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Rare earth elements (REEs) are critical metals for clean energy technologies. All countries face urgent challenges in mitigating supply chain risks and stabilizing the global REEs supply. As a major supplier within the global REEs supply chain, China’s market-based policies targeting market participants exert substantial impacts on supply chain security. This study adopts the Autoregressive Distributed Lag model to analyze how China’s market-based REEs policies affect global supply chain vulnerability. The empirical results show that such policies can alleviate supply chain vulnerability. A greater number of market-based policy tools slightly lowers vulnerability (coefficient = −0.02, p < 0.1). A higher proportion of market-based tools significantly curbs vulnerability in the short term (coefficient = −4.56, p < 0.01), yet the long-term effect (coefficient = −1.25) lacks statistical significance. This study puts forward policy adjustments to improve policy efficiency and further reduce supply chain vulnerabilities.
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1 INTRODUCTION
The vulnerability of the rare earth elements (REEs) supply chain is a key measure of REEs supply security. As essential materials for strategic sectors like clean energy and advanced manufacturing, stable REEs supply critically impacts the safety and sustainable development of new energy vehicles, wind turbines and other related industries. Research identifies supply constraints and price volatility as the main factors affecting supply stability (Jowitt, 2022). Global primary REEs resources—minerals extracted directly from primary deposits—are mainly concentrated in a few countries, especially China, Vietnam, Brazil, Russia, and India, which together hold over 90% of the world’s total REEs reserves (United States Geological Survey (USGS, 2024). Currently, only a few countries, including China, can produce and export REEs-related products on a large scale (Guo and Mai, 2024). Conventional mining and smelting technologies are characterized by high energy consumption, significant environmental risks, and low operational efficiency. These issues stem from the depletion of concentrated primary resources and the legacy of unregulated mining activities. Thus, countries engaged in REEs extraction and production, such as China, place great emphasis on the sustainable development of REEs resources, with the goal of mitigating resource depletion and protecting ecosystems (Han et al., 2016; Balaram, 2019; Yan and Li, 2019; Hamed et al., 2024). These countries will not fully exploit their primary REEs reserves in the short term to meet global market demand. The supply of primary REEs resources is currently constrained, with few supplying countries, leading to concentrated sources (McLellan et al., 2013; Pawar and Ewing, 2022). If relevant nations change policies or face external disruptions like armed conflict, the risk of short-term supply interruptions may rise significantly (Schneider et al., 2014). The REEs recycling market faces challenges such as high operational costs and low recovery efficiencies, impeding the development of an efficient secondary resource supply system (Li et al., 2024). Concentrated primary resources and underdeveloped secondary supplies together create persistent supply pressures, increasing the vulnerability of the REEs supply chain. This concentration increases the risk of disruptions, heightening the vulnerability of the REEs supply chain.
Regarding price volatility, demand for REEs is rising in high-tech sectors, electric vehicle manufacturing, and renewable energy industries (Filho et al., 2023). Due to the concentrated supply of REEs, producers struggle to quickly adjust and expand production capacity to meet rising demand, causing supply-demand imbalance and price volatility (Ilankoon et al., 2022). Price volatility hinders new mining project development. While price increases can boost profitability, attract investment, and expand supply, supply disruptions may further elevate prices, complicating demand fulfillment. Conversely, when supply and demand stabilize, prices often drop, potentially rendering mining unprofitable and causing investors to pause projects (Riddle et al., 2015; García et al., 2017). Delayed capacity expansion means that existing output cannot offset demand surges or emergency supply disruptions caused by wars or earthquakes. Consequently, price volatility hinders the development of new projects, limits source diversification, and increases the vulnerability of the REEs supply chain.
Given the increasing vulnerability of the REEs supply chain, all countries involved in the REEs industry prioritize reducing supply risks. Europe is strengthening cooperation with the United States, Japan, and Australia to establish alternative supply chains and increase investment in REEs recycling and efficient utilization (Charalampides et al., 2015; Yan and Li, 2019). Europe is also exploring new primary sources of REEs and advancing recycling technologies to create supplementary resource pathways, reducing the vulnerability of the supply chain. The United States is expanding domestic REEs mining and production (Wang, 2023) to increase resource availability and reduce import dependence, enhancing supply chain resilience. Japan focuses on recycling waste and end-of-life products containing REEs, promoting alternative materials, and maintaining a comprehensive REEs reserve system (Barteková and Kemp, 2016; Eggert et al., 2016). Expanded utilization of secondary resources and mandatory stockpiling policies reduce Japan’s reliance on primary REEs and mitigate supply disruption risks, thereby decreasing the vulnerability of the REEs supply chain.
China, a key supplier and principal participant in the global REEs supply chain (Lee and Dacass, 2022), has implemented policies to reduce supply chain vulnerabilities. These include subsidies and tax incentives supporting domestic REEs recycling and substitute technology development, encouraging firms to engage in related research and application. Yan and Li (2019) emphasize that increased investment in substitutes and recycling helps meet rising demand, extends REEs reserves, and lowers shortage risks. Other scholars note that advancing substitution technologies and recycling systems can alleviate REEs supply pressures, diversify sources, and reduce supply chain vulnerabilities (Keilhacker and Minner, 2017; Lai et al., 2024). This study refers to such China-issued policies targeting market entities as “market-based policies”.
Existing scholarly literature on China’s REEs policies primarily focuses on the impact of China’s initial export restrictions on the vulnerability of the REEs supply chain and the fundamental policy objectives. Due to the strategic importance of REEs and many countries’ reliance on China’s resources, concerns arose over export quotas limiting REEs availability, increasing the risk of supply disruptions and the vulnerability of supply chains (Mancheri, 2015; Zhang et al., 2024). Scholars generally agree that China’s initial export restriction policies were primarily implemented to address challenges such as the overexploitation of REEs resources, severe environmental damage, smuggling, and pricing issues, rather than geopolitical leverage (Hayes-Labruto et al., 2013; Wübbeke, 2013; Zhang et al., 2015; Ma and Li, 2021). Following China’s defeat in the World Trade Organization (WTO) dispute concerning REEs, export restriction policies were subsequently rescinded. Other studies have analyzed the specific content of REEs policies, focusing on their evolution, comparisons between local and central government policies, and the underlying policy objectives. Notable examples include studies on the evolution of REEs policies (Shen et al., 2020), examinations of environmental regulations concerning REEs (Chai et al., 2020; Pan et al., 2021), and analyses related to the consolidation of the REEs industry (Barteková and Kemp, 2016; Han et al., 2016). However, these studies predominantly overlook the role of China’s market-based policies.
China has proactively tackled challenges in the REEs sector by expanding market-based policy tools, thereby effectively reducing the vulnerability of the REEs supply chain. Yan and Li (2019) argue that enhancing innovation capacity in the REEs industry is more crucial than merely regulating production and export quotas. Faced with insufficient incentives for innovation and urgent demands for industrial upgrading, the government has intensified the implementation of market-based policies. These policies are guided by the government but primarily focus on market participants. The proportion of these policies in annual policy tools is shown in Figure 1. Although China has long dominated upstream and midstream REEs activities (e.g., mining, smelting), separation and purification efficiency—especially for samarium (Sm) and other middle lanthanides—remains limited. Additionally, efforts to enhance precision pollution control in mining and processing are ongoing (Zhang et al., 2022; Lei et al., 2025). Targeted R&D funding and subsidies are implemented to drive corporate technological innovation. This strategy stabilizes supply, reduces environmental pollution, and strengthens China’s industrial advantages in technology, industry, and policy, thereby decreasing the vulnerability of the REEs supply chain (see Section 2.1).
[image: Line chart illustrating the proportion of market-based policy tools from 2011 to 2023, showing fluctuating values with noticeable peaks in 2015 and 2022 and dips in 2016 and 2019.]FIGURE 1 | The Proportion of Market-Based REEs Policy Tools. Note: Figure 1 illustrates the changing trend of the proportion of market-based REEs policy tools in China from 2011 to 2023.This study aims to analyze whether China’s market-based REEs policies reduce the vulnerability of the global REEs supply chain. It quantifies these policies by enumerating the types and quantities of market-based tools China employs. Since policy impact depends on specific tools, classifying and quantifying these tools enables assessment of their impact on the vulnerability of the global REEs supply chain. The research framework conceptualizes China’s market-based REEs policies using two variables: Market-based Policy Tools (MPT), which represents the absolute number of these policies, and Market-based Policy Tools Proportion (MPTP), which indicates their relative share among all REEs policies. This study employs econometric modeling, specifically adopting the Autoregressive Distributed Lag (ARDL) model for empirical analysis. Based on the empirical results, this study further proposes recommendations for implementing market-based policies and strategies to reduce the vulnerability of the global REEs supply chain.
The study is organized as follows: Section 2 formulates the theoretical hypotheses; Section 3 introduces the data and models adopted; Section 4 conducts a detailed analysis of the empirical results; Section 5 is the discussion; Section 6 summarizes the study and offers recommendations.
2 THEORETICAL MECHANISMS AND RESEARCH HYPOTHESES
2.1 Theoretical mechanisms
2.1.1 The vulnerability of the global REEs supply chain
Supply chain vulnerability refers to the likelihood of negative outcomes in a supply chain. This occurs when the combined influence of risk sources—fundamental causes that may trigger risks and lead to losses, categorized into three categories: supply-side, demand-side, and catastrophic—and risk drivers—conditions, behaviors, or variables that convert potential risks from these sources into actual risks—exceeds the effectiveness of risk mitigation measures (Wagner and Bode, 2006; Bode and Wagner, 2015).
This classification offers a universal theoretical framework applicable to all industrial supply chains. To tailor this framework to the REEs industry, the following section aligns risk sources, risk drivers, and mitigation strategies with three distinctive features of the REEs supply chain, thereby operationalizing this theoretical model for REEs research.
Firstly, the uneven global distribution of REEs resources creates significant supply-side risks. REEs mining and smelting capacities are limited by natural reserves and are geographically concentrated in a few regions, which easily leads to supply imbalances. This concentration of mining, mineral processing, and refining capacity is a primary risk factor that increases the vulnerability of the REEs supply chain, as reliance on a single or a few dominant suppliers amplifies the risk of supply disruptions. Additionally, geopolitical regulatory measures, such as export quotas and restrictions on overseas mineral investments, can cause sudden shocks to supply stability. Common risk mitigation strategies include establishing national strategic REEs stockpiles, diversifying overseas mineral sources, and expanding recycling systems to reduce dependence on single suppliers. However, these solutions require long development cycles and substantial capital investment, limiting their effectiveness in alleviating short-term supply volatility caused by capacity concentration.
Secondly, geopolitical conflicts, export restrictions, and technological blockades are major triggers of severe supply chain disruptions in the REEs sector. As strategically critical raw materials, REEs are highly sensitive to geopolitical policy shocks, which directly disrupt supply chains and hinder downstream manufacturing. Capacity concentration and reliance on a single upstream source act as risk amplifiers, turning minor geopolitical frictions into large-scale industrial supply breakdowns. Corresponding countermeasures include transnational joint REEs resource development and multilateral mineral trade agreements to mitigate external supply shocks caused by geopolitical factors.
Thirdly, heavy pollution generated by REEs mining, mineral separation, and smelting constitutes a significant supply-side risk. The entire REEs production process produces substantial pollutants. To comply with ecological protection requirements, countries have implemented output limits and production reduction policies, directly restricting the marketable supply of REEs. Increasing environmental governance costs and stringent environmental inspections impose additional constraints, exacerbating supply volatility. To mitigate these environmental risks, stakeholders are promoting green smelting technologies and full-chain clean production methods to balance ecological conservation with a stable REEs supply.
In summary, based on the aforementioned theoretical framework and industry characteristics, the vulnerability of the REEs supply chain is determined by the interaction among risk sources, risk drivers, and mitigation measures. When the combined impact of REEs risk sources and drivers exceeds the effectiveness of mitigation measures, the vulnerability of the global REEs supply chain increases. Conversely, if mitigation measures deliver stronger restraining effects, the vulnerability of the global REEs supply chain decreases.
2.1.2 Market-based policy tools
Given China’s central role as a leading participant and dominant supplier in the global REEs supply chain, along with the policy-driven nature of its REEs industry development, China’s policies can act as either risk drivers or risk mitigators by reshaping risk sources and thereby influencing the vulnerability of the global REEs supply chain. For example, China’s early export quota system, which imposed fixed annual export caps rather than allowing open trade, restricted the global supply of REEs and served as a significant risk driver. In the early stages, China’s REEs prices were well below the production costs of other countries, fostering heavy foreign dependence on Chinese REEs with limited alternative suppliers. This high supply dependency created substantial risks of supply fluctuations and ultimately increased the vulnerability of the global REEs supply chain.
Policies are formulated to address practical challenges within the industry, and policy tools represent the specific instruments and mechanisms used for policy implementation, attracting extensive academic attention. Drawing on the policy tool framework proposed by Howlett et al. (2009) and considering the developmental characteristics of the REEs industry, China’s REEs policies can be categorized into mandatory, mixed, and voluntary tools based on the degree of government intervention. These tools typically operate synergistically as integrated policy mixes. Aligned with practical industrial development goals, China’s REEs policy implementation follows two primary approaches: mandatory tools supplemented by voluntary ones for resource regulation, and mixed tools supplemented by voluntary ones for market-oriented industrial development. This classification and operational logic provide a theoretical foundation for analyzing how market-based policy tools influence the vulnerability of the global REEs supply chain.
Combining supply chain vulnerability theory with policy tool theory, this study develops a clear transmission mechanism: policies act as either drivers or mitigators of risk sources, thereby reshaping supply chain vulnerability. Furthermore, this study categorizes China’s market-based REEs policy tools into three dimensions—technology, industry, and policy incentives—to examine their specific impacts on the vulnerability of the global REEs supply chain.
In the technological dimension, China’s market-based REEs policies emphasize industrial-chain technological innovation to mitigate risks on both the supply and demand sides, thereby reducing the vulnerability of the global REEs supply chain. Advanced mining, separation, and refining technologies enhance production efficiency and stabilize the supply of primary resources, alleviating supply-side risks. Innovations in substitution technologies help balance supply and demand, reducing demand-side pressures. Additionally, the development of recycling technologies supports the establishment of a circular REEs system and expands the supply of secondary resources, further decreasing supply-side vulnerability.
In the industrial dimension, market-based policies encourage multi-stakeholder cooperation and industrial upgrading to stabilize supply conditions and reduce the vulnerability of the global REEs supply chain. The development of industrial clusters enhances supply chain coordination and accelerates technology diffusion. An optimized industrial structure strengthens China’s pricing power, facilitating reasonable price adjustments, capacity expansion, and a stable resource supply. Improved recycling systems decrease dependence on primary resources and diversify supply channels, effectively mitigating supply-side risks.
In the policy incentive dimension, financial support, tax incentives, and talent incentives drive technological progress and industrial upgrading. These measures facilitate the effective implementation of technological and industrial policies, collectively reducing the vulnerability of the global REEs supply chain.
In 2011, the State Council of China promulgated Several Opinions of the State Council on Promoting the Sustained and Sound Development of the Rare Earth Industry, forming a top-level framework for China’s medium- and long-term REEs industry development. The principal market-based policy tools outlined in this document cover two critical dimensions: the technological and industrial dimensions. For the technological dimension, the policy advocates enterprise-led technological innovation and upgrading, promotes circular technologies for the recycling of tailings and REEs products, and expands diversified supply security systems via technological progress. It also targets breakthroughs in high-end REEs material technologies to stabilize the REEs supply chain. For the industrial dimension, the policy encourages market-oriented mergers and reorganizations of enterprises and phases out backward production capacity, thereby facilitating structural adjustment of the REEs industry and solidifying the sector’s position as a strategic basic industry. In addition, Nine Measures to Further Support the Development of New R&D Institutions in Baotou Rare Earth High-Tech Zone, issued by the Management Committee of the Baotou National Rare Earth High-Tech Industrial Development Zone in May 2019 and fully rolled out to market entities in 2020, serve as a representative special policy for incentive mechanisms. This policy provides financial grants, subsidies, and special funds for R&D centers to boost technological innovation. Meanwhile, it opens an administrative “green channel” and offers fee discounts to accelerate the settlement of enterprises and industrial projects in the zone, driving the development of the local REEs industry. Taken together, these two policy frameworks correspond to the three transmission channels of technology, industry, and policy incentives, and provide empirical policy evidence for the theoretical mechanisms proposed in this study.
2.1.3 Market-based policy tools proportion
To comprehensively assess the influence of market-based policy tools on the vulnerability of the REEs supply chain, this study aggregates the annual number of such tools employed within the REEs sector and calculates their proportion relative to the total number of REEs policy tools. This measure, hereafter referred to as the market-based policy tools proportion, directly reflects the government’s governance orientation and the intensity of its resource allocation. By adjusting the intensity and synergy of these tools across three dimensions—technology, industry, and policy incentives—it indirectly influences the vulnerability of the REEs supply chain.
Drawing on the policy tool framework proposed by Howlett et al. (2009), this study argues that a higher proportion of market-based policy tools reflects an increased emphasis on market-oriented approaches within the overall policy mix. This orientation mitigates the restrictive effects of mandatory regulations on market dynamism, enhances resource allocation for technological innovation, industrial upgrading, and policy incentives, and strengthens the synergy among these factors in reducing supply chain risks. Furthermore, the dynamic adjustment of the proportion of market-based policy tools aligns with the developmental stages of China’s REEs industry, thereby improving the precision of policy interventions targeting the sources of supply chain risk and contributing to a reduction in the vulnerability of the REEs supply chain.
Furthermore, the impact of increasing the proportion of market-based policy tools exhibits a temporal lag. In the short term, these tools prompt enterprises to rapidly adjust their decisions through targeted resource allocation, such as participating in REEs industrial parks or increasing investment in technological R&D, to mitigate localized supply chain risks. In the long term, sustained synergy among policy tools fosters technological breakthroughs in REEs and enhances the industrial ecosystem, thereby establishing a robust supply chain risk resilience framework and achieving lasting optimization of supply chain vulnerability.
2.2 Research hypotheses
Drawing on the theoretical analysis presented in Section 2.1, which explains how market-based policy tools influence the vulnerability of the REEs supply chain through technological, industrial, and policy incentive dimensions, this paper investigates the direct causal relationship between market-based policy tools (and their proportion) and the vulnerability of the REEs supply chain. Accordingly, the study proposes the following hypotheses.
2.2.1 Market-based policy tools
As illustrated in Section 2.1.2, China’s market-based REEs policy tools address vulnerabilities in the REEs supply chain through three core dimensions: REEs technology, the REEs industry, and market policy incentives. From a technological perspective, these policy tools promote three key areas of development: 1) innovative mining, separation, and smelting technologies; 2) research and development of alternative materials; and 3) low-cost, high-efficiency recycling technologies. These advancements mitigate supply-side risks by expanding available REEs resources and reduce demand-side risks by decreasing dependence on raw materials, thereby collectively lowering the vulnerability of the REEs supply chain. From an industrial perspective, market-based policies drive industrial restructuring and upgrading to achieve four objectives: 1) enhance China’s pricing power and market influence over REEs products; 2) stabilize REEs prices; 3) ensure the steady operation of existing projects and the initiation of new industrial programs; and 4) establish a comprehensive REEs recycling system. By expanding stable resource supply, these measures mitigate supply-side risks and reduce the vulnerability of the REEs supply chain. The policy incentive dimension underpins technological innovation and industrial transformation, supporting the implementation of the two aforementioned dimensions and further reducing the vulnerability of the REEs supply chain. In summary, China’s market-based REEs policies have a positive mitigating effect on the vulnerability of the global REEs supply chain. Therefore, this study proposes Hypothesis 1:
H1. China’s market-based REEs policy tools help reduce the vulnerability of the global REEs supply chain.
2.2.2 Market-based policy tools proportion
As shown in Section 2.1.2, an increasing share of market-based policy tools influences the vulnerability of the REEs supply chain by enhancing synergies among technological, industrial, and incentive policy tools. This impact involves a time lag: short-term resource reallocation partially mitigates supply chain risks, while long-term technological breakthroughs and optimized industrial ecosystems sustainably reduce the vulnerability of the REEs supply chain. Therefore, a higher proportion of market-based policy tools decreases the vulnerability of the global REEs supply chain in both the short and long term. The corresponding hypotheses are proposed as follows:
H2a. In the short term, an increasing proportion of market-based policy tools in China’s REEs sector will effectively reduce the vulnerability of the global REEs supply chain.
H2b. In the long term, an increasing proportion of market-based policy tools in China’s REEs sector will effectively reduce the vulnerability of the global REEs supply chain.
3 MODEL DESCRIPTION AND DATA SOURCES
3.1 Model description
This study aims to examine the effects of China’s market-based REEs policy tools on the vulnerability of the global REEs supply chain. This study employs time-series data covering a 33-year period from 1991 to 2023. Consistent with established econometric methodologies, the analytical framework is specified as follows in Equation 1:
SCVt=β0+β1MPt+β2SCt+β3YGDPt+β4GPRt+μt(1)
Within the model, SCVt denotes the vulnerability of the global REEs supply chain; β0 denotes the constant term; MPt denotes the research focus on market-based REEs policies, which is further divided into two variables: Market-Based Policy Tools (MPT) and Market-Based Policy Tools Proportion (MPTP). Additionally, SCt denotes the concentration of REEs metal suppliers; YGDPt denotes the sample variance of the Gross Domestic Product (GDP) of REEs metal importing countries; GPRt denotes geopolitical risk; and μt denotes the residual term of the model.
This study uses the Autoregressive Distributed Lag (ARDL) model for empirical analysis, which offers two main advantages. First, it accommodates variables that are non-stationary in their original form, unlike traditional time series methods that require differencing to achieve stationarity—often altering variable meaning and compromising results. The ARDL model allows variables integrated at different orders, provided they are stationary at level or first difference, excluding those needing higher-order differencing. Second, ARDL captures both short- and long-term dynamics between explanatory and dependent variables, enabling policymakers to assess immediate and lasting policy effects for more informed decisions.
This study develops a model of Market-Based Policy Tools (MPT) grounded in the research hypotheses previously stated and formally represented in Equation 2:
SCVt=β0+∑i=1pβ1iSCVt−i+∑i=0q1β2iMPTt−i+∑i=0q2β3iSCt−i+∑i=0q3β4iYGDPt−i+∑i=0q4β5iGPRt−i+μt(2)
Among these, p, q1, q2, q3,and q4 denote the optimal lag lengths for the dependent and independent variables, respectively.
The basic ARDL model representing the Market-Based Policy Tools Proportion (MPTP) is explicitly formulated as shown in Equation 3:
SCVt=β0+∑i=1pβ1iSCVt−i+∑i=0q1β2iMPTPt−i+∑i=0q2β3iSCt−i+∑i=0q3β4iYGDPt−i+∑i=0q4β5iGPRt−i+μt(3)
Among these, p, q1, q2, q3,and q4 denote the optimal lag lengths for the dependent and independent variables, respectively.
This study acknowledges that the ARDL model of MPTP has successfully passed the bounds test, with detailed results provided in Supplementary Appendix B of the supplementary materials. This transformation follows the standard derivation procedures of the Autoregressive Distributed Lag–Error Correction Model (ARDL-ECM). First, SCVt−1 is subtracted from both sides of Equation 3, resulting in the first-difference dependent variable △SCV on the left-hand side. Next, all explanatory variables expressed in levels are decomposed into their first-difference short-term components and their corresponding lagged level terms. The lagged level terms of SCV, MPTP, SC, YGDP, and GPR are then combined to represent the long-term equilibrium relationship. After rearranging these terms, the intermediate form of the error correction model is obtained, as shown in Equation 4:
△SCVt=β0+δ1SCVt−1+δ2MPTPt−1+δ3SCt−1+δ4YGDPt−1+δ5GPRt−1+∑i=1p−1β1iΔSCVt−i+∑i=0q1−1β2iΔMPTPt−i+∑i=0q2−1β3iΔSCt−i+∑i=0q3−1β4iΔYGDPt−i+∑i=0q4−1β5iΔGPRt−i+μt(4)
Here, Δ denotes the first-order difference of the variables. The coefficients δ1, δ2, δ3, δ4,and δ5 are the fundamental components used to calculate the long-term multipliers, while β1i, β2i, β3i, β4i,and β5i denote the short-term effect coefficients. The parameters p, q1, q2, q3,and q4 specify the optimal lag lengths for the dependent and independent variables, respectively.
To improve the clarity of the model coefficients, the study reformulated the relevant equation for the Market-Based Policy Tools Proportion (MPTP) in the model (Kripfganz and Schneider, 2023), as explicitly presented in Equation 5:
△SCVt=β0−αSCVt−1−θ1MPTPt−1−θ2SCt−1−θ3YGDPt−1−θ4GPRt−1+∑i=1p−1β1iΔSCVt−i+∑i=0q1−1β2iΔMPTPt−i+∑i=0q2−1β3iΔSCt−i+∑i=0q3−1β4iΔYGDPt−i+∑i=0q4−1β5iΔGPRt−i+μt(5)
Here, the long-term multipliers θ1, θ2, θ3 and θ4 are calculated as θk=−δk+1/δ1. α (where α=−δ1) denotes the adjustment speed and direction of the variable, as it converges to long-term equilibrium after being subjected to a short-term shock.
In determining the optimal lag order for the MPT and MPTP models, this study employs the Akaike Information Criterion (AIC) alongside considerations of practical economic relevance. Given a sample size of 33 and to balance the trade-off between degrees of freedom loss and the ability to capture the dynamic properties of the variables, the search for lag orders is constrained to a range of one–four lags. In this process, guided by practical policy transmission logic, the lag of the core policy variable is exogenously fixed at one period, as policy interventions can rapidly influence market trade activities in the short term. In contrast, the lags of the dependent variable and other control variables are freely optimized within one–four periods to capture their gradual long-term adjustments in supply chains and trade patterns. From the perspective of economic reality, the upper bound of four lags is set to accommodate the slow adjustment characteristics of cross-border trade and global supply chain variables. Trade volumes, industrial linkages and other economic indicators require multiple periods to fully release their dynamic effects, which provides reasonable economic support for the 1–4 lag search interval. The econometric software systematically evaluates all feasible lag combinations under this constraint, identifying the optimal lag structure for the MPT model as (4,1,4,2,3) and for the MPTP model as (4,1,4,3,3), based on the minimum AIC values. However, to avoid inconsistencies in lag orders between the two models—which could introduce specification confounds—this study standardizes the lag order for both models to (4,1,4,3,3), as illustrated in Table 1. Subsequent analysis indicates that, for the MPT model, the signs and statistical significance of coefficients remain stable whether the lag order is set at (4,1,4,2,3) or (4,1,4,3,3). Furthermore, the model employing the (4,1,4,3,3) lag structure successfully passes relevant diagnostic and robustness checks, thereby supporting the appropriateness and reliability of this lag order selection.
TABLE 1 | Optimal lag length determination for each variable.	MP	Selection of lag length
	MPT	(4,1,4,3,3)
	MPTP	(4,1,4,3,3)


Lag lengths are presented in the order of SCV,MP,SC,YGDP,GPR.
3.2 Variables introduction and data sources
3.2.1 Dependent variable
The vulnerability of the REEs supply chain (SCVt) is assessed using the export concentration variation index (Cui et al., 2022). This index is calculated based on the import and export countries of the relevant products and their corresponding trade data. This study focuses on REEs metals, which fall under HS code 280530. This study focuses on REEs metals (HS code: 280530) in the midstream segment of the REEs industrial chain for several reasons. First, the upstream segment, involving REEs ore (HS code: 253090), is excluded due to strict government regulations and the absence of a market-based mechanism governing mining and exploration in China, which conflicts with the study’s policy tool criteria. Second, the downstream sector includes diverse products like permanent magnet materials, phosphor materials, and hydrogen storage materials, each with different functions and varying dependence on midstream REEs metals. For example, permanent magnet materials rely heavily on REEs metals, unlike phosphor materials. This heterogeneity makes it difficult to capture the overall supply chain vulnerability by focusing on a limited subset of downstream products. Therefore, downstream products are also excluded. Since REEs metals are the fundamental raw materials for alloys and reflect China’s market-based REEs policies most clearly, they are chosen as the primary focus for assessing supply chain vulnerability.
The formula for evaluating the vulnerability of the REEs metal supply chain (SCVt) involves a two-step procedure. First, the concentration index cit for country i′s REEs metal exports in year t is calculated, as specified in Equation 6:
cit=∑j≠iNt−1mjit∑lmjlt/Njt(6)
Here, i and j denote the exporting country and importing country, respectively; Nt represents the total number of countries importing REEs metals in year t; mjit denotes the total volume of REEs metals imported by country j from country i in year t; and Njt represents the total number of import sources for REEs metals of country j in year t. Therefore, in the weighted directed network, the concentration index cit of country i corresponds to the total REEs metal exports of country i, standardized by the average level of importing countries.
In the subsequent step, the standard deviation of the centrality indices for each country involved in the REEs metals trade was utilized as an indicator of REEs metals vulnerability. This metric, termed the centrality variation index, is formally defined in Equation 7:
SCVt=∑icit−c¯t2Nt−1(7)
Here, ct¯ denotes the average value of the concentration indices cit (across different countries) for REEs metals in year t,and Nt represents the number of exporting countries in year t.
Data source: United Nations Commodity Trade Statistics Database.
This study employs the export concentration variation index to assess the vulnerability of the global REEs supply chain (SCVt). The primary rationale for using this index lies in its two-step network measurement approach, which integrates bilateral trade data between exporting and importing countries, thereby capturing the comprehensive interactive structure of the global REEs trade system. cit quantifies the overall trade influence of each supplier across all international import markets, while the SCVt index measures disparities in market power among supplying countries by calculating the standard deviation of their respective centrality values. REEs metals are strategically critical resources characterized by high technological processing barriers and inelastic short-term supply. The systemic risk inherent in their global supply chain predominantly arises from the uneven trade dominance among principal exporting nations. The SCVt index effectively incorporates both variations in supply-side power and the distributional characteristics of global import demand, aligning closely with the central research focus of this study. However, it is important to acknowledge that this unidimensional indicator reflects only structural imbalances within the trade network and does not capture multidimensional aspects of vulnerability, such as supply chain flexibility, market responsiveness, and recovery capacity following disruptions. These limitations suggest valuable avenues for future research.
3.2.2 Key explanatory variable
The primary explanatory variables are collectively denoted as MPt, representing both the quantity and proportion of market-based REEs policy tools implemented in China in year t. This study retrieves policy documents from the Wolters Kluwer Practical Law Database, identifying 234 valid central and local REEs policy texts (with the keyword ‘rare earths’) from 1991 to 2023. The screening of market-based policy tools follows three stages. First, using Howlett et al. (2009) classification, policies are categorized by government intervention level: mandatory, mixed, and voluntary. Second, focusing on promoting market-based REEs industry development—mainly through mixed and voluntary tools—and excluding purely government-led mandatory tools, the study targets mixed and voluntary policy tools. Third, a secondary verification ensures alignment with market-based development goals like technological innovation and industrial upgrading.
To address challenges arising from ambiguous policy classification boundaries and overlapping policy attributes, this study establishes explicit classification criteria and conducts a manual secondary verification of all policy samples. Specifically, mandatory policies are defined by stringent administrative controls, including measures such as total mining volume control, production suspension and rectification, and administrative penalties; these policies are entirely excluded from the current analysis. Mixed policies strike a balance between government guidance and market regulation, effectively reducing industry transaction costs and standardizing market order. Typical instruments include tax incentives, financial subsidies, and green channels for REEs enterprises—market-oriented interventions. Voluntary policies rely on the autonomous participation and self-regulation of market actors, thereby fully leveraging market initiative. These primarily involve the development of the REEs industry system, cultivation of key enterprises and projects, public welfare initiatives, and enterprise self-inspection. In practice, some policies incorporate both administrative constraints and market incentives, leading to classification ambiguities. To mitigate misclassification bias, this study uses the core policy objectives and principal implementation approaches as the primary criteria for manually identifying policies with overlapping attributes: policies predominantly characterized by mandatory administrative control are excluded, whereas those chiefly driven by technical, industrial, and policy incentive dimensions are included in the market-based policy sample. This approach ensures precise policy coding and the reliability of research results. A detailed classification framework is presented in Table 2.
TABLE 2 | Types of market-based policy tools for REEs in China.	Types of policy tools	Relevant measures and terminology
	Market-based policy tools	Rare earth industrial system, taxes and tax incentives, rare earth innovation base, rare earth technology development and innovation, relevant policy support, financial support (subsidies and grants), project construction (e.g., capacity replacement), investment attraction, publicity and guidance, key focus (e.g., key enterprises, key projects), list-based bidding, green channel for rare earth enterprises, public welfare undertakings, enterprise self-inspection


MPt uses two variables for quantitative analysis: the number of market-based policy tools (denoted as MPT) and the proportion of market-based policy tools (denoted as MPTP). Specifically, the number of market-based policy tools (MPT) represents the annual frequency of market-based policy tools. The proportion of market-based policy tools (MPTP) is defined as the ratio of the number of market-based policy tools to the total number of policy tools enacted in the same year.
Data Source: Wolters Kluwer Practical Law Database.
3.2.3 Control variables
	Supplier Concentration (SCt)

Supplier concentration measures the degree of dependence on suppliers (Zhang et al., 2025) and is quantified using the Herfindahl-Hirschman Index (HHI), as shown in Equation 8:
SCt=∑i=1nsittotalt2(8)
Here, SCt denotes the supplier concentration in year t; sit represents the export volume of REEs metals from country i to the global market in year t; totalt indicates the total global export volume of REEs metals in year t; and n signifies the total number of countries involved in exporting REEs metals.
Data Source: United Nations Commodity Trade Statistics Database.
	2. Gross Domestic Product (GDP) Demand Index (YGDPt)

The Gross Domestic Product (GDP) demand index is calculated using the GDP data of countries importing REEs metals in year t. This index is determined by computing the square root of the sample variance, as shown in Equation 9:
YGDPt=∑i=1nGDPit−GDPt¯2n−1(9)
Here, YGDPt denotes the GDP demand index for year t; GDPit denotes the GDP of the importing country i in year t; GDPt¯ denotes the average GDP of all importing countries in year t; and n denotes the total number of importing countries in year t.
Data Source: World Bank.
	3. Geopolitical Risk Index (GPRt)

This study uses geopolitical risk data from the Geopolitical Risk Index by Caldara and Iacoviello (2018), originally monthly. For analysis, monthly data were averaged annually following Lai et al. (2023), as shown in Equation 10:
GPRt=∑i=112GPRit12(10)
Here, GPRt denotes the Geopolitical Risk (GPR) index for the year t, while GPRit denotes the GPR index for the month i within the year t.
Data Source: https://www.matteoiacoviello.com/gpr.htm.
4 EMPIRICAL RESULTS
The prerequisites for using the ARDL model—unit root tests (Supplementary Appendix A), analysis of long- and short-term relationships for the proportion of market-based policy tools (Supplementary Appendix B), and model diagnostics tests, robustness checks, endogeneity discussion, and stability tests (Supplementary Appendices C,D)—are detailed in the appendices. Supplementary Appendices A-D can be found in the supplementary materials. This section presents the statistical descriptions and empirical results of the ARDL model.
4.1 Descriptive statistics
Table 3 presents the principal descriptive statistics for the variables included in this model. These variables comprise the vulnerability of the REEs metal supply chain (SCV), China’s market-based policy variables related to the REEs sector—specifically, market-based policy tools (MPT) and their proportional representation (MPTP)—as well as REEs metal supply concentration (SC), GDP demand index (YGDP), and geopolitical risk (GPR).
TABLE 3 | Descriptive statistics.	Variable	Obs	Mean	Std.dev	Min	Max
	SCV	33	20.4526	4.3556	8.7406	27.0104
	MPT	33	34.6364	41.0889	0	131
	MPTP	33	0.2054	0.2242	0	0.8052
	SC	33	0.3858	0.1409	0.2100	0.6697
	YGDP	33	1.97e+12	4.73e+11	1.41e+12	3.01e+12
	GPR	33	100.5636	30.8610	50.9000	176.3000


Table 3 shows that the mean vulnerability of the REEs metal supply chain (SCV) is 20.45, with a standard deviation of 4.36. Figure 2 illustrates a steady increase in the supply chain vulnerability index from 8.74 in 1991 to 27.01 in 2023, indicating a long-term rise in vulnerability. This trend reflects the growing complexity of global industrial chains and intensified resource competition, underscoring weaknesses in supply chain resilience amid industrial development. Consequently, developing effective strategies to reduce REEs supply chain vulnerability has become a critical global research priority.
[image: Line chart displaying the vulnerability of the global rare earth elements (REEs) metals supply chain from 1991 to 2023, showing an overall increasing trend with fluctuations, peaking near 2023.]FIGURE 2 | The Vulnerability of the Global REEs Metals Supply Chain. Note: Figure 2 shows fluctuations in the vulnerability of the global REEs metals supply chain from 1991 to 2023.Table 3 shows data on China’s market-based policy tools (MPT), with a mean of 34.64 and a standard deviation of 41.09, while the mean proportion of these tools (MPTP) is 0.21 with a standard deviation of 0.22. Figures 1, 3 reveal significant fluctuations in both the number and proportion of these tools from 2011 to 2023. Between 2019 and 2022, both indicators trended upward, peaking at 131 tools in 2022. Although the number slightly declined in 2023, the proportion remained above 25%. The Chinese government has been adjusting the balance of mandatory policy tools while increasing market-based tool usage. Whether these changes affect the vulnerability of the global REEs supply chain warrants further investigation.
[image: Bar chart showing the number of market-based policy tools from 2011 to 2023, with yearly counts fluctuating and notable peaks in 2014, 2018, and 2022, and a significant low in 2019.]FIGURE 3 | The Number of Market-Based REEs Policy Tools in China. Note: Figure 3 presents the annual number of market-based REEs policy tools used in China from 2011 to 2023.4.2 Empirical results of the ARDL model
4.2.1 Empirical results of the market-based policy tools (MPT)
Table 4 shows regression results assessing the impact of market-based policy tools (MPT) on the vulnerability of the REEs supply chain. The coefficient is −0.02 (p = 0.080), indicating a negative correlation that holds only at the 10% significance level. The regression coefficient associated with MPT has a 95% confidence interval of [−0.044, 0.003], which includes zero, indicating uncertainty in the parameter estimate. Based on this limited statistical evidence, the present study can only provisionally support research hypothesis H1, suggesting that an increase in the number of market-based policy tools marginally reduces the vulnerability of the global REEs supply chain. Economic analysis shows that introducing five additional market-based policy tools within a single year results in a reduction of the average vulnerability index by only 0.10, corresponding to approximately 0.5% of the sample mean value of 20.45. This finding highlights the generally weak suppressive effect exerted by the absolute number of policy tools. From the perspective of policy transmission mechanisms, this marginally significant outcome aligns with practical considerations. Market-based policies influence supply chain risks indirectly through multiple intermediary layers, including technological advancements and industrial developments. For example, policies related to REEs recycling must first promote the advancement of recycling technologies, which in turn depend on increased availability of secondary resources to alleviate supply chain vulnerability. The presence of such multi-layered indirect transmission pathways extends the policy effect chain, making the observed weak significance in empirical results consistent with the inherent characteristics of the industry. To ensure that the observed negative association is not an artifact of the selected lag order, Supplementary Appendix C in the supplementary materials employs the Bayesian Information Criterion (BIC) to reselect the optimal lag structure for robustness checks. The re-estimation confirms that the core coefficient of MPT retains its negative sign and remains marginally significant at the 10% level, demonstrating a degree of robustness in the observed weak negative correlation.
TABLE 4 | Regression results of market-based policy tools (MPT).	Variable	Coefficient	Std.error	t-statistic
	L1.SCV	0.28	0.22	1.31
	L2.SCV	0.24	0.23	1.06
	L3.SCV	0.26	0.29	0.93
	L4.SCV	−1.00	0.29	−3.40***
	MPT	−0.02	0.01	−1.97*
	L1.MPT	0.02	0.01	1.53
	SC	16.45	6.66	2.47**
	L1.SC	−25.89	8.25	−3.14**
	L2.SC	2.07	6.38	0.32
	L3.SC	−2.60	6.91	−0.38
	L4.SC	19.43	5.46	3.56***
	GPR	0.04	0.02	2.22*
	L1.GPR	−0.01	0.01	−0.85
	L2.GPR	−0.04	0.01	−2.65**
	L3.GPR	0.04	0.02	2.35**
	YGDP	2.17e-12	4.69e-12	0.46
	L1.YGDP	4.17e-12	4.89e-12	0.85
	L2.YGDP	5.69e-12	4.65e-12	1.22
	L3.YGDP	−3.98e-12	5.71e-12	−0.70
	Cons	2.50	3.52	0.71


***, **, and * represent significance at the 1%, 5%, and 10% levels, respectively.
From a theoretical perspective, China’s market-based REEs policies mitigate risks through the synergistic effects of technology, industry, and policy incentives, which aligns with the empirical results discussed above. The detailed mechanisms are as follows:
	Technological Dimension: These policies alleviate pressures on both the supply and demand sides, thereby reducing overall supply chain vulnerability. China’s market-based REEs policies emphasize innovation throughout the entire industrial chain, including upstream and midstream processes (e.g., mining, separation, refining), downstream applications (such as REEs substitution), and recycling for circular use. Advances in mining, separation, and refining technologies have improved process efficiency and lowered costs, stabilizing and expanding primary REEs resource supplies by supporting existing operations and new projects, thus reducing the vulnerability of the REEs supply chain (McNulty et al., 2022). Substitution technologies ease demand pressures by replacing critical REEs like neodymium with more abundant alternatives such as cerium, lessening supply chain vulnerabilities (Binnemans et al., 2018). Additionally, economically viable recycling fosters a circular REEs economy, increasing secondary resource availability and reducing reliance on primary sources, further mitigating supply risks (Gueroult et al., 2018). Overall, technological innovation significantly reduces supply chain vulnerability through a dual risk mitigation approach (Hamed et al., 2024), matching the negative policy coefficient obtained in the regression analysis.
	Industrial Dimension: Market-based policy frameworks stabilize supply conditions and reduce supply chain risks by uniting multiple stakeholders and promoting industrial upgrading. The Chinese government encourages cooperation among enterprises, communities, and other stakeholders to enhance the competitiveness of the REEs industry. The establishment of REEs industrial clusters, including bases and parks, improves coordination, lowers costs, accelerates technological commercialization, and drives industrial upgrading (Shen et al., 2020). Structural optimization enhances China’s pricing power by shifting the focus from raw material exports to technology exports, thereby increasing product value, boosting international influence, and supporting price growth. These factors collectively help maintain a stable resource supply and mitigate upstream risks. Meanwhile, industrial upgrading improves REEs recycling systems, increases waste recovery volumes, and expands the supply of secondary resources, further reducing vulnerability.
	Policy Incentive Dimension: Such supporting instruments ensure steady progress in technological breakthroughs and industrial restructuring, thereby indirectly reducing supply chain vulnerabilities. The Chinese government promotes innovation in REEs technologies and industrial restructuring through financial support, tax incentives, talent acquisition programs, and investment promotion. Financial and tax incentives enhance enterprise production capacity and technological development by lowering costs and improving efficiency and product quality. Talent policies foster innovation, while investment attraction encourages the inflow of foreign capital and enterprises, facilitating technology exchange and industrial upgrading. For example, the Baotou REEs High-Tech Industrial Development Zone supports scientific talent in addressing key technological challenges and provides financial incentives. Collectively, these incentive measures sustain continuous innovation and industrial transformation, which corresponds to the negative coefficient of policy tools observed in empirical results.

In summary, China’s market-based REEs policies may mitigate supply and demand risks within the REEs supply chain by fostering the synergistic interaction of technology, industry, and policy incentives. This integrated approach tends to reduce the vulnerability of the global REEs supply chain. Both empirical evidence and theoretical analysis suggest that policy tools exert a meaningful impact on ensuring the security of the global REEs supply chain.
4.2.2 Empirical results of the proportion of market-based policy tools (MPTP)
4.2.2.1 Short-term result analysis for the proportion of market-based policy tools
Table 5 shows the short-term regression results on the effect of the proportion of market-based policy tools (MPTP) on the vulnerability of the REEs supply chain. The estimated coefficient is −4.56 (p = 0.005), significant at the 1% level, indicating a negative relationship. This suggests that increasing market-based policy tools reduces supply chain vulnerability in the short term, supporting hypothesis H2a. Specifically, a 10% increase in these tools (e.g., from 20% to 30%) reduces vulnerability by about 0.456, or 2.23% of the sample mean. These findings confirm the significant role of market-based policy tools in reducing the vulnerability of the REEs supply chain.
TABLE 5 | Short-term regression results of the proportion of market-based policy tools (MPTP).	Variable	Coefficient	Std.error	t-statistic
	LD.SCV	0.78	0.29	2.64**
	L2D.SCV	0.91	0.31	2.98**
	L3D.SCV	1.07	0.23	4.68***
	D1.MPTP	−4.56	1.21	−3.75***
	D1.SC	10.78	5.21	2.07*
	LD.SC	−25.50	6.71	−3.80***
	L2D.SC	−19.06	4.56	−4.18***
	L3D.SC	−20.29	3.88	−5.23***
	D1.GPR	0.05	0.01	3.26***
	LD.GPR	−0.01	0.01	−0.80
	L2D.GPR	−0.05	0.01	−3.86***
	D1.YGDP	8.25e-12	4.26e-12	1.94*
	LD.YGDP	5.48e-12	4.74e-12	1.16
	L2D.YGDP	1.14e-11	4.58e-12	2.50**
	ADJ	−1.48	0.28	−5.29***
	Cons	5.87	2.52	2.33**


***, **, and * represent significance at the 1%, 5%, and 10% levels, respectively. ADJ represents the speed of adjustment toward the long-term equilibrium after experiencing short-term fluctuations, that is, α in Equation 5.
From a theoretical perspective, a growing proportion of market-based policy tools mitigates supply and demand risks by reshaping the short-term operational decisions and long-term strategic planning of REEs-related enterprises, thereby reducing overall supply chain vulnerability. This interpretation aligns with the policy tool theory proposed by Howlett et al. (2009), asserting that “market-based approaches can reduce the inhibitory effects of mandatory controls and improve the responsiveness of micro-level actors.” The development of REEs industrial parks clearly demonstrates the synergistic effects of technological advancement, industrial optimization, and policy incentives:
First, from an industrial perspective, industrial parks reduce production costs for small and medium-sized enterprises (SMEs) by providing shared infrastructure and lowering transportation expenses, thereby easing cost pressures. This cost relief stabilizes firm production and prevents capacity suspension, effectively mitigating supply-side risks. The savings can be reinvested in enterprise-specific renewable energy technology research and development. Consequently, industrial parks reduce both supply and demand risks by lowering operational costs and fostering technological innovation, thereby enhancing the stability of REEs supply networks.
Second, industrial clustering helps SMEs broaden their market reach and build regional brand credibility. This cluster effect enhances market reputation, reduces dependence on individual customers, diversifies market exposure, and mitigates demand-side risks.
Furthermore, talent support and financial incentives from the policy incentive dimension are crucial for SMEs to establish operations in industrial parks and drive technological innovation. These policies attract specialized personnel in REEs technology, strengthen the innovation foundation, and significantly reduce operational costs. Enabled by flexible, market-oriented governance, renewable energy enterprises can adjust their operational strategies accordingly, facilitating industrial upgrading and technological iteration, ultimately enhancing the resilience of the REEs supply chain.
As shown in the short-term regression results in Table 5, the coefficient of the error correction term (ADJ, equal to −α in Equation 5) is estimated at −1.48 and is statistically significant at the 1% level (p < 0.001). Economically, this indicates that any deviation of the vulnerability of the global REEs supply chain from its long-term equilibrium—caused by fluctuations in the proportion of China’s market-based policy tools—will be overcorrected by 1.48 times the magnitude of the initial gap in the following year, thereby restoring equilibrium. Narayan and Smyth (2006) explicitly noted that when the ADJ coefficient lies between −2 and −1, the economic system’s adjustment process toward long-term equilibrium produces oscillations around the equilibrium value with progressively diminishing amplitude, rather than a monotonic and steady convergence to the equilibrium path. Furthermore, if the ADJ coefficient is less than −2, the system exhibits unbounded explosive fluctuations and consequently loses its stable cointegration properties. Since the ADJ coefficient of −1.48 falls firmly within the stable range −2< ADJ <−1 and is significantly less than −1, this result indicates that the supply chain converges to equilibrium through oscillatory overcorrection rather than smooth, monotonic adjustment. Despite this cyclical adjustment path, the system still maintains a self-equilibrating mechanism without divergent risks. This distinctive dynamic adjustment behavior can be attributed to the unique global supply structure and strategic characteristics of the REEs industry. First, the concentration of REEs separation and processing capacity is high, with the global supply chain dependent on a limited number of suppliers; consequently, policy changes in a single country can significantly disrupt the market equilibrium. Second, REEs are critical strategic resources for national security, prompting major consumer-importing nations to maintain strategic stockpiles that can be rapidly deployed to mitigate supply chain risks. Third, as the principal global supplier, China is able to coordinate administrative regulatory measures—such as controlling total REEs mining volumes and managing export licenses—with market-based policies to implement counter-cyclical adjustments. The interplay between domestic administrative regulations and market-based tools forms an internal hedging mechanism. When combined with external hedging actions—such as the release of strategic reserves by foreign importing countries—this leads to rapid, bidirectional policy interventions at both domestic and international levels. These multiple forces collectively accelerate the equilibrium restoration process, ultimately resulting in the observed cross-year overshoot adjustment phenomenon. To exclude bias from inappropriate model setting, this study conducted lag order selection, comprehensive residual diagnostic tests, and parameter stability assessments using CUSUM and CUSUMSQ tests, as detailed in Supplementary Appendices C,D of the supplementary materials. All tests were passed satisfactorily, thereby affirming the robustness of the conclusions regarding the ADJ coefficient.
Integrating the insignificant long-term coefficients associated with market-based policy tools and the highly significant ADJ, the dynamic behavior of the global REEs supply chain can be further elucidated as follows: On one hand, although market-based policy measures effectively mitigate supply chain vulnerabilities in the short term, their impact is constrained by factors such as technological advancements, global capacity realignments, and geopolitical disruptions, thereby preventing the establishment of a stable and enduring suppressive effect. On the other hand, the relatively large and statistically significant adjustment coefficients indicate that the REEs supply chain exhibits considerable shock resistance and self-repair capabilities. When short-term policy interventions cause deviations from the long-term equilibrium, various regulatory mechanisms—including domestic policy modifications, strategic reserve releases abroad, and adjustments in the global industrial configuration—act swiftly to restore equilibrium within approximately 1 year.
In conclusion, the short-term regression results confirm that a greater proportion of market-based policy tools alleviates fragility in the REEs supply chain. These policies foster synergy among technology, industry, and policy incentives, directly influencing enterprises’ short-term decision-making to stabilize supply chain performance. This study integrates empirical findings, policy tool theory, and a three-dimensional mechanism framework, providing strong evidence that a higher share of market-based policies in China’s REEs sector will effectively enhance the short-term resilience of global REEs supply chains.
4.2.2.2 Long-term result analysis for the proportion of market-based policy tools
Table 6 shows the long-term regression results examining the effect of the proportion of market-based policy tools (MPTP) on the vulnerability of the global REEs supply chain. The long-term coefficient is −1.25 (p = 0.444) and statistically insignificant. This lack of significance may result from various unobserved confounding factors, such as technological uncertainty, the evolution of global production capacity, and cross-border geopolitical shocks. Firstly, considerable uncertainty surrounds technologies related to REEs. The research and development cycles for advanced REEs separation techniques, functional materials, substitutes, and recycling technologies are lengthy and require substantial financial investment. Although short-term fiscal and tax incentives may stimulate innovation, the process of technological iteration remains highly uncertain. Consequently, relying solely on subsidies is insufficient to achieve sustained and stable innovation benefits, and policies focused exclusively on research and development support demonstrate limited long-term efficacy. Furthermore, downstream application sectors face significant risks associated with cross-category material substitution, which exacerbates the volatility of long-term policy outcomes. Even if REEs preparation and processing technologies reach maturity and are widely adopted, breakthroughs in novel materials and processes outside the sector may suppress market demand for REEs. A pertinent example is the decline in demand for REEs such as lanthanum, cerium, and europium following the widespread adoption of LED lighting technology, which replaced REEs fluorescent lamps as a primary consumption application. Over the long term, emerging cutting-edge technologies—such as REEs-free permanent magnets and innovative catalytic materials—may substitute REEs in key sectors including new energy, electronics, and catalysis. Such disruptive innovations at the application level are inherently unpredictable and continuously disrupt the long-term demand for REEs, thereby diminishing the sustained impact of policies like R&D subsidies and industrial support. This technological uncertainty is a significant reason why the long-term effects of the MPTP are statistically insignificant. Secondly, on the supply side, many countries are accelerating the development of overseas REEs mining operations and expanding smelting capacities abroad, thereby continuously reshaping the global REEs supply landscape. Relying solely on domestic industrial coordination and price regulation is insufficient to mitigate market fluctuations caused by global capacity shifts, which in turn undermines the long-term stabilizing effects of such policies. Finally, at the international level, REEs often become focal points of geopolitical competition. There is a widespread perception abroad that China uses REEs as a geopolitical tool. Trade barriers, resource protection policies enacted by various countries, and fluctuations in international public opinion continually disrupt the industrial supply chain. It is important to emphasize that the regression model used in this study includes the Geopolitical Risk Index (GPR) as a control variable to account for cross-border supply shocks. However, relying solely on the coefficient of the GPR control variable does not sufficiently address the empirical limitation posed by the weak statistical relationship observed in the long-term effects of MPTP. These factors make unilateral domestic market policies insufficient to stabilize long-term supply and demand dynamics. Moreover, international cooperation faces inherent resistance, reducing the long-term effectiveness of isolated domestic policy measures. Considering the statistically insignificant long-term MPTP coefficients shown in Table 6, all long-term transmission channels elaborated above are merely theoretical conjectures without robust empirical evidence from our long-term regression results. We speculate that this insignificance partly stems from limitations in our sample size and observation span. Accordingly, this study avoids drawing definitive long-term policy judgments solely based on the long-term effects of MPTP.
TABLE 6 | Long-term regression results of the proportion of market-based policy tools (MPTP).	Variable	Coefficient	Std.error	t-statistic
	L1.MPTP	−1.25	1.56	−0.80
	L1.SC	6.18	1.74	3.56***
	L1.GPR	0.03	0.01	3.38***
	L1.YGDP	5.18e-12	7.54e-13	6.87***


***, **, and * represent significance at the 1%, 5%, and 10% levels, respectively.
To further confirm that the insignificant long-term effect of MPTP does not stem from insufficient early observations or local subsample bias, this study adopts recursive estimation for robustness testing. Figure 4 plots the time-varying characteristics of MPTP’s long-term coefficient, with detailed interpretations as follows: (1) 2014–2017: In the early stage of the recursive window, the limited time-series observations lead to drastic swings in the long-term coefficient. The extremely wide 95% confidence interval reveals great uncertainty in parameter estimation, driven by the small sample size. (2) 2018–2023: As the recursive window continuously absorbs new annual observations, the sample capacity expands. The long-term coefficient gradually converges and fluctuates slightly around zero. (3) Over the full sample period, the 95% confidence interval always contains zero, suggesting there is insufficient statistical evidence to support a significant long-term impact of MPTP. This result aligns with the baseline regression outcomes. Recursive estimation serves to examine the cross-time stability of the long-term coefficient. Even with the full and adequate time-series sample, MPTP’s long-term effect remains statistically insignificant, which effectively eliminates the concern that the insignificance originates from local subsample bias.
[image: Line chart illustrating the long-term coefficient of MPTP from 2014 to 2023, with a solid blue line and dashed green lines marking the 95 percent confidence interval upper and lower bounds.]FIGURE 4 | Recursive Estimation Time-Varying Dynamics of the Long-term Coefficient of MPTP. Note: The blue solid line represents the long-term coefficient of MPTP, as estimated through recursive analysis. The green dashed lines denote the upper and lower bounds of the 95% confidence interval, respectively. This recursive estimation method incrementally extends the sample period on an annual basis to evaluate the temporal stability and statistical significance of the long term coefficient.Collectively, this evidence suggests that China’s market-based policies in the REEs sector primarily produce transient effects without generating sustained long-term impacts. While these market-based tools can promptly mitigate short-term risks, the inherent resilience and self-correcting mechanisms of the global supply chain tend to neutralize these policy benefits over time, failing to form persistent constraints on systemic supply risks.
Based on the preceding analysis, hypothesis H2b—which posits that, in the long term, an increasing proportion of market-based policy tools in China’s REEs sector will effectively reduce the vulnerability of the global REEs supply chain—is not supported.
5 DISCUSSION
This study analyzes the impact of China’s market-based REEs policies on global REEs supply chain vulnerability using an ARDL model. Results show that increased market-based policy tools tend to reduce supply chain vulnerability. For the proportion of market-based policy tools (MPTP), its short-term effects are significantly negative, while its long-term coefficient is negative but not statistically significant. These findings support hypotheses H1 and H2a but do not confirm H2b. The absence of significant long-term effects may be attributed to unobserved or complex factors, such as technological uncertainties, shifts in global capacity configurations, and cross-border geopolitical shocks.
Prior research has predominantly focused on China’s initial REEs export control policies (Mancheri, 2015; Zhang et al., 2024), which were characterized by administrative restrictions that increased risks within the global REEs supply chain. These policies are often interpreted in international literature as emblematic of resource nationalism in REEs governance. In contrast, the present study emphasizes the mitigating role of market-based alternative policies in reducing supply chain risks. Against the backdrop of escalating global competition for critical minerals and intensified efforts by Western nations to establish cooperative alliances for mineral supply chains, the ARDL-based empirical findings offer novel quantitative evidence that differentiates market-based regulatory mechanisms from compulsory administrative controls. The results confirm that China effectively maintains global REEs supply chain stability through market-based governance, challenging the simplistic narrative that China’s REEs policies serve solely as instruments of geopolitical competition. Unlike traditional mandatory export controls, market-based policies function by balancing supply and demand, promoting sustainable industrial operations, and diversifying global supply chain risks. Existing scholarship on the geopolitical economy of REEs predominantly focuses on restrictive resource policies, with limited quantitative empirical analysis of market-based regulatory frameworks.
This study analyzes China’s market-based REEs policies across three dimensions: technological, industrial, and policy incentives. The technological dimension covers advances in substitute technologies and secondary recycling, which reduce supply chain vulnerability by balancing supply and demand (Binnemans et al., 2018; Gueroult et al., 2018). The industrial dimension focuses on upgrading industries to maintain pricing power over REEs, improving supply stability and mitigating risks (Shen et al., 2020). Empirical evidence indirectly supports the positive impact of these dimensions in reducing the vulnerability of the global REEs supply chain. Most existing studies limit their scope to analyzing the protective effects of various policies on REEs supply security, rarely exploring the deeper developmental imperatives underlying the superficial objective of “stabilizing REEs supply.” A stable and sustainable REEs supply constitutes a fundamental material foundation for green and low-carbon industries such as wind power and energy storage and is a material prerequisite for implementing global climate governance. From the perspective of the global industrial division of labor, the photovoltaic (PV) and REEs industries share similar environmental burden characteristics. While global PV end-use applications are geographically dispersed, the majority of PV manufacturing is concentrated in China, which consequently bears most of the associated carbon emissions and pollutant discharges (e.g., sulfur) (Zheng et al., 2026a; Zheng et al., 2026b). The REEs industry exhibits comparable patterns; leveraging advanced mining, separation, and smelting technologies, China undertakes most global REEs production and processing activities. The environmental costs—including wastewater, solid waste, and substantial carbon emissions—are predominantly localized within China. In this context, China’s market-based REEs policies have dual environmental benefits: they incentivize REEs recycling and green smelting technology research and development, thereby promoting industrial restructuring and the elimination of outdated capacity, which reduces pollution and carbon emissions; concurrently, they stabilize the REEs supply chain, continuously supporting critical raw materials for clean energy sectors such as wind power and energy storage. Collectively, these policies alleviate local environmental pressures within the REEs industry while promoting global low-carbon industrial development, thereby contributing to global environmental governance and long-term climate objectives.
The three-dimensional analytical framework of market-based policies developed here can be extended to evaluate the generalizability of empirical findings across different national contexts and critical mineral sectors. For mineral-rich developing countries, China’s practical experience in technological innovation, industrial integration, and supportive incentive policies offers valuable lessons. However, replicating this policy package requires a comprehensive industrial system and a substantial endowment of mineral resources. In contrast, most European and American countries primarily import minerals and lack these conditions. When applying this framework to other mineral supply chains exposed to geopolitical and environmental risks—such as lithium and cobalt—the core logic of market-based risk mitigation remains theoretically applicable. Nonetheless, due to significant disparities in resource distribution and industrial structures among countries, quantitative conclusions about policy effects require targeted empirical validation.
This study acknowledges several limitations. First, the sample size is relatively small, consisting of only 33 time-series observations. This limited number of observations imposes several constraints: (1) it restricts the ability to conduct rigorous mediation effect analyses; (2) in the presence of structural breakpoints within the model, it hinders effective identification and estimation of heterogeneous effects before and after such breakpoints; and (3) both
MPT and
MPTP models presented in this study require the estimation of 20 parameters, leaving only 13 residual degrees of freedom. This creates a relatively stringent degree-of-freedom constraint. Although this study conducted a comprehensive set of diagnostic tests, lag-order sensitivity analyses, and CUSUM and CUSUMSQ parameter stability tests (see Supplementary Appendices C,D in the supplementary materials for details), all of which yielded satisfactory results, it is important to acknowledge that residual-based tests inherently possess low statistical power under small-sample conditions. Therefore, relying solely on these test outcomes cannot fully rule out the risk of model overfitting introduced by numerous lagged terms. Second, regarding the classification of policy tools, this research aggregates related market-based policy tools into a composite index without performing detailed disaggregated analyses, thereby limiting the capacity to distinguish differentiated models across specific policy tool dimensions. Third, the model does not account for the heterogeneous impacts of policies across distinct segments of the supply chain, such as upstream mining, midstream separation and smelting, and downstream high value-added manufacturing. In light of these limitations, the study proposes several avenues for future research:
	This study employs the Bai–Perron multiple structural break test and identifies a single significant structural breakpoint for the MPTP model, located in 1998 (95% confidence interval: 1997–1999). This structural shift stems from the combined impacts of China’s REEs export quota policy reform and the Asian Financial Crisis, which jointly disrupted the long-term equilibrium between MPTP and the vulnerability of the global REEs supply chain. Due to the limited coverage of the current time-series data, this study only detects the existence of a structural breakpoint but does not comprehensively compare the long-term relationships before and after 1998. This limitation presents a promising direction for future research. With extended time-series data, subsequent studies can re-examine structural instability and establish segmented models for the pre-1998 and post-1998 regimes to quantitatively capture the heterogeneous long-term effects of MPTP across different periods.
	For mediation effect analyses, appropriate variables should be selected from three dimensions: technology, industry, and policy incentives. For example, within the technological dimension, the number of REEs technology patents can serve as an indicator; within the industrial dimension, metrics such as REEs production capacity concentration and high-end product output may be employed; and within the policy incentive dimension, subsidy amounts can function as mediators. Constructing mediation models with these variables would systematically elucidate multi-channel transmission mechanisms through which market-based policies influence the vulnerability of the global REEs supply chain. Due to the relatively small sample size in this study, comprehensive tests of mediating effects cannot be fully conducted. Therefore, alternative empirical methods may be employed to validate the complex mediation pathways. Additionally, fuzzy-set qualitative comparative analysis (fsQCA) could be introduced to explore the differentiated impacts arising from various combinations of technological, industrial, and policy incentive tools. Furthermore, case studies involving representative REEs enterprises and industrial parks, employing field research and surveys, could elucidate micro-level mechanisms of market-based policy implementation, thereby enriching empirical research across multiple levels. This multidimensional, multimethod optimization approach effectively overcomes the empirical limitations inherent in this study and offers a clear, practical framework for future research on the complex mediation mechanisms within the REEs supply chain.
	Further investigation is warranted regarding the MPTP model’s insignificant long-term relationships. Drawing on Hu et al. (2022), they found air pollution generates significant spillover effects in the short and medium term but weak long-term spillovers. Consistent with their findings, this study also detects significant short-term linkages alongside insignificant long-term relationships—a disparity potentially driven by numerous unquantifiable confounding factors as well as the limited sample size and observation period used in this study. Consequently, future research could expand the sample size, incorporate the long-term influencing factors hypothesized in Section 4.2.2 as additional control variables, and carry out subsample and interaction tests in the MPTP model to re-estimate and verify the long-term effects.
	The relationship between environmental and atmospheric governance and China’s market-based policies in the REEs sector warrants further investigation. As discussed in the second paragraph of the discussion section, China’s market-based policies in this sector may positively influence related environmental and atmospheric governance initiatives. In this context, China’s REEs market-based policies would serve as explanatory variables, while indicators of atmospheric and environmental governance—such as carbon emissions, PM2.5 concentrations, and other atmospheric pollution metrics calculated by Cai et al. (2024)—would function as dependent variables. For mediation analyses, the total application volume of REEs in clean products could be considered a mediator to test the transmission pathway through which market-based policies improve atmospheric conditions via clean and green applications.
	Disaggregating market-based policy tools is recommended to compare the differential impacts of various policies on the vulnerability of the global REEs supply chain. Simultaneously, grouping analyses by the upstream, midstream, and downstream segments of the REEs industry would facilitate the identification of the distinct roles that policies play at each stage of production.

6 CONCLUSION
This study employed an Autoregressive Distributed Lag (ARDL) model to analyze the impact of China’s market-based REEs policies on the vulnerability of the global REEs supply chain. The key findings are: First, China’s market-based REEs policies tend to reduce supply chain vulnerability by synergistically promoting technological innovation, optimizing industrial structure, and implementing policy incentives. These measures mitigate risks on both supply and demand sides. Second, increasing the proportion of these policies has a significant short-term effect in lowering vulnerability, as enterprises can quickly adjust operations through coordinated technological, industrial, and policy efforts. Third, the long-term suppressive effect of the proportion of these policies on supply chain vulnerability is statistically insignificant. This outcome is attributed to the fact that long-term policy effects depend on indirect transmission via continuous technological innovation, industrial iteration, and ecological governance—processes that are susceptible to disruption by external factors such as global capacity expansion, technological uncertainty, and geopolitical shocks.
This study makes a significant academic contribution by employing the ARDL model to quantitatively estimate the short- and long-term dynamic effects of market-based REEs policies on the vulnerability of the global REEs supply chain. It addresses a notable research gap, as existing literature predominantly focuses on administrative export quota restrictions and lacks time-series empirical evidence regarding market-based tools.
Overall, China’s market-based REEs policies have effectively reduced the vulnerability of the global REEs supply chain, providing valuable experiential insights for managing risks in the global critical mineral supply chain. However, due to constraints imposed by technological innovation cycles, global capacity fluctuations, and geopolitical shocks, relying on a single market-based policy tool is insufficient to achieve stable, long-term risk mitigation. Instead, a diversified policy portfolio—including regulation of the REEs industry, ecological and environmental protection, and coordination of foreign trade—is essential.
It is important to acknowledge that the short-term policy recommendations presented here are supported by substantial empirical evidence from the short-term estimates of the proportion of market-based policy tools (MPTP). In contrast, the medium- and long-term industrial development strategies proposed in this study rely purely on theoretical industrial logic and cannot be empirically validated by the statistically insignificant long-term coefficients of MPTP. Accordingly, this paper avoids drawing definitive long-term policy conclusions based on the long-term effects of MPTP.
Based on these findings, the study proposes two practical, phased, and detailed policy recommendations.
6.1 Improve the domestic market-based policy system
Lead Implementing Agencies: Ministry of Industry and Information Technology, Ministry of Finance, Ministry of Science and Technology, and Ministry of Natural Resources.
	Implement phased fiscal support and tax incentives targeting green research and development within the REEs sector. In the short term (1–2 years), expand special subsidies for existing REEs recycling and low-pollution smelting projects, establishing standardized and transparent evaluation mechanisms. For example, subsidies could be allocated for recycled REEs products, accompanied by two quantitative assessment indicators: a 5% increase in the supply proportion of recycled REEs and a 10% reduction in pollutant emissions per unit of REEs smelting. Quarterly assessments would determine subsidy disbursement, rewarding enterprises that meet standards and reducing or withdrawing support from underperforming projects. In the medium to long term (3–5 years), gradually phase out R&D tax reductions to avoid long-term subsidy dependence, while promoting industry-university-research collaborative projects.
	Establish standardized industrial coordination and price stabilization mechanisms. Develop a coordination platform that connects central REEs enterprises, local companies, and industrial parks, and implement a long-term pricing guidance mechanism for REEs spot markets to mitigate raw material price volatility and stabilize both domestic and international investment expectations. In the short term, utilize special subsidies to facilitate the elimination of high-pollution and outdated capacity, while promoting industrial concentration and integration. In the medium to long term, rely on market-based supply and demand adjustments to achieve autonomous and balanced development of the REEs industry, effectively balancing short-term regulatory outcomes with the cultivation of long-term endogenous industry momentum.
	Strengthen long-term collaborative innovation among industry, academia, and research institutions. For example, on 25 March 2025, China Rare Earth Group and Tsinghua University signed a strategic cooperation framework agreement in Beijing, focusing on joint research in REEs functional materials and advanced processing. This partnership significantly promotes the high-quality development of China’s REEs industry. This cooperation model can be replicated nationwide by establishing joint laboratories dedicated to REEs research and supporting specialized talent development programs to train R&D personnel in REEs functional materials and advanced processing technologies.

6.2 Advancement of international cooperation in the global REEs sector
Lead Implementing Agencies: Ministry of Commerce, Ministry of Natural Resources, Ministry of Foreign Affairs.
While some countries express concern that China might leverage REEs resources as a geopolitical bargaining tool, empirical evidence indicates that China’s past adjustments to REEs export policies were primarily motivated by environmental considerations—specifically, controlling pollution from REEs mining and processing—and supporting downstream high-end REEs industries, rather than political or economic coercion. It is imperative that countries abandon zero-sum perspectives and embrace multi-stakeholder collaboration to build an integrated, full REEs industry chain. This approach would alleviate international concerns, ensure a stable REEs supply, and promote a transition from sole reliance on Chinese REEs imports to coordinated global development of the REEs industry. Specific strategies include joint exploration and development of overseas REEs resources; collaborative research and development on key technologies such as separation, smelting, REEs substitution, and recycling; and the joint establishment of unified global environmental and product quality standards for REEs. Given significant institutional risks arising from disparities in environmental regulations and industrial protection policies among countries, a 3-year short-term bilateral cooperation pilot is recommended initially, with dynamic optimization of cooperation details through meetings every 12–18 months. Upon maturation of institutional alignment, a medium-to long-term (3–8 years) plan could promote the establishment of a multilateral global REEs governance mechanism. Through multi-level international collaboration, REEs can be transformed from a source of geopolitical conflict into a platform for global low-carbon transition and mutual benefit.
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