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The rapid expansion of electric vehicles (EVs) in China will induce a potential imbalance in the demand and supply of critical metals, which emphasized the importance of recycling critical metals. Evaluating their stock and recycling potential is essential to the electrification transformation in the automobile industry and provides references to the overall national resource strategy. In this study, we identified the critical metals in the electrification transformation of the automobile industry, estimated the stock of critical metals from 2022 to 2050 under multiple scenarios in China, and assessed the recycling potential of critical metals in EVs as well as their economic value. The results show that China’s passenger vehicles will reach 547.5–623.8 million in 2050. According to China’s current energy conservation and emission reduction policies, fuel vehicle (FV) ownership will peak in 2042, at 488.2 million. If strict energy conservation and emission reduction policies are adopted, electric vehicle ownership will increase from 148.3 million to 293.9 million by 2050, leading to a rapid increase in the stock of critical metals. The total stock of key critical metals under the scenario with stringent policies will be 29.27 million tons in 2050, 10.55 million higher compared to the scenario with no ban on fuel vehicles. Based on our results, the recycling of critical metals can be an effective option for the inadequate critical metal supply, especially given the policy context of increasingly expanding EV ownership in the near-term future.
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1 INTRODUCTION
China remains the largest automobile manufacturing country and automobile market in the world since 2009. China’s annual vehicle production has accounted for over 30% percent of global vehicle production. In 2021, China’s vehicle production and sales reached 26.08 million and 26.28 million, with a year-on-year increase of 3.4 and 3.8%, respectively. The production and sales of new energy vehicles (NEVs) were 3.55 million and 3.52 million, respectively, with a year-on-year increase of 160%. The NEV market has a great potential for development in the future. The automobile industry is one of the world’s largest consumers of raw materials (Serrenho et al., 2017). In recent years, more and more new materials have been used for automobile components such as engines, sensors, and electronic equipment to make safer, more complex vehicles (Ortego et al., 2020; Sharma and Pandey, 2020). The manufacturing of NEVs consumes many critical metals, including scarce supplies of Li, Co, rare earth, and others. Specifically in China, serious resource shortages may occur for several key minerals given the carbon neutrality goal by 2050, such as Cr, Cu, Mn, Ag, Te, Ga, and Co (Wei et al., 2022). The possible imbalances in the supply and demand of those critical metals call for a more detailed assessment in the near and long run.
The definition, demand, and supply of critical metals (as shown in Figure 1) in the automobile industry, especially NEVs should be clarified first. The critical metals refer to those metal resources or raw materials that have a high supply risk and an important impact on the national economy, social welfare, and the ecological environment and development strategies (Ge and Liu, 2020; Li et al., 2022). They are of great significance to national security and the development of emerging industries. However, regarding the boundary, it differs among countries. Table 1 summarized critical metal development strategies in different countries in recent years and shows the differences in the definition boundaries.
[image: Figure 1]FIGURE 1 | Literature review of critical metals.
TABLE 1 | Critical metals as defined by major Countries.
[image: Table 1]Regarding the demand of critical metals, in the context of an accelerating sustainable transformation, the development of relevant strategic industries such as NEVs, high-end equipment, next-generation information technology, and energy conservation and environmental protection would induce great demand for the critical metals (Grandell et al., 2016; Fishman and Graedel, 2019). For example, Valero et al. (2018) pointed out that the development of global wind energy, solar photovoltaic, solar thermal energy, and other industries from 2016 to 2050 will increase the demand for 31 critical minerals. Deetman et al. (2018) pointed out that the development of power production and electronic equipment will increase the global total demand for Nd and Ta by about 2–3.2 times in 2050. Zhou et al. (2019) assessed the increase in demand for 12 critical metals caused by the development of solar and wind energy in China.
Moreover, the transformation from fuel vehicles (FVs) to electric vehicles (EVs) has led to great changes in the demand for critical metals (International Energy Agency, 2021). Scholars have discussed critical metals for the development of automobile electrification in many aspects. Simon et al. (2015) analyzed EVs in Europe and pointed out that they are continuously increasing, the shortage of Li and Ni reserves could intensify around 2025, and the demand for Co and Mn will be far lower than the current level. Liu et al. (2021) analyzed the material flow changes of Li batteries in China and found the development of EVs after 2015 is the main reason for the increase in Li-battery consumption. Wang et al. (2018) assessed the global supply risk of 23 critical raw materials required by NEVs. Li X. Y.et al. (2019) based on the sales data of China’s NEVs, pointed out that from 2018 to 2030, the maximum total demand for rare earth will reach 315,000 tons, accounting for 22% of the world output in the same period, while the demand for the commonly used elements (Nd, Dy, Ce, Pr, and La) will account for 99% of the total demand.
The large demand for critical metals has brought supply pressure. Habib et al. (2020) pointed out that with the development of electrification in the future, the reserves of Co, Li, and Ni will face great pressure. As critical metals are mostly mined in the form of symbiotic or associated ore, the capacity expansion is slow and the development cost is too high (Ali et al., 2017). Recycling is regarded as a powerful measure to relieve the supply pressure of critical metals (Zuo and Wang., 2020). Many scholars analyzed the recycling potential of critical metals in vehicles (Yano et al., 2016; Xu et al., 2016). Xu et al. (2016) pointed out that recycling Nd and Dy could meet 23% of the production need for EV batteries in Japan. In addition, Ahmadi et al. (2014) also pointed out that by recycling Li batteries, carbon dioxide can be reduced by 56%. Critical metals recycling can reduce the pressure on resources and the environment, which is conducive to sustainable development and carbon emission reduction (Cheng et al., 2021). To sum up, most of the existing studies focus on developed countries to analyze the definition, demand, and supply risks of critical metals. The analysis of medium and long-term stock and recovery potential of Critical metals in the process of automobile electrification transformation in developing countries is not sufficient.
The acceleration of automobile electrification transformation has led to the rapid growth of the consumption of critical metals. EV is an important dimension of green development and low-carbon transformation in the global automobile industry, however, with huge consumption of critical metals. As the world’s largest automobile market, China’s rapid expansion of EVs in the short term will bring great pressure on the demand for critical metals and provide great recycling potential. Accurately evaluating the change and recovery potential of medium and long-term critical metal inventory is of great significance to the sustainable development of the automobile industry. Therefore, the objective of this study is to clarify the relationship between electrification transformation, fuel ban policy, and critical metal supply risk in China’s automobile industry, predict the trend of medium and long-term critical metal inventory and recovery potential, and put forward policy suggestions to reduce the imbalance between supply and demand of Critical metal minerals. This study provides a reference for the sustainable supply of critical metals required for the electrification transformation and sustainable development of the automobile industry.
The methodologies for evaluating the passenger vehicle ownership (Section 2.1), critical metal stock (Section 2.2), recycled critical metals from FVs and EVs (Section 2.3), together with the scenario designs (Section 2.4) are listed in Chapter 2, followed with the corresponding results in Chapter 3. We also discussed the strategic risk, resource governance, and uncertainties in Chapter 4. The conclusions are listed in Chapter 5.
2 METHODOLOGY
Long-term predictions of stock and flows can effectively reveal the maximum recycling potential and supply risk of critical metals. This study identified the critical metals in the electrification transformation of the automobile industry, estimated the stock of critical metals from vehicles from 2022 to 2050 under multiple scenarios, and discussed the economic value and maximum recycling potential of critical metals in EVs. The critical metal stock model constructed in this paper can be applied to the stock analysis of other industries and different materials. The estimation results obtained based on the model can provide a scientific basis for promoting the recycling of material resources. The steps of this study are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Research steps of this paper.
Specifically, 1) combined with literature and policy analysis, this study selects the critical metals in the electrification transformation of China’s automobile industry as the research object. 2) Referring to the experience of developed countries and the actual situation of China, setting four scenarios: the saturation value of passenger vehicle ownership per thousand people (high or low) and fuel ban policy (planned or unplanned), using the Gompertz function to predict passenger vehicle ownership. 3) Combined the above four scenarios, predicting the stock changes of critical metal stocks of different vehicles (FV and EV) from 2022 to 2050 in China’s automobile industry. 4) Combined with the previous research results (Li et al., 2021), the economic value and maximum recovery potential of critical metals in EV under different recovery levels (high and low) are discussed.
2.1 Passenger vehicle ownership prediction model
The number of passenger vehicles owned is jointly determined by the population and the passenger vehicle ownership per thousand people. It can be formulated as:
[image: image]
where [image: image] represents passenger vehicles owned in year [image: image], [image: image] represents passenger vehicle ownership per thousand people in year [image: image], and [image: image] represents the population in year [image: image].
The critical metal stock is closely related to the number of vehicle ownership. The methods for estimating the critical metal stock based on vehicle ownership are numerous. For the long-term prediction of regional vehicle ownership, saturation level modeling, such as regression models is usually used. The correlation between vehicle ownership and main driving factors is established by the regression model. Compared with developed countries, China is in the primary stage of automobile popularization. In the initial stage, income growth is one of the most important driving forces for the growth of vehicle ownership (Dargay et al., 2007; Li Y. et al., 2019). According to the experience of developed countries (Huo & Wang, 2012), the development trend of vehicle ownership per thousand people can be an S-shaped “slow–urgent–slow” development process, namely the slow growth in the initial stage, rapid growth in the medium term, slow growth in the later stage, and entering the saturation stage. Therefore, according to the characteristics of changes in vehicle ownership, we used the S-curve model to predict passenger vehicle ownership. Commonly used S-shaped curves include the Richards, logistic, and Gompertz functions (Weiner, 1990). Due to the short development time of China’s automobile industry, the availability of data should be considered in the selection of methods. The Richards function involves many parameters, and the logistic function is most suitable for an S-shaped curve with a symmetrical inflection point, while an S-shaped curve with right deflection is well fitted by the Gompertz model (Lee & Shaw, 1996). Compared with the Richards function, the Gompertz function uses simple data and is more suitable for predicting the growth of vehicle ownership in developing countries such as China. Compared with the logistic function, the Gompertz model shows an upward state in the later stage of growth, and other explanatory variables can be added to the model to integrate the development of the automobile industry into the national macroeconomic development system, which is more in line with the changes in China’s passenger vehicle ownership. The forecast of the Gompertz curve is flexible and the parameter and saturation value can be adjusted according to the policies, which can be more suitable for medium and long-term prediction at the national level. Therefore, this paper uses the Gompertz model to predict the number of passenger vehicles per thousand people in China in the future. The formula is as follows:
[image: image]
where [image: image] represents passenger vehicle ownership per thousand people in year [image: image]; [image: image] represents the upper limit of [image: image], that is, the saturation value of passenger vehicle ownership per thousand people; [image: image] represents the GDP per capita in year [image: image]; and [image: image], [image: image] are parameters that determine the shape of the S-curve and the relationship between vehicle ownership and economic growth. The forecast of Gompertz curve is flexible and the parameter and saturation value can be adjusted according to the policies.
Regarding the Estimation of population, the incidence rate is a virtual variable in population prediction, such as survival and mortality rates, incidence and non-incidence rates, and gender ratio. At this time, it is no longer feasible to study such problems with a linear regression model; a logistic regression model can analyze multiple independent variables, including discrete and continuous variables, at the same time, and can effectively analyze the interactions between independent variables, providing a quantitative description of the relationships between multiple independent and dependent variables. The logistic model has the characteristics of limited growth and monotonic increase, which is in line with the population growth model. However, the defect of this model is that population growth generally shows an upward trend in the short term (30–50 years). This study assumes that China’s population growth will continue to grow from 2020 to 2050, so it can be predicted by logistic regression model.
According to the research needs, combined with the logistic curve model equation, the following population prediction formula can be obtained:
[image: image]
where [image: image] represents the population in year [image: image], [image: image] is the maximum population that the environment can accommodate, [image: image] is the initial population, and [image: image] represents the inherent growth rate of the population under unrestricted conditions.
2.2 Critical metal stock model for passenger vehicles
In this paper, the bottom-up method is used to calculate the material stock of passenger vehicles, which is determined according to the weight of each critical metal per vehicle. The formula is as follows:
[image: image]
where [image: image] represents the material stock of passenger vehicles in year [image: image], and there are n types of critical metals; [image: image] represents passenger vehicle ownership in year [image: image]; and [image: image] represents the weight of the [image: image] th type of critical metal per passenger vehicle. In this paper, the stock of critical metals for FVs and EVs is calculated.
2.3 Estimation of recycled critical metals and their economic value
The total weight of recycled critical metals from end-of-life passenger vehicles, [image: image], can be formulated as:
[image: image]
where [image: image] represents end-of-life passenger vehicles; [image: image] represents the weight of the [image: image] th type of critical metal per passenger vehicle, and there are [image: image] types of critical metal; and [image: image] represents the recycling rate of the [image: image] th type of critical metal in passenger vehicles.
The estimation of the economic value of the [image: image] th type of critical metal from end-of-life passenger vehicles in year [image: image], [image: image], can be formulated as:
[image: image]
where [image: image] is the weight of the [image: image] th type of recycled critical metal from end-of-life passenger vehicles in year [image: image] and [image: image] represents the average unit price of the [image: image] th type critical metal.
2.4 Scenario design
2.4.1 Total passenger vehicle ownership
This paper refers to passenger vehicle ownership per thousand people in countries with a developed automobile industry when setting the saturation value. Taking the US, United Kingdom, France, and Japan as reference objects, the average value of the growth rate of passenger vehicle ownership per thousand people fluctuated by within 2% (±) for more than four consecutive years, and this is taken as the saturation value of the country. Calculating the data from 1960 to 2012, the following saturation values can be obtained: 513 vehicles per thousand people in the US, 472 vehicles per thousand people in the United Kingdom, 433 vehicles per thousand people in France, and 446 vehicles per thousand people in Japan, with an average value of the four countries of 466 vehicles per thousand people (Li et al., 2021). As China’s auto market has not yet entered the saturation stage and the level of domestic economic development is uneven, referring to the historical data of the above countries and combined with the characteristics of China, this paper sets the saturation value of passenger vehicle ownership in two scenarios: 1) under the low saturation (LS) level of passenger vehicle ownership, the saturation value per thousand people is 350, and 2) under the high saturation (HS) level of passenger vehicle ownership, the saturation value is 400.
2.4.2 Ownership of EVs
In recent years, in order to reduce carbon emissions, some countries began to vigorously promote vehicle electrification (Kromer and Heywood, 2007) and proposed banning the sale of new FVs. Table 2 shows the timeline for the implementation of bans on the sale of FVs.
TABLE 2 | Timeline for countries to ban the sales of FVs.
[image: Table 2]During 2016–2018, many countries proposed a ban on FV sales. The earliest implementation time was in Rome, Italy, in 2024. Other countries focus on the period from 2030 to 2040. In China, Hainan first proposed to ban the sale of FVs from 2030 at a press conference for the Information Office of the State Council. Banning the sale of FVs will inevitably change the proportion of BEVs. To better understand the impact of these bans, this paper analyzes the potential outcomes in terms of changes in material stocks and carbon emissions, with 2035 taken as the time point for the implementation of bans.
As the ratio of EV ownership to vehicle ownership and the ratio of new energy passenger vehicle ownership to passenger vehicle ownership are similar (China Automobile Industry Association, 2021), in this paper we estimate the proportion of EV ownership to obtain the proportion of new energy passenger vehicle ownership. According to the predictions of the China Automobile Association, the sales volume of EVs in China will reach 50% in 2035. By considering the relationship between the proportions of EV sales and EV ownership from 2015 to 2020, this paper infers such a relationship for the future. It is found that the average ratio of the proportion of EV ownership to the proportion of sales in the past 6 years is 0.27. Based on this, two scenarios are set: 1) In the case of NBS (no plan to ban sales of FVs), the proportion of EVs in 2035 will be 13.7%, and 2) in the case of SBS (plan to ban sales of FVs), the proportion of EVs in 2035 will be 27.39%. The proportion of EV ownership from 2021 to 2050 was fitted by a logarithmic function.
Thus, the overall situation can be divided into four scenarios:
1) HS-NBS: high saturation of passenger vehicle ownership and no plan to ban sales of FVs
2) HS-SBS: low saturation of passenger vehicle ownership and plan to ban sales of FVs
3) LS-NBS: low saturation of passenger vehicle ownership and no plan to ban sales of FVs
4) LS-SBS: low saturation of passenger vehicle ownership and plan to ban sales of FVs
When analyzing the recycling potential, we also adopted 2 levels of recycling rate (high recycling rate for HR and low for LR) from Li et al. (2021).
2.5 Data source
The population, per capita GDP, and passenger vehicle ownership data in China from 1990 to 2020 used in this paper are from the China Statistical Yearbook (2021). The data of EV ownership and sales volume from 2015 to 2020 are from the public data of the Ministry of Public Security (Ministry of Public Security of the People’s Republic of China, 2016) and the China Automobile Industry Yearbook (2021).
According to the research, among the critical minerals specified by the state, Ni, Cr, Co, Li, and REE are very important metals in the development of EVs (Wang et al., 2018; Zhou, et al., 2019). In addition, Mn is often studied as a critical material for automobiles (Olivetti et al., 2017). Among rare earth elements, Ce, Eu, La, Nd, PR, Dy, Gd, TB, and Y are commonly used in EVs (Field et al., 2017). Among them, Ni, Co, Li, and REE are the critical metals in great demand in the development of EVs, while Mn and Cr are the critical metals in great demand in both EVs and FV. At the same time, Ni, Co, Li, Cr, and Mn are characterized by low reserves and high external dependence in China (Ministry of Land and Resources of the People’s Republic of China, 2016). Therefore, Ni, Cr, Co, Li, Pt, Mn, and rare earth elements (Ce, Eu, La, Nd, Pr, Dy, Gd, Tb, and Y) were selected as the critical metals in this paper. The specific parameters and sources are shown in Table 3.
TABLE 3 | Metal composition of each type of vehicle and potential recycling rate.
[image: Table 3]Regarding the representative type of EV, at present, BEV and HEV are the main EVs in China. According to the current development of these two vehicles, BEV ownership has accounted for more than 80% of EV ownership in the past 6 years (China Automobile Industry Association, 2021). In addition, according to national policies, at the end of 2018, the China Development and Reform Commission issued the regulations on investment management in the automotive industry, which mentioned that future PHEV investment projects will be approved and filed in accordance with the requirements of FV projects (National Development and Reform Commission, 2018). In addition, relevant subsidy policies for PHEV have been gradually abolished. It can be seen that HEV, as a transitional product, will gradually withdraw from the market, and BEV will further expand in the future. In addition, in terms of the selection of critical metals. This paper selects metals that are indispensable in the development of EV and are currently highly dependent on imports from China, such as Li, Ni, Co. According to the research of Ortego et al. (2020), the single-vehicle metal composition of Li, Ni, and Co in PHEV is 2,242g, 16,049.57g, and 2,712g, which is far lower than 7,709g, 55,724g and 9,330 g of BEV. With the further increase of BEV’s market share in EV, the demand for these critical metals will further expand. In order to cover such critical metals, BEV is selected as the representative type of EV in this paper.
Regarding the unit price of recycled resources, we considered the unit price of both primary resource market and secondary resource market from Shanghai Nonferrous Metals Industry Association (2022).
3 RESULT
3.1 Passenger vehicle ownership in China
3.1.1 GDP per capital forecast
This paper posits that China’s economy will grow steadily up to 2050. By fitting the time series data from 1978 to 2020 (constant prices in 1978), the prediction function of GDP per capita in the future is as follows:
[image: image]
where variable x ranges from 1 to 73, representing the years 1978–2050.
Figure 3 shows China’s GDP per capita from 2021 to 2050 predicted according to GDP per capita from 1978 to 2020.
[image: Figure 3]FIGURE 3 | Prediction of China’s GDP per capita (constant prices in 1978). This study assumes that the GDP per capita will continue to grow within the forecast range.
According to the forecast, the GDP per capita in 2035 will be 17,222 yuan. In 2050, it will be 35,274 yuan, which is almost three times the value in 2020.
3.1.2 Population forecast
This paper uses the actual population data of China from 1949 to 2020 by MATLAB programming fitting and predicts the population from 2021 to 2050. The fitting between predicted and actual data is better. According to the fitting data, [image: image] is [image: image] 2, [image: image] is 166.36 million, and [image: image] is 54.17 million under unrestricted conditions. Substituting these into Formula 3, we obtain a logistic model of the Chinese population, as follows:
[image: image]
The fitting result of Equation 8 is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Population trends in China. This study will predict that China’s population will continue to grow.
The population in 2035 and 2050 will be 1,511.45 million and 1,570.32 million, and the growth rates from 2021 to 2035 and 2036 to 2050 will be 5.82 and 3.57%, respectively. Although China’s population will continue to grow in the future, the rate will slow down.
3.1.3 Prediction of passenger vehicle ownership per thousand people
This paper considers the ownership of passenger vehicles by setting LS and HS scenarios. Table 4 shows the estimation of passenger vehicle ownership per thousand people from 2025 to 2050 under LS and HS scenarios.
TABLE 4 | Estimation of passenger vehicle ownership per thousand people in China.
[image: Table 4]3.1.4 Prediction of passenger vehicle ownership
Table 5 shows the overall change in passenger vehicle ownership under LS and HS scenarios from 2025 to 2050.
TABLE 5 | Estimation of passenger vehicle ownership in China (million).
[image: Table 5]Under the LS scenario, China’s passenger vehicle ownership will reach 436.03 million in 2030, increase by 84.53 million in 2040 to reach 520.56 million, and reach 547.50 million in 2050, an increase of 2.05 times compared with 2021. The number of passenger vehicles will reach 623.77 million under the HS scenario in 2050, which is 76.27 million more than that of the LS scenario.
Based on two ownership scenarios, HS and LS, and adding the plan to ban sales of FVs for analysis, four EV and FV ownership scenarios of HS-NBS, HS-SBS, LS-NBS, and LS-SBS can be obtained. Figure 5 shows the changes in EV and FV ownership from 2022 to 2050 under the four scenarios.
[image: Figure 5]FIGURE 5 | Estimation of EV and FV ownership under four scenarios from 2022 to 2050 in China. Under the four scenarios, passenger vehicle ownership continued to rise. The growth rate of the two scenarios under HS is higher than that under LS. FV ownership will reach its peak at different time points under the four scenarios.
Under the HS-NBS scenario, EV ownership will reach 46.48 million, 98.53 million, and 148.27 million in 2030, 2040, and 2050, respectively, while FV ownership will also increase, reaching 475.50 million in 2050. Under HS-SBS, the growth rate of EV ownership is 16.79%, higher than the 13.30% for HS-NBS. Moreover, the peak value of FV advances from 2042 to 2035 for HS-NBS, and peak ownership is reduced from 488.17 million to 402.65 million. EV and FV ownership are slightly lower in the LS scenario than the HS scenario, but the FV peak value will be reached sooner: 364 million in 2034 under LS-SBS vs 432.96 million in 2040 under LS-NBS.
3.2 Critical metal stock for passenger vehicles
Table 6 shows the changes in total stocks of critical metals under the four scenarios from 2022 to 2050.
TABLE 6 | Critical metal stocks under four scenarios from 2022 to 2050 in China (million tons).
[image: Table 6]Under the HS-NBS scenario, the total stock of critical metals will reach 18.72 million tons in 2050. Under HS-SBS, the total stock of critical metals will increase rapidly, reaching 29.27 million tons in 2050, showing banning FV sales has a great impact on the stock of critical metals.
The change of a single metal under the four scenarios is similar to that of the total stock. Next, we take a single scenario as an example to analyze the stock of each critical metal. Figure 6 shows the changes in the stock of critical metals under the HS-NBS scenario from 2022 to 2050.
[image: Figure 6]FIGURE 6 | Stock of critical metals under HS-NBS scenario from 2022 to 2050 in China (thousand tons): total metal stock and the details in REE. Under the HS-NBS scenario, the stock of each critical metal continues to increase. Since the total REE stock is small, each REE metal details will be shown separately.
The stock of Li will reach 360.27 thousand, 761.81 thousand, and 1,145.20 thousand tons in 2030, 2040, and 2050, respectively. Similarly, the stock of Co will increase by 76.80 thousand, 161.38 thousand, and 241.97 thousand tons, respectively, compared with 2021, reaching 437.07 thousand, 923.19 thousand, and 1,387.17 thousand tons. The stocks of Mn and Cr will be larger than those of Li and Co, reaching 2,822.26 thousand and 3,540.85 thousand tons, respectively in 2050. Ni is the critical metal with the largest stock. Its stock will be greater in 2030 than in 2050, reaching 9,685.26 thousand tons which is 8.46 times the amount of Li in that year. Due to the diversity and small stock of REEs, nine REEs are analyzed separately. The total stock of REE will be 50.53 thousand, 98.70 thousand, and 143.30 thousand tons in 2030, 2040, and 2050 respectively. Among them, Nd will account for the largest proportion, at 84.77, 84.10, and 83.78% of total REE in 2030, 2040, and 2050, respectively. Next are Dy and Tb, with stocks of 3.01 thousand and 4.00 thousand tons, respectively, in 2050. Eu and Gd account for very little REE, with a stock of only 34.15 and 25.44 tons in 2050.
3.3 Estimation of recycling critical metals and their economic value
According to the above analysis, EVs will be widely used in the future, and the supply pressure on critical metals will be huge. On the other hand, EVs will become one of the largest consumers of critical metals, and recycling can be an important source of those critical metals. Therefore, we analyzed the recycling potential of critical metals from EVs. This paper uses the prediction data of the theoretical scrap quantity of electric passenger vehicles in previous research (Li et al., 2021), assuming the scrap electric passenger vehicles are fully recycled. The recycling potential of scrap electric passenger vehicles is shown in Table 7.
TABLE 7 | Recycling potential of scrap electric passenger vehicles in China (million).
[image: Table 7]According to the current research, the potential recycling rate of Li, Co, Ni, Mn, and Cr is more than 90%, while the recycling rate of REE is low due to the large-scale mining and the need for mature technical support during recycling (Li X. Y. et al., 2019). The lowest recycling rate among REEs is for La, at 17%. Figure 7 shows the recycling quantity of each metal under the HR scenario from 2022 to 2030.
[image: Figure 7]FIGURE 7 | Recycling potential of critical metals under HR scenario from 2020 to 2030 in China (thousand tons): total metal recycling and the details in REE. The recycling potential of critical metals in EOL EVa is increasing year by year. HR scenario results based on Li et al. (2021).
Under the HR scenario, the recycling potential of Li, Co, Mn, and Cr in 2030 is 48.03 thousand, 57.51 thousand, 34.45 thousand, and 35.59 thousand tons, respectively, and the recycling potential of Ni is the highest at 361.77 thousand tons. The overall recycling potential of REEs is not high, only 4.56 thousand tons. Looking at the nine REEs separately, Nd has the highest recycling potential, reaching 2,558.65 tons in 2030, while for GD it is only 0.07 tons.
The results of Section 3.2 show that under the scenario proposed in this study, the policy banning sales of FVs has a greater impact on the supply and demand of critical metals in the future than the ownership of passenger vehicles. In the future, EVs will become one of the largest consumers of critical metals, so they also represent the greatest potential for critical metal recycling in the future. According to the above description, this paper supposes that when an EV owner chooses not to replace the battery and directly scraps the vehicle after 8 years of use, the service life of the EV is consistent with that of the power battery; then the stock of critical metals of EVs in 2030 can be regarded as accumulated from 2022, and the scrap volume corresponds to 2022–2030.
Figure 8 shows the uses the sum of the theoretical amount of critical metals recycled from EOL EVs from 2022 to 2030 to compare with the critical metal stock of EVs in 2030.
[image: Figure 8]FIGURE 8 | Share of recycling potential in the total stock of critical metals in China. Cumulative recycling of critical metals is the sum of theoretical recycling of critical metals of all EOL EVs from 2022 to 2030, and stock is critical metals of EVs in 2030.
It can be observed that under NBS, the recycling potential of Li, Co, Ni, Mn, and Cr in 2030 can cover 49.89, 49.37, 52.00, 49.89, and 47.27% of the stock, respectively. The recycling potential of most REE metals is low; the proportion of Dy covering its stock is the highest, at 41.24%. Gd and La can only cover 4.12 and 7.01% of their stock, respectively. Under the SBS scenario, the recycling potential of all critical metals decreases significantly, with Li, Co, Ni, Mn, and Cr decreasing to 26.38, 26.11, 27.49, 26.38, and 25.00%, respectively.
Next, we take CO, Ni, Li, and Mn as the object to analyze the recycling value of major critical metals, shown in Table 8.
TABLE 8 | The economic value of critical metals recycling in 2030 in China.
[image: Table 8]For critical metals with high prices, the recovery rate has a great impact on the recycling income. For example, in 2030, under the HR scenario, the recycling income from the recycling of Li is 31.46 billion yuan, 10.73 billion yuan more than that of the LR scenario, showing a great economic value. Therefore, recycling critical metals with higher prices can relieve the economic pressure due to the resource imports.
To sum up, this study identifies the critical metals in the electrification transformation of the automobile industry, analyzes the stock changes of critical metals in the automobile industry from 2022 to 2050 under different passenger vehicle ownership saturation levels (LS and HS) and different energy-saving and emission reduction policies (NBS and SBS), and discusses the economic value and maximum recycling potential of critical metals in EV. The results of this study show that from 2022 to 2050, with the increase in income and population, China’s car ownership will increase rapidly, and the number of passenger vehicles in China will reach 547.50–623.77 million in 2050. According to China’s current energy conservation and emission reduction policies, China’s fuel vehicle (FV) ownership will reach a peak in 2042, with 488.17 million. If strict energy conservation and emission reduction policies are adopted, the ownership of FVs will be advanced to 2035, with the ownership of 402.65 million. Under any scenario, FV ownership will show a decreasing trend in the future. The policy banning FV sales will not only rapidly increase EV ownership but also accelerate the FV peaking. The rapid growth of EVs has accelerated the demand for critical metals. Therefore, long-term predictions of critical metals stock can effectively reveal the supply risk of critical metals. In this paper, we have identified 14 kinds of critical metals in the electrification transformation of China’s automotive industry and estimated the stocks of critical metals under four scenarios from 2022 to 2050. The stock of all critical metals will increase rapidly in the future. Recycling can alleviate the pressure from meeting the supply and demand of critical metals. The stock of Ni will be the highest, which will be 9,685.26 thousand tons in 2050 under the HS-NBS scenario. Recycling can alleviate the pressure from meeting the demand of critical metals with the supply. We have discussed the recycling potential and economic value of critical metals in EVs. For critical metals with a high recycling rate, such as Li, Mn, and Ni, the resource reuse chain can be improved by establishing recycling channels and formulating relevant policies. For metals with a low recycling rate, such as REEs, the demand pressure can be relieved by developing alternative and recycling technologies. The results of this study show the policy banning sales of FVs will expand the gap between theoretical recycling and stock, thus increasing the pressure on the demand for critical metals. Therefore, considering the scarcity of some critical metals, it is necessary to implement a flexible policy for the process of automobile electrification. In order to alleviate the pressure of supply and demand of critical metals, countries have planned the layout in advance according to their own metal scarcity, developing alternative metals and improving recycling technology and recycling channels. The results of this study can provide data basis for material flow analysis in China’s automotive industry. It can also be extended to the analysis of material stock and flow in different geographical regions and other industries. The estimation results based on this model can provide a scientific basis for promoting the recycling of material resources.
4 DISCUSSION
4.1 The strategic risk assessment of critical metals
Global value chains are becoming more integrated and raising questions about trade, technological changes, economic growth, and environmental issues (Umer et al., 2022). The environmental sustainability contests facing the world’s most pressing problems, including biodiversity loss, climate change, and increasing natural resources demand (Irfan et al., 2022a; Rehman et al., 2021). Natural resources play a critical part in animating economic expansion and maintaining technical standards (Tang et al., 2022; Irfan et al., 2022b; Islam et al., 2021). Countries with abundant natural resources also have higher wealth sources (Mingting et al., 2022), which will bring more economic advantages (Muhammad and Khan, 2021). Although the environmental impact of globalization is usually negative (Zhang et al., 2022), free markets can also expand access to new technology and increase feedstock supply (Irfan M. et al., 2022). Therefore, the strategic risk assessment of critical metals in the process of automobile electrification should be analyzed from two perspectives. First, from a global perspective, materials with a relatively low recovery rate and great difficulty in recovery for electrical transformation-oriented estimation of critical metals are more important because their recovery cannot alleviate the pressure of future demand. Therefore, material mining and storage should be strengthened. For materials with a high recovery rate and little recovery difficulty, effective recovery channels should be established to realize the multiplier effect of material reuse through resource recycling. In addition, the recovery potential can be improved as the recovery and alternative technologies mature. At present, pyrometallurgical/hydrometallurgical recovery technologies are relatively mature. In the future, high-efficiency composite technology could be used to improve the recovery rate and the efficiency of comprehensive resource utilization. Second, from the national perspective, due to differences in the geographical distribution of critical metals and the development levels of different countries, the strategic risks of critical metals are also different. For example, in 2020, China’s Li resource reserves ranked fourth in the world. With the development of EVs, the consumption demand for Li resources is also growing rapidly. China has become the world’s largest consumer of Li mineral resources. In 2020, the total consumption of metal Li is 52,000 t in China, accounting for 61.4% of the total global consumption. However, China’s current technological constraints lead to the slow process of Li resource mining and industrialization, and 70% of Li resource still depends on imports (Qu et al., 2021). Import dependence is an important factor in assessing supply risk. It helps to assess areas where appropriate intervention is needed to avoid a shift to a predominantly import-dependent scenario.
4.2 Resource governance implication
The accelerated transformation of automobile electrification has led to a rapid increase in the demand for critical metals. Affected by multiple factors, such as industrial cycles, the coronavirus, and international tension, there are potential risks in the supply of critical metals. It is of great significance for the sustainable development of the automobile industry to accurately assess the changes in the stocks of critical metals in the medium and long term and to determine the risks in the supply-demand relationship of critical metals that may be caused by the development of EVs. Based on the importance of recycling to the supply of critical metals, a more perfect industry recycling chain needs to be established. For critical metals with low recycling potential, such as REEs, there is a large gap in cumulative recovery and stock. Although China is currently rich in REEs, very important metals in the electrification of the global automobile industry, it also needs to strengthen its metal reserves and layout in advance to alleviate the demand pressure by developing alternative metals and improving recycling technology. Therefore, different countries and regions should formulate more flexible energy conservation and emission reduction policies according to the scarcity of critical metals to effectively alleviate the pressure created by their supply. For critical metals with relatively high recycling potential, such as Li, Ni, and Co, more effective recycling channels should be established to improve the comprehensive utilization efficiency of renewable resources.
4.3 Uncertainties
The first type of uncertainty lies in the parameter recycling rate. The recycling rate in this paper refers to the potential recycling rate, which is the possible recycling degree in the future. Different recycling rate choices will affect the results. Taking the metal Dy as an example, with the development of technology, the potential recycling rate of Dy is high, which can reach 100% (Ciacci, et al., 2015; Zuo and Wang, 2020). However, according to the current recycling technology, the recycling rate of Dy is only 15% (Junne et al., 2020).
We compared the recycling of Dy with the mentioned two recycling rates under LR and HR recovery scenarios. Under the HR scenario, the recycling of 100% Dy will reach 122.83 tons in 2030, while the recycling of 15% Dy will only be 18.42 tons. From 2022 to 2030, the cumulative recycling of 100% Dy accounted for 56.81% of the Dy stock in 2030 under the LS-NBS scenario, while the cumulative recycling of 15% Dy accounted for only 8.52% of the stock. The uncertainty brought by the recycling rate of one specific metal might be huge, also indicating that Dy has great recycling potential with the improvement of recycling technology.
The unit prices of critical metals are also with large fluctuations, which brought uncertainties to our results. If focusing on the primary resource market, the unit prices of Li, Co and Ni are relatively high, especially Li, which reached 2.97 million yuan/ton in June 2022. Most uncertainties come from these four types of metals. Figure 9 shows the uncertainties from the recycling potential parameters and from unit price parameters.
[image: Figure 9]FIGURE 9 | Uncertainties from the recycling potential parameters and from unit price parameters.
Taking Li as an example, if we adopt the unit price of Li in 2021 as the unit price parameter, the total potential economic value of Li in 2030 may range from 29.78billion to 151.21billion yuan. If focusing on the secondary resource marking, still, taking the example of Li, based on the unit price of the recycled Ni in the 5 months from March 2022 to July 2022, the total potential economic value of Li in 2030 may range from 36.43 billion to 74.13 billion.
5 CONCLUSION
In this study, we set the saturation level of passenger vehicle ownership per thousand people (LS and HS, low and high saturation of passenger vehicles), forecasted passenger vehicle ownership in China from 2022 to 2050 under different saturation levels, and analyzed the impact of policies banning the sale of FVs (NBS and SBS, without and with the ban on the sales of FVs) on EV ownership in the future.
Under the two saturation scenarios, LS and HS, the number of passenger vehicles in China will reach 547.50 million and 623.77 million, respectively, in 2050. During the period from 2022 to 2050, FV ownership will reach a peak regardless of whether sales of FVs are banned or not, but the FV peak will occur significantly earlier under the SBS scenario. A strict energy conservation and emission reduction policy will advance the peak of FV ownership by 7 years, and EV ownership will also increase from 148.27 million to 293.90 million in 2050.
On this basis, the trend of the stock of critical metals from 2022 to 2050 under four scenarios was analyzed. Under the four scenarios, the stock of critical metals shows an upward trend year by year, among which that of HS-SBS is the largest. Under the HS-NBS scenario, the stock of critical metals such as Li, Co, and Ni will reach 1,145.20 thousand, 1,387.17 thousand, and 9,685.26 thousand tons, respectively, in 2050. The implementation of policies strictly banning the sale of FVs will lead to a rapid rise in the stock of critical metals. Under the HS-SBS scenario, the stock of critical metals such as Li, Co, and Ni will reach 2,267.18 thousand, 2,744.71 thousand, and 17,364.44 thousand tons, respectively. The results show that the massive popularization of EVs in the future will bring huge demand pressure on critical metals.
On the other hand, EVs, the largest consumers of critical metals, also represent the maximum potential for recycling critical metals in the future. This study thus further discusses the economic value of and maximum recovery potential for critical metal recycled from EOL EVs. It is found that recycling critical metals are an effective means to avoid the risk of a reduced critical metal supply. At the same time, the economic benefit brought by the metals with higher recycling prices would also be significant.
This paper can be further improved in the following two aspects. First, due to the availability of data, this study only analyzes the major critical metals with greater supply risk in the future automotive electrification transformation process. For example, as one of the critical materials, platinum group metals have not been included in the analysis object in this paper, as China’s vigorous promotion of EVs will reduce the use of platinum group metals in the future. As the next step, we will investigate the supply risk and recovery potential of platinum group metals considering such adjustments in policies and regulations. Second, this study is based on the current material composition, which could be changed with the technical development. Traditional fuel vehicles will be gradually withdrawn from the market between 2030 and 2040 in many developed automobile industrial countries. The supply of critical metals will become a bottleneck problem restricting the electrification transformation of the global automobile industry in the future. We also consider expanding the research from China to more countries in the future, especially focusing on the advanced automotive technical standards and policies of developed countries, to verify the applicability of this study.
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Source: The metal composition comes from Ortego etal. (2020); the potential recycling rate: REE and Cr from Zuo and Wang, (2020), Co and Ni from Mashacl etal. (2021), Mn from Chen
and Zhou (2014), and Li from Greim et al. (2020)
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Note: data from iCET (Energy and transportation innovation center, 2019).
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Li, Be, Rb, Cs, Nb, Ta, Zr, Hf, W, rare earth, Ga, Ge, In, Te, Re, Tl, Pt, Pd, Cr, Co, Ni, Mo, Mn,
V, Sb, Ti, Bi, Sr, Ba

Li, Zr, W, Sn, rare earth, Cr, Co, Fe, Cu, Al, Au, Ni, Mo, Sb

Re, Be, rare earth, Ge, Ta, Zr, Cr, St

Li, Be, Rb, Cs, Nb, Ta, Zr, Hf, W, Sn, rare earth, Sc, Ga, Ge, In, Te, Re, Pt, Cr, Co, Mn, V, Ti,
Sb, Bi, Mg, Al

Li, Be, Nb, Ta, Zr, Hf, W, rare earth, Sc, Ga, Ge, In, Re, Pt, Cr, Co, Mn, V, Ti, Sb, Bi, Mg

Li, Be, Nb, Hf, Ta, W, rare earth, Sc, Ga, Ge, In, Pt, Co, V, Sb, Ti, Bi, Sr, Mg

Note: This table selects major critical metals from critical materials of the above countries.
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