electric vehicle (BEV) and plug-in hybrid electric
vehicle (PHEV). The amount for each type of electric vehicle is
calculated based on the relevant government strategies, roadmaps,
and expected average growth rates, as detailed in Tables S1 and S2.
In this study, the production/consumption of lithium and cobalt are
given as elements. The data for GDP, EPI, and WGI required in the
evaluation process of the indicator EF are taken from ofﬁcial sources
(listed in Tables S3, S4, S5, and S6). The assessment also adopts the
existing information from literature and statistics from relevant
companies. All the data have been checked and normalized.

Table 5
Scores for indicators in electric vehicles in China for cobalt.
Co

2015

2017

2020

2022

2025

2027

2030

Ip
Ss
Scd
Pp
Mci
Ir
EF

0.217
0.824
0.313
0.247
0.979
0.158
0.456

0.224
0.825
0.314
0.255
0.969
0.14
0.455

0.234
0.827
0.326
0.266
0.954
0.114
0.454

0.241
0.830
0.328
0.274
0.948
0.10
0.453

0.251
0.846
0.332
0.285
0.938
0.080
0.455

0.258
0.853
0.332
0.292
0.926
0.075
0.456

0.268
0.861
0.332
0.304
0.908
0.072
0.457

supply resilience with three mitigation measures are analyzed
systematically (see Table 1).

4. Results and discussion
4.1. Material supply
According to the methodology and data mentioned above, the
impact of material demand and economic ﬂuctuation on material
supply risks is discussed in detail, and the performance of Chinese

According to equations (1)e(7), the indicators Md, Rd, and Sa are
calculated. As seen from Table 2 and Table 3, the values of Md vary

Table 1
Data sources used in this study.
Indicator

Data sources

In detail

Md for lithium
Rd
Sa
Ir
Md for cobalt
Rd
Sa
Ir
Ip
Scd
Pp
Mci
Ss
Scd

OROCOBRE, 2012;
Roskill (2013); USGS, 2017;
USGS, 2018; USGS, 2019; government strategies, information published by Chinese lithium companies

Table S1

Roskill (2014); CRU, 2015;
Darton (2016); government strategies, information published by Chinese lithium companies

Table S2

EPI, 2016; OECD, 2016a; OECD, 2016b;
World Bank (2016);
JRC (2016)

Table S3

JRC (2016)
Roskill (2014)

Table S4, Table S5, Table S6
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from 0.775 in 2015 to 0.365 in 2030 for lithium and 0.853 in 2015 to
0.471 in 2030 for cobalt, which indicates that the proportion of
Chinese demand for lithium and cobalt increases during this
period. It is probably driven by the sudden boom in the electric
vehicles industry, which is supported by government policies and
technology innovations. The decreasing ratio of MS for cobalt
(27.1%) is lower than that of lithium (43.8%). The underlying reason
is that lithium is the core element of power batteries due to its
unique characteristics, while cobalt can be substituted by other
metals, such as Mn and Ni. Meanwhile, the depletion of mine reserves leads to a slight decrease in the values of Sa during this
period. Thus, indicator Md plays a signiﬁcant role in the impact of
material supply, and insufﬁcient supply has already induced severe
shortages of both lithium and cobalt.

4.2. Economic ﬂuctuation
The indicator results that may inﬂuence Chinese supply resilience from different economic points of view are listed in Table 4
and Table 5. The values of Ip are higher from 2015 to 2030, indicating that China’s aggregate economic activity will grow faster
than that of other leading countries. Therefore, China will maintain
adequate investment potential for the supply of lithium and cobalt.
Meanwhile, both values of Ss increase during this period, indicating
that China will provide a more stable political environment that
supports raw material supply, and the ratio of mining share and
reﬁning share will increase. The analysis of indicator Scd takes into
consideration two parts of the downstream stages. It is interesting
to ﬁnd that the values of Scd increase a little from 2015 to 2030,
indicating that China will depend more on the downstream products; at the same time, the values of Pp increase by 23%. The reason
may be that despite more products being exported abroad, the
purchasing enthusiasm of domestic citizens will likely soar, and this
leads to the values of Ir decreasing by 14% during this period
(2015e2030). The tendency of EF for lithium increases ﬁrst and
then decreases in the last ten years, indicating that the effects of Ip,
Ss, Scd, and Pp maintain the tendency initially while being surpassed by those of Mci and Ir. On the other hand, the tendency of EF
for cobalt is opposite, decreasing ﬁrst and then increasing in the last
15 years during which the predominant inﬂuence is from the effects of Ip, Ss, Scd, and Pp. However, both the changes of EF are
minimal from 2015 to 2030, indicating a small inﬂuence of economic ﬂuctuation on supply resilience during this period.
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4.3. Chinese supply resilience
4.3.1. Lithium
The relevant results are shown in Fig. 3 and Fig. 4. Due to a
signiﬁcant increase in demand, Chinese supply resilience for
lithium declines progressively during the period between 2015 and
2020 in all the scenarios. Chinese supply resilience decreases by
5.9% in scenario 1, 5.8% in scenario 2, and 5.5% in the other two
scenarios, which moves from the threshold between the middleresilience area and low-resilience area to the low-resilience area.
Consequently, until 2020, Chinese supply resilience of lithium locates in the red area in 2020 in all the four scenarios.
In the following ﬁve-year period to 2025, the resilience condition of lithium degrades in scenarios 1 (3%) and 2 (1.7%), while
there is no obvious drop for scenarios 3 and 4 (1%). In other words,
the three mitigation measures that domestic production increase,
recycling and substitution can alleviate the decrease in resilience,
while the latter two measures turn out to have a better performance during this period. Meanwhile, compared with the resilience for 2020 in scenario 1, it is interesting to ﬁnd that recycling
has a stronger effect on resilience (þ1.1%) than production increase
(þ0.5%) and substitution (þ0.9%).
During the years from 2025 to 2030, lithium resilience decreases
sharply in scenario 1 (10.8%) and scenario 2 (7.9%), which is
consistent with the increasing demand for LIBs. In scenarios 3 and
4, the supply resilience of lithium in China recovers by 5% by virtue
of the mitigation measure of recycling. Unfortunately, the resilience
of lithium did not revert to the previous level in 2015 in each of the
four scenarios.

4.3.2. Cobalt
As one of the core elements in LIBs, the supply resilience of
cobalt locates in the red area (low-resilience) from 2015 to 2020,
with the detailed values decreasing notably by around 10.5% in
scenario 1 and 6.7% in scenario 2 during the ﬁve-year period and a
minor drop in the other two scenarios (3.2% and 1.9%,
respectively).
During the next ﬁve-year period, the supply resilience of cobalt in
China experiences a further small drop for scenarios 1 (2.7%) and 2
(1.5%), indicating that increase in domestic production plays a
positive role in alleviating supply shortages. It is excited that a
remarkable increase in supply resilience appears in scenario 3
(þ7.4%) and scenario 4 (þ13.4%), which is attributable to the

Fig. 3. Chinese supply resilience for (a) lithium and (b) cobalt from 2015 to 2030.

8

W. Yan et al. / Journal of Cleaner Production 256 (2020) 120719

Fig. 4. Chinese supply resilience for lithium (Li) and cobalt (Co) for three mitigation strategies from 2015 to 2030: (a)Scenario 1 (b)Scenario 2 (c)Scenario 3 (d)Scenario 4.

mitigation measures of recycling and substitution, and is far beyond
the initial level in 2015.
During the last ﬁve years, supply resilience for cobalt further
decreases by approximately 4.7% for scenario 1 and 5.4% for scenario 2, indicating that the increase in domestic production cannot
meet the rapid increase in demand. While the situation does not
deteriorate much in scenario 3 (0.4%), a signiﬁcant increase is
obtained (þ7.2%) in scenario 4. Due to the mitigation measures of
recycling and substitution, the resilience of cobalt moves to the
threshold (UI*DI ¼ 0.3)of the low and medium zones, which far
exceeded that in 2015. In other words, recycling alone can counteract the shortages caused by increasing demand; meanwhile,
potential substitution measures can provide a more signiﬁcant
impact.
4.4. Discussion
China is currently the world’s number one producer of LIBs, and
the availability of raw materials to produce the batteries is important not only for the Chinese economy but also for other countries
that must import these batteries. In this study, detailed information
is provided for assessing supply risks and predicting sustainability
for critical raw materials in China, and decision makers can use this
information in relevant activities to avoid risks and for better
control and handling of critical raw materials both in China and the
other regions and countries worldwide. The systematic assessment
methodology can also be used to evaluate the supply resilience of
other materials in other regions: the indicators (Md, Rd, Sa, Ip, Ss, Ir,

Scd, Pp, Mci) that represent the inﬂuence of economy, supply,
technology, and policy can be directly applied using relevant data.
Meanwhile, the study results can be used as input data for other
decision models to analyze and deﬁne new projects, such as
increasing production, recycling, and exploring new alternatives.
This assessment of Chinese supply resilience implies that
lithium and cobalt, both critical raw materials for electric vehicles,
indicate potential supply risk and shortages in the 2030 time frame.
However, according to the evaluation in scenario analysis,
increasing domestic production can effectively alleviate the potential supply risk of raw materials. In fact, many researchers are
devoting themselves to understand mining and extraction technologies (Flexer et al., 2018; Garrett., 2004), especially in China,
where salt-lake brine is the core for lithium extraction. However,
lithium reﬁning from high Mg/Li ratio brines commonly found in
most Chinese salt lakes is still a challenge for large-scale production
(Song et al., 2017). Substitution demonstrates another useful
measure to cope with the shortage crisis, but appropriate alternatives for the lithium contained in LIBs (Zeng et al., 2014) are almost
nonexistent. Recycling lithium from spent LIBs is economically
feasible and environmentally friendly, and complies with sustainable development and green design laws. Therefore, production
increase can have a positive effect in the short term, but in the long
run and from a practical perspective, recycling is a key approach
among the three mitigation strategies. It can improve resilience and
help to cope with the supply risks of lithium and cobalt, thereby
positioning in the yellow (medium) resilience area (relatively safe).
Implementing the concept of circular economy involves several
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management options to improve the lifespan of different products:
reuse, remanufacture, and recycle. When a product completes its
primary use, the reuse process can be activated. For example, if
power batteries decline to 60e80% of their original capacity, they
can be reused to work in applications demanding stationary grid
energy storage batteries (Richa et al., 2014). However, most of the
products cannot be directly reused in other modules. Thus, these
products can be returned to a remanufacturing process, in which
some accessible parts are combined with the repaired product. This
technique can also be applied to treat spent LIBs, whereas the
promising inﬂuence of reuse and remanufacture are not estimated
in this work owning to the complexity and uncertainty of the data
collection process.
Finally, recycling is an effective measure in the entire process of
the circular economy, as it involves separating individual raw materials from an integrated end-of-life product to provide secondary
supply (Gaustad et al., 2018). A considerable amount of recent
literature has examined the various methods for recycling valuable
metals from spent LIBs (Wang et al., 2009; Paulino et al., 2008; Lv
et al., 2018). The studies posit that a combination of chemical and
physical methods is always adopted to recycle end-of-life LIBs
because of the complexity of the components. In general, physical
approaches such as crushing and sieving are applied to enhance the
efﬁciency of recycling (Xu et al., 2008). Chemical approaches
mainly include methods of pyrometallurgy and hydrometallurgy. In
comparison, hydrometallurgical methods can be undertaken in
mild reaction conditions as they release less amounts of hazardous
gases than pyrometallurgy (Georgi-Maschler et al., 2012; Ku et al.,
2016; Sun et al., 2017a). In addition, a hydrometallurgical method
enables a much higher recovery efﬁciency of lithium, making it a
higher priority and promising approach for disposing spent LIBs.
The state-of-the-art technologies including selective extraction,
regeneration, and repairing have obvious advantages: shorter
processes, lower costs, and are more environmentally friendly than
the currently available processes. At the outset, whether these
innovative and successful laboratory technologies have the potential of industrial application and turning them into reality should be
seriously considered. In addition, efforts should also be made for
improving recycling efﬁciency and reducing pollutant discharge
during the treatment process of spent LIBs, as it may lead to
emissions of hazardous gases and contamination of water bodies or
soil. Furthermore, most research on processing spent LIBs mainly
focuses on the optimization of leaching parameters, leaching kinetics, and reaction mechanisms, whereas more work must be
devoted to the establishment of an integrated evaluation system in
the entire process, which is a priority at present. Last, but not the
least, comprehensive and sustainable views must be considered in
green designing the cradle-to-grave disposal process.
5. Conclusions
This research demonstrates a comprehensive and systematic
methodology considering the combined effects of supply, economy,
and technology innovation to evaluate Chinese supply sustainability for critical raw materials used in LIBs (i.e., lithium and
cobalt).
The study ﬁndings indicate that Chinese demand for lithium and
cobalt increases greatly during the period from 2015 to 2030. The
decreasing ratio of cobalt (27.1%) is lower than that of lithium
(43.8%) due to the unique characteristics of lithium in power batteries, whereas cobalt can be substituted by Mn, Ni, and other
metals. The supply of lithium and cobalt will encounter a severe
risk shortage from the single aspect of material supply. On the other
hand, Chinese economic aggregates will likely grow faster than
other leading countries, indicating adequate investment potential
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for the upstream of lithium and cobalt. Meanwhile, China is expected to provide a more stable political environment for raw
material supply and a higher ratio of mining and reﬁning share.
Despite more products likely to be exported, the domestic purchasing needs of relevant downstream products will improve
signiﬁcantly. These economic effects are expected to marginally
inﬂuence the supply of lithium and cobalt.
As the most important indicator in this study, Chinese supply
resilience during the period from 2015 to 2020 for lithium declines
gradually in the four scenarios considered due to the signiﬁcant
demand increase, thereby moving from the threshold to the lowresilience zone. Comparing the three mitigation measures, recycling of spent LIBs and substitution of raw materials can alleviate
the high risk in lithium resilience, whereas the inﬂuence of domestic production increase seems inconspicuous. As for cobalt, it
remains in the low-resilience zone in all the scenarios, declining
sharply by 10.5% from 2015 to 2020. Fortunately, due to the recycling technology innovation and substitution measures, Chinese
supply resilience for cobalt is expected to increase by 13.4% and
7.4% during 2020 and 2025, respectively.
Recycling is proved to be the most effective measure to alleviate
potential supply risk of material shortages, which is consistent with
the concept of the circular economy. There have been several
studies examining the recycling process of critical metals contained
in LIBs, and a more efﬁcient system that considers the various aspects in the scale-up process is expected to be published in the
foreseeable future.
The rapid growth rate of Chinese LIBs production raises corresponding problems pertaining to raw material supply and resource
circulation for the whole world. The use and results of this study
provide meaningful information for foreign researchers in obtaining material ﬂow and trends of Chinese LIBs industry and making
right decisions on resource allocation. The systematic methodology
in this work can be used to evaluate the supply sustainability of
many other materials, such as energy metals, precious metals and
rare earth metals.
The use of this model will make it possible to establish a complete supply sustainability evaluation system and formulate a
ranking list for more materials in China. Achieving this goal will
have a signiﬁcant impact on the material ﬂow management of the
Chinese national economy. More useful work and information
about this direction will be provided in the forthcoming research.
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