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Rare earth elements (REEs) are essential for promoting clean energy technologies and making high-performance materials because of their unique physical and chemical properties. In order to respond to climate change, the Chinese government has promised to achieve carbon neutrality before 2060. Under such a circumstance, the demand for REEs will increase significantly. However, several challenges exist in current REEs supply chain management in China. This policy brief discusses these challenges from a life cycle perspective, covering REEs mining, smelting, manufacturing, waste management, and recycling. Policy recommendations on future REEs supply chain management are then proposed, including adequate mining quota, a strategic REEs list, innovative high-tech applications, and circular economy.
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1 INTRODUCTION
Rare earth elements (REEs) include scandium (Sc), yttrium (Y), and 15 kinds of lanthanide elements, including lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu) (Zeng et al., 2020). These rare earth elements have outstanding optical, electrical, magnetic, and nuclear characteristics and can be composed with other materials to improve the quality and performance of various products. Currently, rare earth elements are mainly used in chemical, metallurgical, military, clean energy, and other high-tech industries (Wang X et al., 2017; LeeJason and Wen, 2018). The global rare earth reserves reached 0.13 Gt (gigatons) in 2017, among which China accounted for about 30% with a figure of 44 million tons (Das et al., 2018). Due to its rich reserve, China has become the largest REEs supplier in the world, supplying more than 60% of the global REEs production (Du and Graedel, 2011). However, with unsustainable and extensive mining activities during the past few decades, both the amount and the grade of rare earth ores have gradually reduced in China. As a result, rare earth elements were listed as strategic mineral resources by the Ministry of Natural Resources in 2016 (Ministry of Natural Resources, 2016). Meanwhile, in order to respond to climate change, many countries proposed to achieve carbon neutrality before 2050 and have begun their efforts to transit their energy systems towards renewable and clean energy systems, as well as through the rapid development of high-tech industry (Wei et al., 2021). With the future expansion on these emerging industries, the demand for rare earth elements will continue to increase, indicating new challenges to the global rare earth elements supply chain. Under such a circumstance, it would be urgent for China to manage its rare earth elements supply chain by considering these complicated realities. Based on the literature review and site investigations, this policy brief discusses the whole rare earth elements supply chain from a life cycle perspective so that valuable policy insights can be obtained. In the remaining part of this paper, Section 2 identifies the associated supply chain challenges in each life cycle stage; Section 3 proposes policy recommendations. Finally, Section 4 draws research conclusions.
2 CURRENT CHALLENGES ON RARE EARTH ELEMENTS SUPPLY CHAIN IN CHINA
From a life cycle perspective, the rare earth elements supply chain can be divided into five stages in China, covering mining, smelting, manufacturing, waste management, and recycling (Figure 1). There are three major types of rare earth ores in China, including mixed monazite and bastnaesite in Bayan Obo ores of Inner Mongolia, bastnaesite ores in Sichuan and Shandong, and ionic clays in seven southern provinces. In particular, more than 80% of domestic rare earth elements were mined from Bayan Obo ores, the largest rare earth elements reserve in China (LeeJason and Wen, 2018). In the mining process. Rare earth elements are extracted from these natural reserves and beneficiated into high-grade concentrates through gravity separation, magnetic separation, electrostatic separation, and froth flotation. These concentrates are then refined and separated into rare earth oxides and other compounds by leaching, extraction, and precipitation in the smelting stage. During the manufacturing process, final REEs-containing products are produced. These final products will be consumed and become stocks serving the whole society. When these products reach the end of their life spans, they become scraps and will be recycled in the waste treatment plants or landfilled. To date, China has already built such a complete rare earth elements supply chain. But several challenges exist and should be identified for further improvement. We discuss these challenges along this supply chain.
[image: Figure 1]FIGURE 1 | Rare earth elements supply chain in China.
2.1 Mining
Firstly, the production capacity of rare earth elements is far higher than the mining quota in China. Although China has rich rare earth elements reserves, the large export amount with lower economic values will deplete such reserves shortly. Therefore, in order to protect the domestic rare earth elements supply chain and control the total mining amount, the Ministry of Natural Resources and the Ministry of the Industry and Information Technology jointly released annual quota for such rare earth elements in different provinces. Figure 2 shows the annual quotas and demands of rare earth elements in China from 2011 to 2020. However, with rapid technological development, such quota is very limited and cannot meet with the soaring demand from those downstream companies. For example, the mining and smelting quota for Inner Mongolia was 73,550 and 63,784 tons in 2020, respectively. However, such mining and smelting production capacity was 125,000 and 100,000 tons in Inner Mongolia in 2020, respectively (Chinese Society of Rare Earths, 2011). Several relevant studies found that the demands for several rare earth elements, such as Nd, exceeded the official supply with the development of the emerging clean technologies (Packey and Kingsnorth, 2016; LeeJason and Wen, 2018; Geng et al., 2021). In order to achieve carbon neutrality before 2060, the demands for such rare earth elements will continuously increase (Wang, 2018). Thus, it is necessary to set adequate mining quotas to satisfy these companies’ production capacities and meet with the increasing demands for rare earth elements. Additionally, such mining process results in various environmental damages, such as radioactive contamination, soil and water contamination, and eutrophication (Wang L et al., 2017). Also, many suppliers of rare earth elements paid less attention on such environmental impacts due to their backward awareness, higher treatment costs, and ineffective enforcement of relevant regulations by local governments. From a legal point of view, current regulations on rare earth mining do not address such environmental impacts efficiently. As such, stricter and more suitable environmental standards are still lacking.
[image: Figure 2]FIGURE 2 | Annual mining quota and demand of rare earth elements in China from 2011 to 2020 (A); Annual demand for different rare earth elements in China from 2011 to 2020 (B). Data source: Chinese Society of Rare Earths Yearbooks.
2.2 Smelting and manufacturing
In the smelting process, the production amounts for different rare earth elements are significantly different. The amounts of several bulk rare earth elements, such as Nd, La, and Y, are hundreds of times that of other elements, such as Lu, Tm, and Er (Goodenough et al., 2018). Such differences are attributed by different applications of different rare earth elements (Figure 3). Renewable energy sector has a high demand for several rare earth elements (such as Nd, Y) since such elements are indispensable for making magnets. The annual demands for such rare earth elements always exceed their official supplies (Gong et al., 2017; Chen et al., 2018). However, the demands for rare earth elements in traditional industries (such as optical material) are lower, leading to oversupply, such as Eu (Wang L et al., 2020). In addition, since many rare earth elements are mined together, it is not easy to separate one specific rare earth element from the entire ore. For example, light rare earth elements are mainly extracted from iron tailings in Bayan Obo ores and become concentrates. It is extremely difficult to separate different elements from such concentrates. Also, since it is difficult for those companies to sell their rare earth elements surplus, they have to reserve such surplus by themselves, which increased their storage costs and influenced their monetary flows. Additionally, due to the lack of advanced technologies, several rare earth elements are mainly used for making primary products in China, such as rare earth-related oxides and compounds. For several heavy rare earth elements such as Tm, Yb, and Er, only their oxides are being circulated in the market. Their final products are mainly used as additives (Li et al., 2012). As such, Pm and Sc are the scarcest rare earth elements, but have not been applied in China (Wang L et al., 2020). However, these rare earth elements are key in several high-tech industries, especially under China’s ambitious carbon neutrality targets (Fishman and Graedel, 2019; Li et al., 2020; Wei et al., 2022). Thus, with the rapid development of emerging technologies, the demands for these REEs will grow.
[image: Figure 3]FIGURE 3 | Leading suppliers of rare earth elements around the world (A); Main applications of rare earth elements in China (B). Data source: Chinese Society of Rare Earths Yearbooks
2.3 Waste management and recycling
When the REEs-containing final products reach the ends of their life spans, these products should be further treated before being discarded into the environment. It is rational to extend their life spans through repair, refurbish, remanufacturing, recycling, and reuse. However, waste collection and recycling system for rare earth elements is still ineffective in China, resulting in that most end-of-life REEs-containing final products flow into landfills directly without any treatment, especially for several light rare earth elements such as Eu, Gd, Sm. Currently, only Nd-Fe-B permanent magnet has been widely recycled in China because it has the highest demand and value among all the REEs (Jo, 2015). Theoretically, it is feasible to recycle such rare earth elements from these end-of-life REEs-containing final products (Rollat et al., 2016; Qiu and Suh, 2019). For example, by adding hydrochloric acid and oxalic acid, samarium can be recycled from Sm-Co magnet (Onoda and Kurioka, 2015). However, the recovery rate of Sm is still less than 1% in China due to the lack of policy support, backward awareness, a lack of economic incentives, and a lack of advanced recycling technologies (Xiao et al., 2022a; Ge et al., 2022).
3 POLICY RECOMMENDATIONS
First, since annual quota determines the real rare earth elements mining amount in China, it is essential to reallocate such annual quotas by considering the real needs from those downstream companies. This requires scientific evaluation on the real demands for various rare earth elements. Such evaluation should consider both domestic and international demands and avoid irrational allocation to those firms without reasonable production plans. Several studies have already been carried out in this field to evaluate the real demands for different rare earth elements in China. For example, Wang Q et al. (2020) and Xiao et al. (2022a) found the real demands for Eu and Y in China are less than their official supply, leading to enormous surplus. Ge et al. (2022) and Xiao et al. (2022b) found the real demands for Sm and Dy are gradually increasing in China, which may exceed their official supply in the future. Also, the Chinese government should set up appropriate environmental standards for rare earth mining. For example, heavy rare earth mining can lead to severe water pollution with a feature of excessive ammonium nitrogen, which is difficult to be removed for a long time (Packey and Kingsnorth, 2016). In order to mitigate such pollution, the Chinese government has updated national sewage treatment standards and installed on site detectors to measure mining waste water since 2019. Such standards should be updated regularly so that more parameters can be included. In addition, such environmental standards should be updated with the rapid development of innovative technologies so that these technologies can be promoted quickly. For example, ammonium-free mining technology has emerged and can replace the traditional mining process since it avoids using ammonium sulfate. Unfortunately, such ammonium-free process may result in adverse effects on human health since it uses highly concentrated magnesium (Schulze et al., 2017). Consequently, it is urgent for the Chinese government to prepare corresponding regulations to address this public health concern.
Second, rare earth element-specific management should be initiated since different rare earth elements have different features and application fields. Several countries only listed several key rare earth elements in their strategic mineral resource plans. For example, in 2022, the United States updated its strategic mineral resource plan (USDI, 2022), in which 15 kinds of key rare earth elements were listed (except Pm and Sc). However, China listed all the rare earth elements as strategic mineral resources. It would be crucial to further highlight several key rare earth elements in the national strategic mineral plan, such as Nd, Dy, Pm and Sc. These elements can play a key role in promoting renewable energy development and other emerging sectors. Future demands for these key rare earth elements may rise very quickly and should be carefully managed so that sustainable supply can be achieved. For those rare earth elements with surplus, since the demands for such elements are still low, they should be stored with careful plan, rather than relying on those firms. The Chinese government may establish several regional storage centers for such rare earth elements by collecting them from those firms. Such a measure can also help stabilize the prices of such rare earth elements.
In addition, since most of rare earth elements are mainly used for making primary products in China, it is important to encourage research and development (R&D) activities, especially under the ambitious 2060 carbon neutrality target. These activities can help incubate more advanced technologies so that more value-added products can be manufactured within China, such as permanent magnets, hydrogen storage materials. A government-industrial partnership should be created to facilitate such R&D efforts so that adequate funds can be received. Both universities and research institutes should actively engage in such R&D efforts so that they can understand the real industrial needs and focus on seeking potential solutions. Moreover, intellectual rights should be seriously protected so that the promotion of such innovative technologies can be achieved smoothly.
Finally, it is essential to improve the overall resource efficiency of rare earth elements by promoting circular economy. The total recycling rate of such rare earth elements-containing end-of-life products is less than 1% in China (Sprecher et al., 2015; Morimoto et al., 2021). Recently, Ge et al. (2022) found that if the recycling rate reaches 40% in China, approximately 1728 tons of Sm can be recovered from in-use stocks, which can meet domestic demand for 2 years. However, several barriers exist for the implementation of circular economy in these REEs-related businesses, such as the lack of recycling awareness, backward recycling technologies, ineffective collection system for such REEs-containing end-of-life products, and a lack of economic incentives. Therefore, more efforts should be made to solve these problems. For instance, the Chinese government may establish a national information center on rare earth elements products so that information and data on these end-of-life products can be shared by more stakeholders. Similarly, recycling technologies can be shared through this information center so that technology transfer can be achieved quickly. In addition, the Chinese government may provide financial subsides for such recycling activities so that more firms would like to engage in such efforts. As such, capacity-building activities should be initiated so that more stakeholders can improve their recycling awareness and actively participate in such recycling efforts.
4 CONCLUSION
Rare earth elements are essential to help China achieve its ambitious carbon neutrality target. However, several challenges exist. This study discusses these challenges along REEs supply chain, including mining, smelting, manufacturing, waste management, and recycling. The first challenge is that mining quota is not adequate in China, which cannot meet with the soaring demands. The second challenge is that each rare earth element has different features, resulting in various supply problems, including both supply shortage and surplus problem. The third challenge is that current applications of most rare earth elements are mainly used to make primary products, instead of high-tech products. Finally, the recycling system of rare earth elements is ineffective, leading to that the current recycling rate of rare earth elements is still below 1%. By considering the Chinese realities, several policy recommendations are proposed to improve the overall rare earth resource efficiency, especially under the consideration of achieving carbon neutrality, including adequate mining quota, appropriate strategic rare earth elements list, the application of circular economy.
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