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Cobalt Demand for Automotive
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Analysis Based on the Bass Model

Qing Shi*
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With accelerating automotive electrification process, quantitative analysis of cobalt
demand becomes a critical issue in China. How much cobalt is expected to be
needed from 2021 to 2030 to support a smooth automotive electrification in China?
This study aims to answer this question comprehensively by examining the responses of
annual cobalt demand to variations in electric vehicle sales, battery capacity factors, and
cobalt substitution effects, which has not been fully explored in previous literature.
Scenario analysis based on the Bass model is adopted and historical data from 2012
to 2020 are used for this study. The results show that 1) the peak annual cobalt demand
will reach 35.58-126.97 kt/year during 2021-2030; 2) cobalt demand is expected to
decline by 14.29% if the market share of ternary lithium-ion battery decreases by 10%; 3)
while cobalt substitution can reduce the demand substantially, it cannot offset the growth
of cobalt demand driven by the increasing EV sales and battery capacity. These results
provide a knowledge base for policy suggestions to manage the cobalt demand—supply
balance in China better.
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1 INTRODUCTION

The transport sector is the second-largest source of carbon emissions in China, accounting for
9% of its total emissions (Xue et al, 2019). Decarbonizing transport via automotive
electrification can help China mitigate emissions and achieve its carbon peak goal by 2030
(Huang and Ge, 2019). Driven by technological progress, infrastructure construction, and
governmental subsidies, the annual sales of battery electric vehicles (BEVs) and plug-in hybrid
electric vehicles (PHEVs) increased rapidly in China from 8159 units in 2011 to 1.2 million
units in 2019 (CAAM, 2021), creating the largest global electric vehicle (EV) market to date
(IEA, 2020). The pace and magnitude of automotive electrification has led to a massive increase
in the demand for cobalt, a critical and expensive raw material essential for the functioning and
integrity of current ternary lithium-ion batteries (TLIBs) ecosystems (Xu et al., 2020; Zhao
et al., 2020). The Democratic Republic of the Congo (DRC) monopolizes the global supply of
cobalt ores and concentrates (Shi et al., 2022); this geographical mismatch between the areas
that represent the major supply and demand of cobalt presents new challenges to mineral
security (IEA, 2021b). As China has accelerated its efforts toward automotive electrification,
policymakers and domestic companies must ensure that China’s demand can be met in a
sustainable and secure manner. To assess the sustainable availability and security of cobalt for
relevant decision makers at the macro and micro levels, it is essential to quantify the variations
in future cobalt demand under different outlooks of EV sales and battery-related technologies.
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Cobalt demand in China, the largest EV market worldwide,
has received increasing scholarly attention. Such research can
provide useful information for policymakers to respond to the
challenges of mineral security better and offer long-term
visibility for companies to invest in and supply cobalt-
related products. By using material flow analysis (MFA),
several studies estimated the cobalt consumption by
various end-use products in China (Zeng and Li, 2015;
Chen et al,, 2019; Liu et al., 2021). Focusing on the cobalt
consumption driven by the automotive electrification, the
existing studies get started by forecasting electric vehicle
sales and emphasize the impacts of EV market-related
factors on cobalt demand. Among these explorations, Hsich
et al. (2020) featured an EV projection model based on price-
related factors. Ou et al. (2021) made a more comprehensive
consideration of the price-related factors and dual-credit
policy in their New Energy and Oil Consumption Credits
(NEOCC) model. In addition to the micro factors, Jones et al.
(2020) studied the impact of macroeconomic variables on EV
sales in their cost, macro, infrastructure, technology (CoMIT)
model and highlighted China’s cobalt demand in their
analysis.

Previous studies have provided rich knowledge for
understanding the cobalt demand driven by the automotive
electrification transition in China. However, their models for
projecting EV sales require highly on data and their benefits
come at the cost of the sensitivities and uncertainties derived
from the numerous or simplified assumptions of variables (Ou
etal, 2021). The development of a concise model that shows a
good fit with historical data and thus can provide the diffusion
features of EVs deserves academic exploration. In addition,
the effects of cobalt substitution have not been fully explored
in previous studies. For example, while Ou et al. (2021) failed
to explore nickel manganese cobalt (NMC) compositions
beyond NMC622 and NMC9.5.5, Jones et al. (2020) failed
to study the rich variations in cobalt demand under different
scenarios of TLIBs market share and NMC chemistry
developments. Finally, few studies have fully explored the
responses of annual cobalt demand to variations in EV sales,
battery capacity factors, and cobalt substitution effects in
China.

Considering  existing related studies, the marginal
contributions of this study are summarized as follows. First,
this study builds and estimates a Bass model for projecting EV
sales in China. Using the latest historical EV sales data from 2012
to 2020 and the updated outlooks of EV market potential, this
study calibrates the Bass model, which shows excellent fitness.
Second, various market shares of TLIBs and battery mix scenarios
are considered in projecting the cobalt demand by 2030. Through
these new explorations, we complement the findings of existing
studies regarding the outlook of cobalt demand for the EV sector
in China and provide more scenario perspectives that could help
decision makers rethink their policies on cobalt demand-supply
balance. Finally, this study examines the responses of annual
cobalt demand to variations in EV sales, battery capacity factors,
and cobalt substitution effects, which enriches understanding of
the sensitivity of cobalt demand.
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FIGURE 1 | Framework for forecasting the cobalt demand in China
(2021-2030).

The remainder of this paper is organized as follows:
Section 2 introduces the framework to forecast cobalt
demand and the data used for this study; Section 3
presents the main results and related discussions; and the
last section summarizes the main conclusions and offers
several policy implications.

2 METHODS AND DATA

This study forecasted the annual cobalt demand driven by
automotive electrification in China from 2021 to 2030 using a
three-step process. The scale of EVs in China for the next
decade was firstly projected, followed by the projection of the
capacity of TLIBs. Based on the forecast of the annual installed
battery capacity, the types and quantities of cobalt used in
different battery chemistries were defined and the annual
cobalt demand was projected. The forecasting framework
for this study is illustrated in Figure 1.

2.1 Estimating the Scale of Annual EV Sales
2.1.1 Bass Model

The Bass model was developed by Frank M. Bass in 1969 to
describe the timing of the initial purchase of new products (Bass,
1969). It has been widely adopted for predicting innovation
diffusion (Meade and Islam, 2006). The diffusion of new
products, like new electric vehicle, has often been found to
follow a S-shaped curve. Bass model achieves a long success in
describing this type of diffusion through a simple mathematical
form (Massiani and Gohs, 2015). Specifically, its success builds on
three factors: first, Bass model can predict a smooth diffusion
curve, which is consistent with the common perception of the
diffusion of new products; second, it is data parsimonious; third,
the Bass approach fits sales almost as well as much more complex
models. Due to these advantages, the simple Bass model still
dominates other models in the field of diffusion studies (Massiani
and Gobhs, 2015).
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In his basic model, Frank M. Bass categorized new product
buyers or technology adopters into two groups-innovators and
imitators—and proposed that the probability that an initial
purchase made at time ¢ is a linear function of innovators and
imitators’ influence, respectively (Bass, 1969; Bass et al., 1994),
can be expressed by Eq. 1,

F®O/A-FE@®)=p+gF (1) 1

where f () is the density function describing the proportion of
purchasers to potential total buyers at time ¢, F (¢) = f;f(t)dt
denotes the cumulative function, p is the coefficient of
innovation that describes innovators making purchase
decisions independently of previous buyers, and g is the
coefficient of imitation that is positively influenced by
previous buyers. The parameters p and g together form an
S-shaped curve of buyers over time in the Bass model
(Massiani and Gohs, 2015).

Assuming F(0) =0, we can obtain the solution for the
differential equation in Eq. 1, that is,

F()=(1-¢ ) /(1+ (af p)e (")) @

The density function then becomes:

£ = ((p+q)z/p)e—(p+q)t/(1 4 (q/p)ef(p*q)t)z 3)

With the density functions, if m (market potential) denotes the
total number of ultimate buyers, we can obtain the number of
buyers at time ¢ (annual EV sales in this study), n(t).

n(t)=mx f(t) (4)

In the Bass model, first-time buyers of a new product are
considered, and repeated adopters are excluded for a certain
period. Furthermore, buyers are assumed to purchase only
one unit of the new product. In the case of purchasing EVs for
a certain period, such as 10 years, these assumptions are
reasonable. Therefore, the number of innovative buyers
equals the number of times an innovation is adopted (Li
et al., 2019).

2.1.2 Scenario Settings of EV Market Potential
Parameter m is treated as an exogenous parameter (Massiani
and Gohs, 2015). Market potential is set with three scenarios,
that is, pessimistic (abbreviation: PESS), baseline
(abbreviation: BASE), and optimistic (abbreviation: OPTI)
to reduce the impacts of the uncertainties of technological and
market conditions (Li et al., 2019). In the technology roadmap
for energy-saving and new-energy vehicles, the China Society
of Automotive Engineers projected that there will be 80
million electric vehicles in China by 2030 (SAE-China,
2016). Therefore, we set our baseline scenario at a market
potential of 80 million.

With the increasing number of charging stations,
convenient infrastructure, cheaper expenditures on life-
cycle usage, and the Chinese government’s ambitious
promotion policies to achieve carbon neutrality, EV sales
are expected to increase significantly. Like Li et al. (2019), we

Cobalt Demand for Automotive Electrification

TABLE 1 | Parameters of the Bass model under different market potential
scenarios.

Scenario Market potential p q R?

Pessimistic 40 million 0.0019*** 0.39"* 0.98
(0.0004) (0.035)

Baseline 80 million 0.001*** 0.37*** 0.98
(0.0002) (0.035)

Optimistic 160 million 0.0005*** 0.36™* 0.98
(0.0001) (0.035)

Note: * represents p < 0.1, **p < 0.05, and ***p < 0.01. Standard errors are reported in
parentheses.

set two times the baseline scenario as the optimistic scenario;
that is, the market potential will be 160 million by 2030. The
pessimistic scenario was set as half of the market potential of
the baseline scenario; that is, the market potential will be 40
million by 2030.

2.1.3 Estimating Innovator Parameter p and Imitator
Parameter g

In addition to the market potential, two parameters, p and g, are
estimated in the Bass model; we selected nonlinear least squares
(NLS) approach to estimate p and q because of its advantage in
obtaining valid standard error estimates and one-step-ahead
forecasts (Srinivasan and Mason, 1986). For the NLS
approach, initial values of p and g are required to estimate the
Bass model and the estimated parameters are sensitive to the
initial values (Massiani and Gohs, 2015). Thus, ordinary least
squares estimates obtained from Eq. 5, which is a transformed
form of the alternative expression of the Bass model (Eq. 6), were
used as initial values for estimating Bass model (Srinivasan and
Mason, 1986). N(t) denotes the cumulative buyers at time ¢.

n(t)=pxm+(q—p) x N(t)—q/mx N(t) (5)
n(t)=plm-N(@)]+g/mx N () x [m-N ()] (6)

The estimated p and g under different m values are listed in
Table 1. R’ value, Supplementary Figures S1, S2 show that the
predicted values fit the historical data well. Therefore, the
estimated Bass model was found suitable to forecast future
annual EV sales in China.

The historical data of China’s EV sales from 2012 to 2020
(see Supplementary Table S1) indicate that the market share
of BEVs and PHEVs on average is 80% and 20%, respectively.
Therefore, the market structure parameter was assumed to be
constant. With this constant, the annual BEV sales
(n(t)ggy = 0.8 x n(t)) and PHEV sales
(n(t)pgpy = 0.2 x n(t)) were projectedl.

"This study adopts a different estimation procedure of EV sales from Li et al. (2019)
who firstly assigned market potentials to four EV types and then estimated the
model parameters and projected the annual sales for each segment of EV market.
On the contrary, this study firstly estimated the parameters for the whole EV
market and projected the annual sales accordingly, and then assigned the annual
sales to PHEVs and BEVs based on the ratio of PHEVs to BEVs.
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TABLE 2 | Assumptions on major variables.

Market Potentials®

Average Battery Capacity” BEV
PHEV
EV Market Share® BEV
PHEV
Ternary Lithium Battery Market Share? High
Medium
Low
NMC532
NMC622
NMC811
NCA
High cobalt

Cobalt Requirement by Cathode Chemistry Type®

Cobalt Substitution Scenario”

Medium cobalt

Low cobalt

4See SAE-China (2016) and Li et al. (2019);

°See Supplementary Tables S1, S2 of Xu et al. (2020);

“Assumption based on the historical data, see Supplementary Table S1 of this study;
9Authors’ setting based on GGl (2020);

€See Olivetti et al. (2017), Alves Dias et al. (2018) and Seck et al. (2022);

"Scenario setting based on Seck et al. (2022) and China’s market features.

2.2 Forecasting Annual Installed Ternary
Lithium-ion Battery Capacity

The battery capacities required for BEVs and PHEVs are
different. It has been reported that the average battery capacity
required” for BEVs is approximately 66 kWh. and that for PHEV's
is approximately 12 kWh (Xu et al,, 2020). With this battery
capacity assumption, we forecasted the newly installed battery
capacity in year t, as given by Eq. 7,

y () = axn(t)ppy + P X n(t)pypy (7)

where y(t) denotes the newly installed battery capacity in year ¢, «
is the average battery capacity required for BEVs, and j3 is the
average battery capacity required for PHEVs.

There are currently several battery chemistries for EVs, which
can be categorized as TLIBs and lithium iron phosphate (LFP)
batteries.” In 2019, TLIBs accounted for 70% of the total market
(GGII, 2020). With the development of cell-to-pack (CTP)
technology by CATL company and the introduction of blade
battery by BYD company, the market share of LFP batteries is
likely to increase because of their increased driving mileage, lower
price, and higher safety. Furthermore, other novel battery

*The average battery capacity required is measured as the mean value of small-,
mid-, and large-sized EVs; the required capacity is the product of EV range, fuel
economy, and the ratio of available battery capacity for driving EVs. See SI in the ST
of Xu et al. (2020) for further details.

*There are five main battery chemistries for producing lithium-ion batteries (LIBs),
including lithium cobalt oxide (LCO), lithium nickel manganese cobalt (NMC),
lithium nickel cobalt aluminum (NCA), LFP, and lithium manganese oxide
(LMO). Among them, LFP battery and LMO battery do not contain cobalt
elements, and thus were excluded from the study. LCO is used extensively in
portable electronics but not in EV applications due to its high usage of expensive
cobalt (Azevedo et al, 2018). NMC series and NCA are categorized as the
TLIB type.

Pessimistic Scenario
Baseline Scenario
Optimistic Scenario

Cobalt Demand for Automotive Electrification

40 million
80 million
160 million
66 kWh
12 KWh
80%
20%
70%
60%
50%
0.23
0.19
0.09
0.13
70% NMC532, 156% NMC622, 10% NMC811, 5% NCA
20% NMC532, 30% NMC622, 50% NMC811, 10% NCA
90% NMC811, 10% NCA

technologies, such as lithium-air batteries, may capture some
market share. Owing to these technological developments, we set
the battery capacity market share scenario for TLIBs as follows:
the high scenario corresponds to 70% of y(t), medium scenario to
60% of y(t), and low scenario to 50% of y(t).

2.3 Projecting Cobalt Demand for Ternary
Lithium-ion Battery Capacity

In addition to EV sales, market structures of EVs, and battery
type, the battery mix and its evolving trend were considered when
projecting cobalt demand for EVs. Based on the cobalt content in
the cathode chemistry of TLIBs, the NMC series is classified as
NMC111, NMC532, NMC622, and NMC811. NMC111, the
simplest form, was excluded here because of its higher usage
and lower energy density than other NMC forms such as
NMC532 (Azevedo et al., 2018). Consequently, the battery mix
contains NMC532, NMC622, NMC811, and the NCA. The cobalt
contents of these four chemicals are listed in Table 2. The annual
cobalt demand estimation is expressed as Eq. 8.

D(t); =y, x y(t) x 0; (8)

In Eq. 8, D(t)ij denotes the annual cobalt demand in year ¢
under scenario i and j, y; denotes the market share of TLIB in
scenario i, and o; denotes the cobalt content in the cathode
chemistry j.

Owing to the increasing scarcity of cobalt resources and the
consequent higher battery costs, automobile manufacturers and
battery producers have invested more in less cobalt-intensive
chemistries such as NMC811 and NCA.* The battery mix for EV's

“For example, it is reported that Tesla installs NCA battery for its Model S and
works with suppliers toward reducing cobalt contained in future chemistries
(Azevedo et al., 2018).
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FIGURE 2 | Annual cobalt demand for EVs under different scenarios. (A) shows the cobalt demand for the pessimistic market potential scenario; (B) is for the
baseline market potential scenario; (C) is for the optimistic market potential scenario. In the legend, High denotes the high cobalt scenario, Medium denotes the medium
cobalt scenario, and Low represents the low cobalt scenario. This figure plots the high scenario of ternary lithium battery market share (70%). Medium and low scenarios
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is likely to transform from cobalt-intensive technologies to fewer
cobalt chemistries (Xu et al., 2020). Considering this development
trend of the battery mix, we set three cobalt substitution scenarios
as follows: a high-cobalt scenario consisting of 70% NMC532, 15%
NMC622, 10% NMC811, and 5% NCA; a medium cobalt scenario
corresponding to a portfolio of 10% NMC532, 30% NMC622, 50%
NMCB811, and 10% NCA; and a low cobalt scenario consisting of
90% NMCS811 and 10% NCA (Seck et al.,, 2022). Table 2 presents
all the major assumptions adopted in this study.

2.4 Data Source and Description

The EV annual sales and cumulative sales data (2012-2020) for
estimating p and q are from China Association of Automobile
Manufacturers (CAAM, 2021) (see Supplementary Table S1).
Market potential estimation was based on the projection data of
EV sales of SAE-China (2021). Descriptive statistics for the EV
data are presented in Supplementary Table S2. The annual
installed battery capacity to show the fitness of the projected
data is provided in Supplementary Figures S3. SI also provides
the BEV and PHEV shares data during the period 2012-2020.

3 RESULTS

3.1 Overview of Cobalt Demand for the EV
Sector in China

Figure 2 shows the annual cobalt demand for the EV sector in
China during 2021-2030. In each scenario, the demand for cobalt
first rises rapidly and then starts to fall. This type of demand curve
is closely related to the maturity of the EV market, which is also
observed in the case of the Netherlands, one of the newly emerging
EV markets (Tang et al, 2021). The differences among these
scenarios are in the scales and the turning year of annual cobalt
demand (see Figure 2), which are significantly influenced by
annual EV sales (see more discussions in Section 3.2) and the
substitution effects (see further discussions in Section 3.4).

The cobalt demand will increase until 2026 to the highest
requirement of 65.82 kt/year and then begin to decrease for the
baseline scenario. For the pessimistic and optimistic scenarios,
the highest annual demand of 35.58 kt/year and 126.97 kt/year

will occur in 2024 and 2028, respectively. For the growth stage of
annual cobalt demand, the compound annual growth rates were
13.25, 19.6, and 23.94% for the pessimistic, baseline, and
optimistic scenarios, respectively.

In previous studies related to the projection of annual cobalt
demand for EVs in China, Ou et al. (2021) predicted an upper
range of 7.17-111.18 kt/year during 2020-2030, Hsieh et al.
(2020) reported that China’s annual cobalt demand will reach
55.2 kt/year by 2030, and Jones et al. (2020) projected an annual
demand of 125 kt/year by 2030. Based on the projected scale of
annual cobalt demand, most of the projections of previous studies
are within the range of our projections, which, on the one hand,
provides a degree of confidence in the modelling framework
presented in this paper. On the other hand, there are differences
among these studies in the growing trend of cobalt demand that
result from the different outlooks of market potentials and
different modelling of the EV sales trajectory. Therefore, this
study provides a new perspective on the outlook of annual EV
sales over the next decade in China.

Our scenario analysis is also different from that of Zeng and Li
(2015), who projected that the annual cobalt demand for batteries
will increase to 75.7 kt by 2030. There are three key reasons for
this discrepancy. First, they estimated the cobalt demand with an
average increasing rate of 33.7% for batteries based on linear
regression analysis, which implies a growing trend during
2012-2030. Our estimations are based on a nonlinear Bass
model that suggests a growth and then a decline in annual EV
sales. Second, they investigated the net annual demand by
considering the recycling rate, while this study assumes that
recycling is a factor that influences supply (Alves Dias et al,
2018) and projects the total cobalt demand. Third, the battery
considered by Zeng and Li (2015) is for 3C products that have a
shorter lifetime than EVs. The total cobalt requirements used for
one unit of the 3C products and one EV are completely different.

Comparing our finding with the cobalt demand of the
European Union (EU), the second-largest EV market (IEA,
2020), is meaningful. In 2018, the EU projected that its
highest annual cobalt demand may increase to 36.37-123.2 kt/
year by 2030 (Alves Dias et al., 2018). The upper value of the
range corresponds to its ERTRAC High scenario, which is similar
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FIGURE 3 | Annual EV sales forecast in China until 2030.

to our optimistic outlook on annual EV sales. The comparison
results show that the optimistic outlooks for the annual cobalt
demand by 2030 in China and the EU are almost the same.
China’s EV market started to grow two to three years earlier than
that of the EU (IEA, 2020); consequently, its peak cobalt demand
occurred earlier. Simon et al. (2015) estimated the cobalt
requirement for the EU by 2030, adopting a similar approach
to ours; they projected a similar growth curve for cobalt
demand-a growth, followed by a fall.”

From a global perspective, the annual cobalt demand for EVs
will increase to 115-360 kt/year by 2030, depending on the
scenario (IEA, 2020; Fu et al, 2020). Based on these
projections, our scenario results indicate that China’s demand
share could account for 8.2%-32%.

3.2 Annual EV Sales in China by 2030 and its

Impact

Figure 3 shows that annual EV sales in China are expected to first
rise and then fall from 2021 to 2030, suggesting that the predicted
scales approach is gradually closer to the targeted market
potentials. The growth curves follow the general diffusion
characteristics of new products. Along with the massive
deployment of EVs and decreasing costs, EV sales are
expected to experience a rapid growth. However, as the EV
market becomes mature, the growth rate will slow down and
gradually converge toward the market potential (Li et al., 2019).
The turning year will vary according to the scenario. The
pessimistic, baseline, and optimistic scenarios are 2024, 2026,
and 2028, respectively. This result indicates that in the most
optimistic scenario, China will cease to be the leading driver of the
global EV market after 2028.°

*However, the projection is based on the relatively conservative outlook for EV
sales and the relatively aggressive battery mix. Therefore, the scale of their projected
cobalt demand is different from (Alves Dias et al., 2018).

®According to the Global EV Outlook (2021) recently issued by International
Energy Agency, Europe overtook China for the first time with 1.4 million new EV
registrations in 2020 (IEA, 2021a).

Cobalt Demand for Automotive Electrification

The highest annual EV sales will be 4.5-16 million units
during 2021-2030. Cumulative sales by 2030 is expected to
reach 37-111 million units, of which 29.6-88.8 million units
will be BEVs and 7.4-22.2 million units will be PHEVs,
representing an increase by a factor of 6.7-20 from 5.55
million units in 2020. The differences in EV sales between the
scenarios reflect China’s determination to achieve the national
EV deployment target,” which will have a significant influence on
the annual cobalt demand. The different projections on the scale
and growth curve of annual EV sales differentiate this study from
others (Hsieh et al., 2020; Jones et al., 2020; Ou et al., 2021). With
the other variables being constant, our results show that, by 2030,
the annual cobalt demand in the pessimistic scenario will be 76%
lower and that in the optimistic scenario will be 1.92 times higher
than the annual cobalt demand in the baseline scenario.

3.3 Annual Installed Battery Capacity and its

Impact

The battery capacity installed in the EV sector depends on the
scale of EV deployment, the market share of BEVs and PHEVs,
and battery capacity requirement per BEV/PHEV. As noted in the
Method section, the market shares of BEVs and PHEVs and the
battery capacity requirement per EV are assumed to be constant.
Therefore, the growth curve of the annual installed battery
capacity is similar to that of the annual EV sales (see
Supplementary Figures S3). The highest annual battery
capacity installed is expected to be 248-885GWh during
2021-2030.

The market share of BEVs is a key factor influencing the
annual installed battery capacity, which affects the annual cobalt
demand. Many states have set ambitious goals for achieving 100%
BEV sales by 2030 (IEA, 2021a; Tang et al., 2021). To determine
the response of cobalt demand to the structural change in the EV
market in China, we performed a simple sensitivity analysis,
assuming 100% BEV sales during 2021-2030. The results
indicated that cobalt demand would increase by 19.57%
compared with 80% BEV sales, ceteris paribus.

The average battery capacity requirement per BEV/PHEV is
expected to increase over time as the driving range increases and
battery prices decrease (Fu et al., 2020; Tang et al., 2021). The
prospective capacity requirement can reach 75kWh for BEVs
and 20 kWh for PHEVs (Fu et al., 2020). Compared with the
capacity requirements of 66 kWh for BEVs and 12kWh for
PHEVs, ceteris paribus, the annual cobalt demand is expected
to increase by 15.94% during 2021-2030.

3.4 Cobalt Substitution Effects

The shrinking market share of TLIBs and the development of less
cobalt-intensive cathode chemistries for TLIBs are two
technology-substitution mechanisms that can be used to

’China is a signatory of EV30at30 campaign, launched at the eighth Clean Energy
Ministerial Meeting, and has announced that its new EV sales will account for 20%
of its total sales by 2025 (State Council of China, 2020). Our results show that China
can achieve this target in the baseline and optimistic scenarios.

Frontiers in Energy Research | www.frontiersin.org

May 2022 | Volume 10 | Article 903465


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

reduce the use of cobalt in EV batteries. A higher market share of
TLIBs corresponds to higher cobalt demand. Based on our
scenario analysis, cobalt demand is expected to decline by
14.29% if the market share of TLIBs decreases by 10%.
Currently, in China, LFP batteries are the competitive
substitutes because of their lower production costs, better
thermal stability, and longer cycle life. Furthermore, the
development of CTP technology and blade batteries,
introduced in 2020, created a substantial market substitution
in 2021.% Nevertheless, it is important to understand that the
excellent energy density of TLIBs containing a certain amount
of cobalt is still more attractive for EV applications than other
options (Olivetti et al., 2017). The higher energy intensity of
TLIBs is an essential advantage. Additionally, the advantage of
the CTP technology in increasing the volume utilization rate of
battery packs is ultimately limited. Therefore, the market share
of TLIBs is unlikely to be completely replaced in the next
decade.

The other substitution effect comes from the development of
less cobalt-intensive cathode chemistries. The results of the
scenario analysis indicated that the annual cobalt demand in
the medium and low cobalt scenario are 21.46 and 54.15%,
respectively, lower than that in the high cobalt scenario. In the
low-cobalt scenario, with 80 million EV market potential, the
highest annual cobalt demand is expected to be 21 kt/year.
Developing less cobalt-intensive battery chemistries, such as
NMC811 and NCA, is indeed helpful for lowering the
pressure on the cobalt supply.

4 CONCLUSIONS AND POLICY
IMPLICATIONS

By combining the Bass model and scenario analysis, this study
analysed the cobalt demand for automotive electrification in
China from 2021 to 2030. The results show that 1) cobalt
demand will first rise and then start to fall; the peak annual
cobalt demand will reach 35.58-126.97 kt/year during
2021-2030, mainly driven by the annual EV sales. 2)
Complete automotive electrification and increasing battery
capacity will drive annual cobalt demand to grow by 19.57
and 15.94%, respectively. 3) The demand elasticity of the
shrinking market share of TLIBs is 1.43, whereas the battery
mix of low-cobalt chemistries can reduce cobalt demand by
54.15% compared with the high-cobalt mix. These results
provide a good reference for understanding cobalt
demand-supply balance and designing policies to manage this
balance.

First, China’s cobalt supply is mainly fulfilled by natural
mineral mining and cobalt imports. According to USGS
(2021), cobalt production in China was 2.5kt in 2019 and the
estimated production in 2020 was 2.3 kt. This implies that
domestic production is insufficient to support China’s

*In China, the installed battery capacity of TLIBs was 74.3 GWh in 2021, while that
of LFP batteries was 79.8 GWh.

Cobalt Demand for Automotive Electrification

consumption in each of the scenarios presented in this study,
although cobalt demand is projected to peak in all scenarios.
Consequently, China, in most cases, has to continue importing
over 90% of its cobalt demand, especially from the leading
global supply source, the DRC, which can supply up to 95kt
annually. To hedge a sudden drop in production or supply
crisis contagion (Sun et al, 2021), China should build a
dynamic strategic cobalt reserve and encourage domestic
companies to establish commercial reserves. Moreover,
managing potential risks related to the DRC is another
priority for China. Reducing the risks associated with the
artisanal mining is one of them. The Chinese central
government and the DRC should work together to establish
rules for sustainable cobalt production that meet
environmental, social, and governance standards. Chinese
companies running business in the DRC need to work with
their counterparts to develop a tracking system based on
blockchain technology to allow the whole cobalt industry
chain to achieve a secure and sustainable supply.

Second, considering the substantial impact of cobalt, this
study advocates research and development in all prospective
battery technologies. As discussed earlier, cobalt-free and low-
cobalt chemistries are two substitution mechanisms. From the
perspective of a cobalt-free option, the CTP/blade battery
using LFP is commercially available, while the other cobalt-
free batteries are in its early stage of development. Therefore,
they should be treated differently. As a transition technology,
the former is competitive. Governments can give this battery
technology more credit by dynamically updating the dual-
credit policy and thus help in increasing its market share. As
for the other cobalt-free batteries, China can co-start a global
research initiative with the EU and United States and
accelerate its development process to make it more
attractive and cost-competitive, which will help free the
battery industry from the bottleneck of scarce cobalt
resources and ensure a smooth transition to zero-emissions
from vehicles. Commercialized technology is now ready for
less-cobalt batteries and has entered the pre-stage of
industrial-scale production (Kim, 2021). Therefore, policy
support is suggested to scale-up production to increase its
market share in the battery mix.

Third, scholars treat recycling as a critical solution for the
sustainability of cobalt utilization in China (Zeng and Li, 2015;
Wang and Ge, 2020). A recent study in China revealed that 3.1 kt
of cobalt was recovered from end-of-life LIBs in 2018, which
provided 12.8% of the cobalt supply for new LIBs (Liu et al.,
2021). Thus, in the future, the potential for recycling is huge,
given the magnitude of spent batteries (Wang and Ge, 2020). The
recycling rate of end-of-life batteries relies on a national recycling
system and mature recycling technologies (Tang et al., 2021).
However, the recycling rate of end-of-life LIBs in China is low
(Liu et al,, 2021) because of the lack of an effective recycling
system and early-stage recycling technologies. Therefore, it is
highly recommended that governments set mandates and
incentives sooner rather than later to establish a collection
system for batteries and increase the recycling rate of cobalt-
bearing batteries.
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This study focuses on the light-duty vehicle and does not
consider the electrification of medium- and heavy-duty
vehicles, which would be analyzed in the future. Since our
focus is on the cobalt demand projection, variables like price,
advertising, and policy efforts are treated as blackbox in the Bass
model. In the future, a more generalized Bass model could be
adopted to study the comprehensive impacts of price and policy
efforts on cobalt demand. In addition, this study does not
consider the disruptive impact of hydrogen vehicle
development on cobalt demand.
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