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Abstract: China has pledged to peak its CO2 emissions by 2030 and achieve carbon neutrality by 2060.
To meet these goals, China needs to accelerate the electrification of passenger vehicles. However, the
rapid development of electric vehicles may impact the supply of critical raw materials, which may
hinder the low-carbon transition. Therefore, the impact of vehicle electrification on CO2 emissions
and the corresponding bottlenecks in the supply of critical raw materials should be systematically
considered. In this study, we developed the China Automotive Fleet CO2 Model (CAFCM) to simulate
a mixed-technology passenger vehicle fleet evolution. We further assessed the impact of energy and
CO2 emissions and evaluated the demand for critical battery materials. We designed three scenarios
with different powertrain type penetration rates to depict the potential uncertainty. The results
showed that (1) the CO2 emissions of passenger vehicles in both the operation stage and the fuel cycle
can peak before 2030; (2) achieving the dual carbon goals will lead to a rapid increase in the demand
for critical raw materials for batteries and lead to potential supply risks, especially for cobalt, with
the cumulative demand for cobalt for new energy passenger vehicles in China being 5.7 to 7.3 times
larger than China’s total cobalt reserves; and (3) the potential amount of critical material recycled
from retired power batteries will rapidly increase but will not be able to substantially alleviate the
demand for critical materials before 2035. China’s new energy vehicle promotion policies and key
resource supply risks must be systematically coordinated under the dual carbon goals.

Keywords: carbon peak; carbon neutralization; electric vehicles; batteries; critical materials

1. Introduction

To cope with climate change and its negative impacts, the 2015 Paris Agreement set
long-term goals that included limiting the global temperature increase to 2 ◦C by the year
2100 and striving to limit the rise even further to 1.5 ◦C [1]. Against this background,
China pledged to strive to peak its CO2 emissions by 2030 and achieve carbon neutrality
by 2060 (dual carbon goals) [2]. In response, all relevant central government departments
and local governments have actively studied and formulated development paths and
implementation plans by fields, industries, and regions, which include putting forward
overall requirements for the green and low-carbon development of the Chinese automobile
industry [3].

The responsibility boundary regarding CO2 emissions from the automobile industry
can be preliminarily defined as including the automobile operation stage (pump-to-wheel
stage) and manufacturing stage based on the Intergovernmental Panel on Climate Change
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(IPCC) principle of “whoever emits is responsible”. In China, 900 million tons of CO2
emissions are emitted from the automobile operation stage and close to 80 million tons
from the automobile manufacturing stage, which means the automobile operation stage
is the focus of control. The CO2 emitted during the operation stage of passenger vehicles
accounts for about half of the total CO2 emissions of automobiles [4]. The annual gasoline
consumption of passenger vehicles accounts for more than 95% of China’s total gasoline
consumption [4]. However, the stock of passenger vehicles in China is still growing [5,6],
so their annual total CO2 emissions have the potential to grow. Hence, passenger vehicle
fuel consumption and CO2 emissions must be curbed in China [7].

China has mainly adopted two paths to limit CO2 emissions from the operation
stage of passenger vehicles in the current regulations and policies: (1) improving the
energy efficiency of new passenger vehicles, with China setting the long-term average fuel
consumption rate target of 4.0 L/100 km by 2030 for new passenger vehicles (including
conventional and new energy vehicles (NEVs)) [8] and (2) increasing the penetration rate
of NEVs, with the target market penetration rate of NEVs set to about 20% in 2025 [9].

However, the fuel consumption target (4 L/100 km) of passenger vehicles in 2025
does not reflect the constraints of the dual carbon goals because the target was proposed
prior to the establishment of the dual carbon goal. In addition, the rapid development
of vehicle electrification may result in supply–demand imbalance for some critical raw
materials, including lithium, cobalt, and nickel [10]. Therefore, understanding passenger
vehicle fleet evolution, further assessing vehicle fleet CO2 emissions and their potential
risks, and proposing mitigation measures are crucial for future policymaking under the
dual carbon goals.

Due to the critical role played by road transport in energy security and climate change,
many researchers have paid attention to projecting vehicle fleet energy use and CO2 emis-
sions. Lyu et al. [11] developed two alternative energy scenarios: business as usual (BAU)
and integrated policy scenario (IPS). Using the Tsinghua China Automotive Energy Model
(TCAEM), the automotive energy consumption and greenhouse gas (GHG) emissions in
China were projected for 2050. For Japan, González Palencia et al. [12] developed a two-step
approach to assess the optimum market penetration rate of lightweight and electric vehicles.
Osei et al. [13] evaluated the real-world impacts of fleet evolution by replacing the existing
fleet with electric vehicles and more efficient vehicles in West Midlands, U.K. The above
studies all focused on vehicle electrification as the most crucial technological path to control
fleet carbon emissions in the future. Unlike Lyu et al. [11], González Palencia et al. [12], and
Osei et al. [13], the model we constructed comprehensively considers alternative energy
scenarios, market penetration rate, and the real-world impacts of fleet evolution. By setting
reasonable input and output variables, the aspects mentioned above are cleverly combined.
Thus, systematic consideration of the uncertainty of the election path due to constraints,
such as the supply of key raw materials, can be achieved. Furthermore, due to more
detailed ownership data (including gasoline vehicles, diesel vehicles, PHEVs, BEVs, and
FCEVs), the granularity of the model we constructed is finer compared to the methods
mentioned above, allowing more accurate predictions of sales for various powertrain types
of new energy vehicles.

Vehicle electrification requires sufficient lithium-ion batteries, and sustainability in the
lithium-ion battery industry requires a secure supply of raw materials [14–16]. The potential
imbalance between the supply and demand of critical raw materials required for batteries
is one of the most vital risks in vehicle electrification. Olivetti et al. [17] projected the raw
material supply and demand for lithium-ion batteries to 2025. They found that demand
may outpace supply for cobalt and even lithium in the short term if electric vehicles are
rapidly adopted. Ou et al. [18] quantified the potential impacts of vehicle market dynamics
under different technology evolution scenarios. The results showed that the lithium supply
is unlikely to limit vehicle electrification in the short term. However, the supply pressure
on cobalt and nickel is higher. The above analysis is mainly based on forward market
simulation considering constraints regarding vehicle technologies, consumer behavior, and
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fuel economy regulation. It ignores the external requirements for electrification of Chinese
passenger vehicles under the dual carbon goals.

To bridge the gap in the literature, our objectives in this study were to (1) examine
the feasibility of achieving the dual carbon targets (mainly the CO2 peak target) under the
current available and possible future targets of fuel consumption rate and NEV promotion
and (2) assess the significant raw material risks in the implementation of the dual carbon
goals. To achieve our purposes, we (1) developed a model of the evolution of China’s
passenger vehicle fleet, (2) designed different technology penetration scenarios under the
dual carbon targets, (3) identified the contribution and CO2 reduction potential of different
scenarios to the total CO2 emissions of passenger vehicles at different time periods, and
(4) evaluated the demand and supply risk of critical materials required for batteries.

The remainder of this paper is structured as follows. In Section 2, we introduce the
methods. In Section 3, we discuss the results. Section 4 summarizes the research findings
and outlines some policy implications.

2. Method
2.1. Fleet CO2 Emission Model for Passenger Vehicles in China

In this study, we developed the China Automotive Fleet CO2 Model (CAFCM) to
simulate the electrification evolution of the passenger vehicle fleet, assess the impact
of energy and CO2 emissions, and evaluate the demand for key battery materials. We
developed the CAFCM based on a bottom-up method. The structure of CAFCM is shown in
Figure 1. The CAFCM includes three parts. Part A is the fleet evolution model. Based on the
input data, this part obtains vehicle stock projections according to the powertrain type and
vehicle age. The input data include historical vehicle stock data, vehicle stock projections,
and future powertrain type penetration scenarios. The forecast of vehicle powertrain type
penetration is realized in Part B through the multinomial logit model. In Part C, the total
energy consumption by fuel type and fleet CO2 emission can be derived by considering
the vehicle kilometers traveled (VKT) and energy efficiency data. We developed Part D
to evaluate the key battery material supply risks in the process of vehicle electrification.
Part D projects the total and key battery material demands for new vehicles, which can
also project the number of retired batteries and critical battery material potentially recycled
from the retired batteries. The data sources are included below the input box.

2.2. Vehicle Stock Evolution Model

The vehicle stock evolution model is based on the Gompertz model [25] and the
material flow analysis model [26,27]. The difference between our model and traditional
analysis models is that the granularity of the model we constructed is finer due to more
detailed ownership data (including gasoline vehicles, diesel vehicles, PHEVs, BEVs, and
FCEVs) used in this work and more accurate predictions of sales for various powertrain
types of new energy vehicles. We can first predict ownership through the Gompertz model
and then predict sales through the relationship between ownership and sales. The vehicle
fleet evolution model details are shown in Equations (1)–(4).

Stocki = a·e−b·e−c·PGDPi ·Popi (1)

TSi = Stocki − Stocki−1 + Scrapi (2)

Salesi,j = TSi·Pi,j (3)

TSPi,j = ∑σ

k=0

(
Salesi−k,j × SRk,j

)
(4)

where i indicates the target year considered by the model; Stocki indicates the total stock of
passenger vehicles in year i; PGDPi indicates the GDP per capita in year i; Popi indicates
the population in year i; TSi indicates the total sales of new passenger vehicles in year i;
Scrapi indicates the number of vehicles scrapped in year i; j indicates the vehicle powertrain
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type (including gasoline vehicles, diesel vehicles, PHEVs, BEVs, and FCEVs); Salesi,j is
the new vehicle sales with powertrain type j in year i; Pi,j is the market penetration rate
of vehicles of powertrain type j in year i; TSPi,j is the total stock of vehicles of powertrain
type j in year i; k indicates vehicle age; σ represents the longest possible lifespan of the
vehicles; and SRk,j indicates the survival rate of vehicles with powertrain type j at vehicle
age k.

Through Equations (1)–(4), we simulated the dynamic evolution of passenger vehicle
fleet composition during the electrification process, the results of which served as the basis
for further impact and risk assessment.

1 

 

 

Figure 1. Structure of CAFCM [4,19–24].

2.3. Powertrain Type Penetration Forecast Model

The multinomial logit model has been widely used in the research of the development
trend of the automobile market structure based on consumer perspectives [28]. According
to the assumptions of the discrete choice model, when a rational individual is faced with a
choice, he or she will rely upon the theory of utility maximization outlined in the random
utility model [29,30]. The utility function of a consumer buying the powertrain type j model
can be expressed as Equation (5).

Ui,j = U0,j + ∆Ui,j + ∑k βk × xi,j,k + ε j,n (5)

where, i represents the target year; j indicates the vehicle powertrain type; Ui,j is the
total utility brought by powertrain type j to the consumer group in year i considering the
combined effect of various factors; U0,j means the fixed utility of vehicle powertrain type
j, that is, the utility brought by factors other than the powertrain type in the base year
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(historical data were used for regression calibration in this research); ∆Ui,j represents the
increment of utility brought by powertrain type j to the consumer group in year i; xi,j,k
represents a series of attributes (k = 1, 2, 3. . ., K); βk is the marginal utility coefficient of
attribute xi,j,k; and ε j,n is the random error term. This study analyzed the market structure
at the macro market level, and the difference in individual attributes was implied according
to the distribution hypothesis of the random error term.

The market share of powertrain type j in year i (Pi,j) can be calculated by Equation (6).

Pi,j =
exp

(
Ui,j

)
∑j exp

(
Ui,j

) (6)

Factors that affect consumers’ vehicle purchase utility mainly include the purchase cost,
use cost, and convenience of vehicle use. Among them, the purchase cost of automobiles
is mainly affected by fiscal and tax policies as well as technological progress, such as
the power battery system. The use cost is mainly affected by changes in the fuel price
and fuel consumption rate. The irrational consumption behavior of consumers is usually
considered for a short period of time, and CATARC [31] has found that consumers are
more sensitive to the cost of use within 5 years. Therefore, in this research, the use cost
of 5 years was considered and discounted from the purchase year. The convenience of
vehicle use is mainly affected by the driving range, fast charging time, and the amount of
charging infrastructure. Under different scenarios, the setting of the key influencing factors
was differentiated.

2.4. Energy Consumption and CO2 Emission Model

The details of fleet energy consumption and the CO2 emission model are shown in
Equations (7)–(9).

We used Equations (7) and (8) to calculate the total energy consumption of the passen-
ger vehicle fleet.

TEi,j = VPi,j·AFEi,j·VMTi,j·Deni,j (7)

AFEi,j =
∑σ

k=0

(
Salesi−k,j × SRk,j × FEi,k,j

)
VPi,j

(8)

where TEi,j represents the passenger vehicle fleet’s total consumption of powertrain type
j in year i in kg; VPi,j represents the number of vehicles with powertrain type j in year i;
AFEi,j represents the average energy efficiency of vehicles with powertrain type j in year i in
L/km; VMTi,j represents the average annual mileage traveled of vehicles with powertrain
type j in year i in km; Deni,j represents the fuel density of vehicles with powertrain type j
in year i (0.732 kg/L for gasoline, 0.835 kg/L for diesel); k is the vehicle age; σ represents
the longest possible lifespan of the vehicles; Salesi−k,j indicates the number of vehicle sales
of vehicle powertrain type j in year i − k; SRk,j indicates the survival rate of vehicles with
powertrain type j at vehicle age k; and FEi,k,j indicates the energy efficiency of vehicles
with powertrain type j at vehicle age k in target year i in L/km.

We further calculated the total CO2 emissions of the passenger vehicle fleet by consider-
ing the energy carbon intensity coefficients of different fuel types, as shown in Equation (9).

TCi = ∑n
j=1

(
VPi,j × AFEi,j × VMTi,j × Deni,j × Ci,j

)
(9)

where TCi represents the total CO2 emissions of the passenger vehicle fleet in year i, and
Ci,j indicates the energy carbon intensity coefficients by fuel type j in year i.

2.5. Critical Battery Material Demand Model

We developed the critical material demand model for batteries to evaluate the risk of
key material supply and demand. The model details are shown in Equations (10) and (11).
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Using Equation (10), we projected the total critical battery material demand.

MDi,n = ∑J
j=0

(
Salesi,j·BEi,j·BPi,j·BMi,j,n

)
(10)

where n is the type of critical material; MDi,n is the total demand for critical material n in
year i in kg; BEi,j indicates the average battery energy capacity of vehicles with powertrain
type j in year i in kWh; BPi,j indicates the market share of different battery types of vehicles
of powertrain type j in year i; BMi,j,n is the average content of the critical material n per
kilowatt hour of batteries equipped on vehicles of powertrain type j in year i in kg/kWh.

Using Equation (11), we projected the total number of retired batteries and the critical
battery materials that may be recycled from the retired batteries.

MSi,n = ∑J
j=0 ∑σ

k=0

(
Salesi−k,j·

(
1 − SRk,j

)
·BEi−k,j·BPi−k,j·BMi−k,j,n

)
(11)

where MSi,n is the total critical material n from the retired batteries that are potentially
recycled in year i.

3. Key Data and Scenario Design

The vehicle stock and sales, vehicle powertrain type penetration, vehicle energy
efficiency, vehicle travel intensity, energy carbon intensity, and technology path for batteries
are the six most important factors determining vehicle fleet CO2 emissions and the demand
for critical battery materials. Therefore, we engaged in detailed discussions and designed
scenarios considering these six factors.

3.1. Vehicle Stock and Sales

The growth pattern of passenger vehicle ownership per thousand people is usually
S-shaped with three stages: (1) initial stage with slow increase, (2) rapid development stage
with steep increase, and (3) stable stage with gradual growth approaching a saturation
level [32]. The relationship between GDP per capita and per capita population in different
countries is shown in Figure 2 [31].
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Figure 2 shows that the change in passenger vehicle ownership per thousand people
generally shows an “S” curve. After the GDP per capita reaches USD 20–30 thousand,
passenger vehicle ownership per thousand people reaches a relatively stable level. Based on
this, the Gomperz model was adopted based on historical data of China’s passenger vehicle
ownership per thousand people and predicted values of passenger vehicle ownership per
thousand people in 2050 to obtain the trend of changes in passenger vehicle ownership per
thousand people in China. China’s current passenger vehicle market is rapidly developing,
with 158 passenger vehicles owned per thousand people in 2019. The saturation level is
projected to range from 300 to 380 vehicles per thousand people. CATARC [31] has found
that GDP per capita, population density, household size, and the proportion of passenger
vehicles in transportation are the main factors affecting the number of passenger vehicles
per thousand people. Based on the future development of these key factors, it is projected
that the peak ownership rate of passenger cars per thousand people in China will be 350.
In this study, based on the historical passenger vehicle registration data from CATARC and
the assumption that the saturation level will reach 350 in 2050 and remain stable by 2060,
the saturation value of passenger car ownership per thousand people in China appears
when the GDP per capita reaches about RMB 20,000 to 150,000, which is consistent with
international experience. The results are shown in Figure 3. In Figure 3, the circular scatter
plot represents historical data, while the square scatter plot represents predicted data.
Furthermore, by combining these results with the projections of China’s population [33],
we projected China’s passenger vehicle stock. As shown in Figure 4, the passenger vehicle
stock will peak at 473 million around 2050.
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Based on the estimated passenger vehicle stock projections and vehicle survival
rates [19], we used Equation (2) to project the annual sales of passenger vehicles in China.
The results are shown in Figure 5. The results of the estimation indicated that annual
passenger vehicle sales will increase from 20.2 million in 2020 to 32.5 million in 2035 and
stabilize at over 30 million from 2035 to 2060.
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3.2. Vehicle Powertrain Type Penetration

In 2020 in China, the NEV market penetration rate (the ratio of NEV sales to the total
sales of all kinds of vehicles) reached 5.4% [34] and is planned to reach 20% by 2025 [35]
and 40% by 2030 [36]. However, because of the bottlenecks in the supply chain of critical
battery materials, the future penetration rate of China’s NEVs is still uncertain.

We designed the following three scenarios for powertrain type penetration to evaluate
the impact of the CO2 emitted through passenger vehicle electrification:

1. Conservative scenario (CS): In this scenario, the future penetration rate of alternative
powertrain type remains unchanged from the 2020 level. Even though this scenario is
unlikely, it provides the likely upper limits for CO2 emissions and lower limits for the
key battery materials needed.

2. Business as usual (BAU): The BAU scenario follows the national plans and historical
development trends. In this scenario, the market penetration rate of NEVs in 2025,
2030, and 2035 will be 20%, 40%, and 50%, respectively, based on the relevant industry
plan. We further forecasted the market penetration rates of NEVs after 2035 based
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on Equations (4) and (5). As for the subdivided powertrain type penetration, with
the progress in technology, the comprehensive cost advantage of BEVs will further
appear and the market share will reach 75% in 2060. FCEVs will start to develop in
scale after 2030 and stabilize at about 10% around 2040. The market share of PHEVs
is stable at around 5%.

3. Strengthening scenario under dual carbon goals (ST): Under this scenario, policies
need to be designed to ensure that CO2 emitted from the operation stage of passenger
vehicles is near-zero by 2060, which means the passenger vehicle fleet will be nearly
100% NEVs by 2060. The new passenger vehicle sales need to reach almost 100%
NEVs by 2040 because the maximum lifespan of most conventional passenger vehicles
is between 15 and 20 years [19]. With the implementation of the policy requirements
for near-zero emissions goals, the comprehensive cost of BEVs decreases rapidly, the
convenience of use increases significantly, and the proportion of BEVs will reach about
90% by 2045. At the same time, PHEVs will be considerably less attractive than BEVs
and will gradually exit the market entirely.

The results of three kinds of scenarios of powertrain type penetration rate are shown
in Figure 6. In Figure 6, the x-axis is year, and the y-axis is the market penetration rate of
different powertrain types.

3.3. Vehicle Energy Efficiency

We obtained the historical data on passenger vehicle fuel efficiency from CATARC [4],
based on which the three scenarios of future passenger vehicle fuel efficiency were set.

1. CS: In this scenario, the vehicle energy efficiency is unchanged from the 2020 level, as
shown in Table 1.

Table 1. Vehicle energy efficiency under CS.

Parameter ICEVs BEVs PHEVs FCEVs

Energy efficiency

6.88 L/100 km in WLTP [4]
Converted to

6.91 L/100 km in
WLTP [36]

12.45 kWh/100 km [4]

Charge depletion mode:
14.25 kWh/100 km
Charge sustaining

mode: 4.3 L/100 km

1.2 kg/100 km

Note: Charge-depletion mode assumes that battery electricity is used as the primary energy source; charge-
sustaining mode assumes that the vehicle is using energy from the tank only and any secondary means of energy
storage is not depleted; WLTP, Worldwide Harmonized Light Vehicle Test Procedure.

2. BAU scenario: The BAU scenario follows the regulation requirements and historical
development trends. We set the future fuel consumption rate of ICEVs to 5.6 L/100 km
in 2025, 4.8 L/100 km in 2030, and 4.0 L/100 km in 2035 under WLTP. We assumed that
the fuel consumption rate of ICEVs will not change after 2035 because most carmakers
plan to stop the development of new internal combustion engines. We set the annual
improvement in the electricity consumption rate for passenger vehicles to 1% [37],
which will remain unchanged after 2035. We used hydrogen consumption rates of
1.0 kg/100 km in 2025 and 0.8 kg/100 km in 2040, which will remain unchanged after
2040 [37].

3. ST: In the ST scenario, under the dual carbon goals, the current national plan and
regulation for vehicle fuel efficiency targets are further strengthened. The fuel con-
sumption rate of ICEVs will continue to improve to 3.7 L/100 km by 2040. We set the
annual improvement in the electricity consumption rate to 1% before 2035 and to 0.5%
from 2036 to 2060. We used hydrogen consumption rates of 1.0 kg/100 km in 2025
and 0.8 kg/100 km in 2030, which will remain unchanged after 2030 [37].
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3.4. Vehicle Travel Intensity

Vehicle travel intensity (annual vehicle kilometers traveled (AVKTs)) is vital for assess-
ing automotive fuel use and CO2 emissions. Huo et al. [20] collected AVKT survey data
between 2004 and 2010. They found that the AVKT of private passenger vehicles decreased
from 18,000 km in 2002 to 16,900 km in 2009. They also projected that the AVKT of personal
passenger vehicles will fall to 10,000 km by 2050 in the low scenario [20]. Ou et al. [38]
collected 169,292 privately owned passenger vehicle samples. They estimated that the
average AVKT for passenger vehicles was 12,377 km, which is close to the low scenario by
Huo et al. The estimation results also showed that newer vehicles are driven more than
older vehicles [38].



World Electr. Veh. J. 2024, 15, 14 11 of 22

In this study, we followed the low scenario described by Huo et al. [20], assuming the
AVKT of passenger vehicles will decrease to 10,000 km in 2050 from 124,000 km in 2020.

3.5. Energy Carbon Intensity

China’s transition to clean energy is the fundamental path to achieve near-zero emis-
sions in the transportation sector [39]. We set three scenarios for China’s vehicle energy
transition to clean energy, as described in Table 2.

Table 2. CO2 intensity by fuel type.

Scenario Fuel Type Stage Current 2030 2040 2060

CS

Gasoline (kg CO2/kg) [23] Upstream 0.81 0.81 0.81 0.81
Downstream 3.04 3.04 3.04 3.04

Electricity (kg CO2/kWh) Upstream 0.53 0.53 0.53 0.53
Downstream 0 0 0 0

Hydrogen (kg CO2/kg) [23] Upstream 24.67 24.67 24.67 24.67
Downstream 0 0 0 0

BAU

Gasoline (kg CO2/kg) [23] Upstream 0.81 0.81 0.81 0.81
Downstream 3.04 3.04 3.04 3.04

Electricity (kg CO2/kWh) [21] Upstream 0.53 0.416 0.20 0.10
Downstream 0 0 0 0

Hydrogen (kg CO2/kg) [23] Upstream 24.67 20.00 10.77 8.25
Downstream 0 0 0 0

ST

Gasoline (kg CO2/kg) [23] Upstream 0.81 0.81 0.81 0.81
Downstream 3.04 3.04 3.04 3.04

Electricity (kg CO2/kWh) [22] Upstream 0.53 0.34 0.101 0.05
Downstream 0 0 0 0

Hydrogen (kg CO2/kg) [23] Upstream 24.67 10.00 8.00 6.00
Downstream 0 0 0 0

Note: Upstream, well-to-tank; downstream, tank-to-wheel.

1. CS: In this scenario, we assumed the carbon intensities of vehicle fuels will remain
unchanged from the current level.

2. BAU scenario: This scenario follows IEA’s Announced Pledges Scenario [36], which
aims to reflect the announced ambitions and targets.

3. ST: The ST scenario in this study followed IEA’s Sustainable Development Scenario
(SDS) [40]. As a “well below 2 ◦C” pathway, this scenario represents a gateway to the
outcomes targeted by the Paris Agreement.

3.6. Technology Roadmap for Power Batteries

We summarized the development of NEV traction batteries in China into three stages.
The first stage was from 2011 to 2016. With the release of China’s Energy-Saving and New
Energy Vehicle Industry Development Plan (2012–2020) [41], China began to encourage
market promotion of electric vehicles through a series of policies. Lithium–iron–phosphate
(LFP) batteries have apparent advantages in terms of safety, lifespan, and cost, so LFP
batteries were in a strong leading position in China during that period. LFP batteries are
mainly used in new energy buses and passenger vehicles. The second stage was from
2017 to 2019. With the updated subsidy policy for NEVs released at the end of 2016, the
government included the battery packs’ energy density and electric range in the indicators
used for calculating the purchase subsidy for a specific vehicle model [42]. NEV carmakers
gradually abandoned LFP batteries and switched to nickel–cobalt–manganese (NCM)
batteries for higher subsidies. In that stage, the market share of NCM batteries continued
to increase, accounting for 65.2% in 2019, while the market share of LFP batteries dropped
to 33.4%. The third stage ranges from 2020 to now. As China’s NEV subsidies began to
decline in 2019, mainstream carmakers paid more attention to cost control. The energy
density of LFP batteries has further improved and is now close to that of mainstream NCM
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batteries owing to module structure improvement. Hence, the LFP market share has rapidly
increased, reaching 50% in 2021.

In the future, we assumed that NCM batteries will be the main direction of power
battery development for passenger vehicles, mainly because (1) in terms of cost, as the
energy density of NCM batteries increases, the cost per watt will gradually be closer to that
of LFP batteries and the price performance advantage of LFP batteries will no longer exist
and (2) regarding performance, the LFP battery energy density is close to its limit, so it will
not improve much in the future.

However, forecasting the specific technical path for future batteries is difficult, espe-
cially after 2030. The potential emergence of new power battery technology will change the
foreseeable path of battery technology. However, the bottleneck of available critical raw
materials will also affect the future path of battery technology. We estimated the market
share of various power battery types from 2015 to 2021 based on the data from CATARC.
Our distribution projections from 2022 to 2060 were based on historical data and a literature
review [24]. Figure 7 shows the distribution of different power battery types for passenger
vehicles from 2015 to 2060. As shown in Figure 7, NCM and NCA batteries will account for
90% in 2030 and 100% after 2035 in passenger vehicles in China.
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We collected the data on critical material intensity for different cathode chemistries,
as shown in Table 3. We used these data as input for calculating the critical raw material
demand and amount of potentially recyclable materials.
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Table 3. Critical material intensity of key cathode chemistries (kg/kWh).

Lithium Nickel Cobalt

NCA 0.10 0.67 0.13
NMC 111 0.15 0.40 0.40
NMC 433 0.14 0.47 0.35
NMC 532 0.14 0.59 0.23
NMC 622 0.13 0.61 0.19
NMC 811 0.11 0.75 0.09

NMC 9.5.5 0.10 0.86 0.05
LFP 0.10 × ×

Note: Metal content values in different chemistries for NCM 9.5.5 were derived from Baars et al. [43] and Wentker
et al. [44]. Other values were derived from IEA [45].

4. Results and Discussion
4.1. Projections of Passenger Vehicle Energy Demand and CO2 Emissions

Based on the CAFCM model and the three Chinese passenger vehicle development
scenarios we developed in this study, we projected the demand for electricity, gasoline, and
hydrogen energy for Chinese passenger vehicles from 2020 to 2060. The results are shown
in Figure 8.

Figure 8 shows that gasoline will dominate the Chinese passenger vehicle energy
demand under the CS. The gasoline demand from passenger vehicles will increase from
191 million tons of coal equivalent in 2020 to 325 million tons of coal equivalent in 2035
and 361 million tons of coal equivalent in 2060. Electricity demand from passenger vehicles
will increase from 0.8 million tons of coal equivalent in 2020 to 4.9 million tons of coal
equivalent in 2035 and 5.6 million tons of coal equivalent in 2060. The gasoline demand
will surge and peak at 372 million tons of coal equivalent in 2049 under the CS. This result
indicates that if the electrification process of China’s passenger vehicles is not effectively
promoted, China’s demand for crude oil and its energy security risks will further increase.
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Under the BAU scenario, the demand for electricity for passenger vehicles rapidly rises,
reaching 20 and 38 million tons of coal equivalent in 2035 and 2060, respectively, accounting
for 2.1% and 4.0% of China’s total power generation in 2020, respectively [46]. Compared
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to the CS, the peak gasoline demand under the BAU scenario will be substantially earlier,
i.e., in 2026, corresponding to a peak value of 219.9 million tons of coal equivalent.

Compared to the BAU scenario, the electrification process of passenger cars is acceler-
ated under the ST scenario, and the impact on vehicle energy will appear after 2030. Under
the ST scenario, passenger car electricity demand rapidly rises, increasing to 23.7 million
tons of coal equivalent in 2035 and 51.7 million tons of coal equivalent in 2060. Electricity
demand in 2035 and 2060 will account for 2.5% and 5.4% of China’s total power generation
in 2020, respectively. Gasoline demand will peak around 2026 and decline rapidly to near
zero by 2050. Hydrogen demand will rapidly rise after 2030 and remain above 1.4 million
tons of coal equivalent per year after 2055.

Based on the energy demand projection of passenger vehicles, we further evaluated
CO2 emissions under different development scenarios from 2020 to 2060. Figure 9a shows
the direct CO2 emissions produced at the operation stage. Under the CS, China’s direct
CO2 emissions from passenger vehicles will peak in 2049 at 769 million tons, far less than
the national requirement for carbon peaking in 2030, and remain relatively flat after the
peak. Under the BAU and ST scenarios, the direct CO2 emissions of passenger vehicles will
peak around 2026 at 454 million tons, and rapidly drop thereafter to near zero.

We included the upstream energy CO2 emissions in the research scope and further
projected the fleet CO2 emissions of China passenger vehicles in the fuel cycle, as shown in
Figure 9b. The fuel cycle CO2 emissions will peak in 2049 at 999 million tons under the CS.
Under the BAU and ST scenarios, passenger vehicle fuel cycle CO2 emissions will peak in
2027 and 2026, respectively, achieving the carbon peak goal by 2030.

4.2. Critical Battery Material Demand and Material Potentially Recycled from Retired Batteries

The rapid penetration rate of NEVs under China’s dual carbon goals has increased the
demand for critical materials, especially lithium, cobalt, and nickel, in automotive batteries.
We systematically evaluated the market and critical battery materials that can potentially
be recycled from retired batteries, then further assessed the potential bottleneck of critical
materials in China.

Figure 10 shows the projections of cumulative demand for critical materials for pas-
senger vehicle power batteries in China.

The result shows that by 2035, the cumulative demand for lithium will be 722 and 905
thousand tons under the BAU and ST scenarios, respectively. The global lithium reserves
are relatively high, reaching 22 million tons by 2021, showing a rapid growth trend. China’s
lithium reserves are also relatively rich, with 1.5 million tons in 2021 [47]. The lithium
reserves can basically meet the increased demand for batteries, but the potential risks of
short-term supply and demand imbalance still need attention.

Regarding cobalt resources, we estimated that by 2035, the cumulative demand for
cobalt for new energy passenger vehicles will be 743 and 944 thousand tons under the
BAU and ST scenarios, respectively. However, the cobalt reserves in China were only
130 thousand tons in 2020, and the cobalt reserves worldwide were 7.6 million tons. This
indicates that by 2035, the cumulative demand for cobalt from new energy passenger
vehicles in China will be 5.7 to 7.3 times larger than China’s total cobalt reserves and
account for 10% to 12% of the world’s total cobalt reserves [47]. By 2060, the cumulative
cobalt demand for new energy passenger vehicles will surge to 3.150 million tons under the
BAU scenario and 4.515 million tons under the ST scenario. The geographical distribution
of cobalt resources is also highly uneven. The cobalt reserves in the Congo (Kinshasa)
account for 46% of the world’s total, and its production in 2021 accounted for 70% of
the global output [47]. The imbalance in geographical cobalt distribution is a risk to the
automotive battery supply chain.
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The cumulative demand for nickel from new energy passenger vehicles will be
3.495 million tons under the BAU scenario and 4.536 million tons under the ST scenario
by 2035. By 2060, the cumulative demand for nickel from new energy passenger vehicles
will be 26.389 million tons under the BAU scenario and 37.415 million tons under the ST
scenario. However, the world’s nickel reserves are plentiful, and the global reserves in 2021
was over 95 million tons.

Figure 11 shows our projections of annual demand and critical material that will
potentially be recycled from retired batteries for China’s new energy passenger vehicles.
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Developing new energy passenger vehicles in China will substantially increase the
demand for lithium resources. Compared to the CS, by 2025, the annual new demand
for lithium will reach 20 thousand tons. By 2035, the yearly new demand for lithium by
NEVs will expand to 78 to 134 thousand tons. However, China’s lithium production in
2020 was only 13.3 thousand tons. Figure 11 shows that the extra annual demand for
lithium produced by NEVs far exceeds the current annual production of lithium in China.
Compared to the CS, the potential lithium that can be recycled from retired power batteries
will rapidly increase. By 2035, the potential lithium recycled from retired power batteries
will increase to 11 thousand tons annually, but this will only account for 8–12% of the
annual demand. By 2050, the potential lithium recycled from retired power batteries will
increase to 67–79% of the yearly demand.

In the future, the demand for cobalt from NEVs will steadily grow. Compared to the
CS, by 2025, the annual new demand for cobalt will reach 17 thousand tons and increase
to 88 to 151 thousand tons by 2035, which is far more than China’s 80,000 tons of reserves.
China has a severe shortage of cobalt resources, with small reserves and annual production
and weak domestic resource security. Before 2050, to meet the domestic consumption
demand for cobalt resources and meet the gap between supply and demand, China will
need to rely on imports, showing a high degree of external cobalt dependence.

In 2035 and 2050, the new demand for nickel from new energy passenger vehicles will
be 481 to 823 and 886 to 1263 thousand tons, respectively, far exceeding the current annual
demand. However, the world’s nickel reserves are plentiful, with over 95 million tons in
2021, which will support the medium- and long-term development of NEVs.

5. Conclusions and Policy Implications
5.1. Conclusions

This study evaluated the feasibility of achieving near-zero emissions by 2060 in the
passenger vehicle operation stage and fuel cycle to help achieve the national carbon neu-
trality target and the bottleneck of critical materials from a fleet evolution perspective. First,
we developed a CAFCM model of the evolution of China’s passenger vehicle fleet. Then,
we designed different scenarios covering the upper and lower limits under the dual carbon
targets. Under these scenarios, we assessed the total CO2 emitted by China’s passenger
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vehicles, the critical battery material demand, and the critical battery material that could be
recycled from retired batteries from 2020 to 2060. The following are our conclusions:

1. Compared to the CS, the CO2 emissions in both the operation stage and the fuel
cycle can achieve the goal of peak CO2 emissions by 2030. This result further verifies
the rationality of the fuel consumption of Chinese passenger vehicles and the NEV
development targets. Under the BAU scenario, the passenger vehicle CO2 emissions
in the operation stage will be nearly zero by 2060. If the near-zero emissions target
is achieved by 2050, the new vehicles sold must be almost 100% electric vehicles
before 2040.

2. The realization of achieving near-zero carbon emissions from the vehicle operation
stage by 2060 will quickly change the energy structure of vehicles from gasoline to
electricity based. We found that China’s passenger vehicle gasoline demand will peak
around 2026 and rapidly decline thereafter. The electricity demand from passenger
vehicles will soon rise. Under the ST scenario, electricity demand in 2035 and 2060
will account for 2.1% and 4.0% of China’s total power generation in 2020, respectively.
Hydrogen demand will rapidly rise after 2030 and remain above 3.8 million tons
annually after 2055.

3. We found that achieving the dual carbon goals will further lead to a rapid increase in
the demand for critical raw materials required for batteries. We identified potential
risks in the supply of some raw materials, such as cobalt. We found that the lithium
and nickel reserves can meet the increasing demand for power batteries, but the
potential risks caused by short-term supply and demand imbalance still need attention.
However, the cumulative demand for cobalt for new energy passenger vehicles in
China will be 5.7 to 7.3 times larger than China’s total cobalt reserves. The imbalance in
geographical cobalt distribution poses risks for the automotive battery supply chain.

4. The amount of critical materials that can be recycled from retired power batteries will
rapidly increase in the future. However, new demand for critical battery materials
will grow faster. The potential recycling of critical raw materials from retired power
batteries will not substantially help meet the need for critical materials before 2035.

5.2. Policy Implications

The following are the policy implications:

1. The current Chinese passenger vehicle fuel consumption rate and NEV penetration
targets are sufficient to meet the 2030 carbon peak goal. The achievement of the
macroplanning goals requires the support of specific standards and policies. Therefore,
China needs to improve passenger vehicle fuel consumption standards and fiscal
and tax subsidies for NEVs and strengthen the role of standards and regulations in
ensuring the implementation of planning goals.

2. China’s NEV promotion policies and key resource supply risks must be systematically
coordinated under the dual carbon goals. NEVs are an essential aspect of achieving
the dual carbon goals in the transportation sector but will lead to demand growth for
critical raw materials. Our findings show that the electrification of passenger vehicles
in China will produce a rapid increase in the demand for lithium, cobalt, and nickel
and that the new demand for critical raw materials, such as cobalt, will far exceed the
current reserves. The dependence on foreign critical raw materials is relatively high,
even more than that for oil in China.

Therefore, we suggest (a) adopting a technology-neutral NEV fiscal policy to avoid
policy intervention in battery technology advancements. Before 2020, fiscal subsidy poli-
cies mainly affected the evolution of battery technology in China. With the decline in
subsidies and technological progress, battery technology will gradually shift from being
policy to market led, (b) systematically plan the global distribution of China’s critical
resources, (c) improve the ability to guarantee vital resources by systematically formulating
medium- and long-term resource planning and strengthening the battery recycling sys-
tem, and (d) vigorously innovate cobalt resource substitution technologies and intensify
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efforts to develop low-cobalt or cobalt-free cathode materials to reduce the demand for
cobalt resources.
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