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Clarifying the evolution of international competitiveness for strategic and critical mineral articles is of great significance for promoting new energy development and achieving carbon neutrality in China. This study, therefore, calculates the series of indicators based on product space theory, for instance, international import & export shares, revealed comparative advantage (RCA) and product density, to analyze the competitiveness evolution. Results show that: the international competitiveness of China’s strategic and critical mineral articles demonstrated a declining tendency, and the rising percentage of imports was much larger than the decreasing export percentage. The evolution of the international competitiveness of 11 strategic and critical minerals is different. Among them, the international competitiveness of two articles is very strong, that of four articles is relatively weak, and that of three products is decreasing trend. From the perspectives of industrial sectors and trade, we analyze the underlying reasons for the competitiveness evolution of 11 strategic and critical mineral articles in detail and discuss the industry transformation and upgrade feasibility for strategic and critical mineral articles. Our work aims to provide strong support for the upgrading and high-quality development of the strategic and critical mineral products industry by providing corresponding policy suggestions.
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1 INTRODUCTION
Strategic emerging industries, with their important status in China’s economic system, lead the future development of China. World Energy Outlook Special Report 2021 states that Strategic and critical minerals are widely used in the energy transition, for instance, electric car, conventional car, offshore wind, onshore wind, nuclear and so on (Figure 1). Especially in the impact of the Coronavirus pandemic, global energy is changing from fuel-intensive to material-intensive, the reasonable development and utilization of strategic and critical mineral resources can effectively accelerate the pace of energy transition and lay the foundation for achieving carbon peaking and carbon neutrality. Thus, strategic and critical minerals are of great significance to socio-economic development and environmental protection.
[image: Figure 1]FIGURE 1 | Mineral resources used in clean energy transformation1.
In accordance with the State Planning of Mineral Resources (2016–2020) issued by the Ministry of Land and Resources of China, 24 minerals, including oil and natural gas, were included in the catalog of strategic minerals. The development quality and profit of these mineral resources were designated as a priority. However, the government decree did not specifically list a catalog of critical minerals. On the basis of the criticality and scarcity of minerals, 11 strategic key minerals are classified and defined as indispensable minerals or playing a key role in emerging strategic industries (Wang, 2019). Since the 2008 global economic crisis, countries throughout the world resort to strategic emerging industries for the solution to economic recovery. The supporting and leading role of strategic emerging industries in the national economy has continued to increase. The 2021 Development Report on the Strategic Emerging Industry of China concluded that the strategic position of the new material industry has been further enhanced with the resultant intensified monopoly of the sector. The competition for critical materials has become a new battleground among world industrial powers due to the accelerated development of high-performance new materials. The main distribution of China’s strategic and critical minerals is shown in Figure 2. They are mainly distributed in provinces with relatively remote geographical locations and less development, while there have rich mineral reserves as shown in Table 1. As a province/autonomous region rich in mineral reserves, how to drive industrial development and promote GDP with the help of factor advantages has become the focus of this paper.
[image: Figure 2]FIGURE 2 | Distribution map of 11 strategic and critical minerals in 2018.
TABLE 1 | Mineral reserves, per capita GDP and ranking of major mineral provinces/autonomous region.
[image: Table 1]In 2020, China proposed that carbon dioxide emissions strive to peak by 2030 and achieve carbon neutrality by 2060, making it urgent for China to explore pathways for high-quality development of strategic key mineral resources in the context of carbon neutrality. As one of the important stages for the strategic and critical mineral smelting and processing industries, strategic and critical mineral articles are located in the middle of the industrial chain. For some rare mineral resources of China, the strong competitiveness in the upper industrial chain contrasts strongly with the poor competitive capacity in the middle and lower industrial chains. Some researchers (Xu and Yang, 2019) have raised concerns about the phenomenon. By measuring the competitiveness of strategic and critical mineral articles, this paper analyzes their competitiveness evolution trend and the underlying reasons on the basis of product space theory. Product space is a new perspective to visualize and study industrial evolution and more scientifically predict upgrading routes. In traditional trade networks, scholars mainly discuss trade relations between economies under trade agreements (Furusawa and Konishi, 2007). Taking the economies as the object and depicting the international trade network by building a trade economic model. In trade networks, nodes represent countries and lines represent trade agreements (Li et al., 2021). Different from the above theory, product space theory does not take enterprises, economies and countries as research objects. The research on micro products focuses on the specific trade products in the trade market and the strategic position and competitiveness of the economy in global trade. Qi et al. (2020) focuses on a specific product, defines the potential evolutionary trend of blue product based on product space theory, draws and analyze export strengths and the evolution of different countries with respect to a list of blue products. Oyyum et al., 2021 clarify the export network of hydrogen products based on its similarities and product characteristics. Jiang et al. (2022) focus on fruit product and analyze the path-dependence characteristics of fruit production and export in China. Product space has made breakthroughs in micro research and empirical methods of industrial upgrading, which has pushed the industrial evolution to a new stage. At the same time, this paper puts forward some policy suggestions, for example, optimizing the future industrial development path and direction, improving the industrial chain of strategic and critical mineral articles, and enhancing the competitiveness of China’s strategic emerging industries in the global industrial chain. These provide theoretical and practical basis for the development of China’s strategic and critical mineral industries and emerging industries in the new era.
The previous publications have the following categories: The first category is research about industrial competitiveness measurement, which abounds in number. The “Five Forces Model” proposed by Porter (1990) laid the foundation for the theoretical research of industrial competitiveness. Later, scholars developed indicators, for instance, revealed comparative advantage (RCA), to quantify global industry competitiveness (Yu et al., 2020). Li and Liu (2012) investigated the tendency of China’s international industrial competitiveness since China’s WTO membership from static and dynamic perspectives. They concluded that China’s global industrial competitiveness has been greatly enhanced. After quantitatively contrasting China’s strategic emerging industries and non-strategic sectors with the global competitiveness indicators system developed by International Institute for Management Development (IMD), Zhang and Zhao (2014) expressed the opinion that the competitiveness gap between strategic emerging industries and non-strategic sectors remained basically unchanged from 2005 to 2011. With analytic hierarchy process (AHP) and grey correlation analysis, Song and Li (2017) concluded that the competitiveness of China’s aluminum industry lagged far behind that of developed countries. With the continuous development of the economy and society, scholars began to apply the theory of product space to their investigations into international industrial competitiveness. For example, Jin et al. (2013) analyzed the competitiveness evolution trend of 35 types of export articles of China with product space analysis approach and found that the international competitiveness of manufactured articles roughly showed a U-shaped distribution. Based on the product spatial structure theory, Liu and Qiao, 2016 concluded that the medium-tech manufactured articles of Japan are expected to become the development priority due to the strong global competitiveness of the country. With an integral framework of product space analysis, Xu and Yang (2019) analyzed the competitiveness of China’s rare minerals. Based on technology complexity and product density, Ding and Song (2022) studied the accumulation of resources endowment and the improvement of export competitiveness from product space theory.
The previous publications of the second category are investigations into strategic and critical minerals. With the emergence of a new round of scientific revolution, the competition for strategic and critical minerals becomes fiercer. At the same time, the research of strategic and critical minerals has become a hot topic in China. From the perspectives of supply safety and global governance, Wu et al. (2020) and Zhou et al. (2020) defined the strategic and critical minerals and elaborated the implications of their supply safety. After their investigations into the impact of price fluctuation of strategic metal minerals on the output of metal industry, Zhong and Song, 2020 discovered the remarkably negative impact of supply shock on the upper and middle chains of strategic minerals industry during the Sino-US trade war. Wang et al. (2019) analyzed the inherent problems in the development of strategic minerals industry of China, including the shortage of mineral resources, and deficiency of competitiveness in the downstream application sectors.
Previous publications on the international competitiveness of strategic and critical mineral articles have the following deficiencies: First, focusing only on the current competitiveness status, the traditional approaches for industrial competitiveness, including indicators method (Zhou, 2020), and multi-level grey correlation method (Song and Li, 2017), etc., lack the industrial transformation and upgrading paths from the perspective of dynamic spatial evolution. Second, the researches on the international competitiveness of commonly-used minerals abound, while strategic and critical minerals have rarely been touched upon. Third, publications on the competitiveness evolution trend of strategic and critical mineral from the aspect of product space are scarce. The investigations into strategic and critical mineral have been rarely extended to the stage of mineral articles. The researches on the competitiveness of midstream mineral articles are absent.
The innovations of this paper can be summarized into the following: The first is the integration of product space theory into the research of industrial competitiveness. The measurement of industrial competitiveness from the aspect of product space breaks through the barriers of traditional comparative static research. Upon analyzing the evolution of industrial competitiveness from a dynamic level, and clarifying the evolution process and upgrade path of a specific industry, this paper expands the research approaches and direction of industrial competitiveness. The second innovation is our investigations into the competitiveness of strategic and critical mineral articles. As midstream products, strategic and critical mineral articles are an important part of strategic and critical minerals industry chain. Expanding the research methods and approaches for the competitiveness evolution of strategic and critical mineral articles, this research is of great significance to the optimization of industrial chain layout.
To sum up, most researches related to strategic and critical mineral resources focus on their sourcing and high-tech applications. Investigations into the competitiveness of China’s strategic and critical mineral articles from the perspective of product space are scarce. An in-depth analysis of the competitiveness evolution of midstream applications clarifies the development status of China’s strategic and critical mineral articles. Thus, the development of the strategic and critical minerals industry can be more accurately positioned in the national economy. Using the variations of import and export shares, RCA value and product density from 2000 to 2018, this paper conducts a longitudinal analysis of China’s development of strategic and critical mineral industry from the perspective of product space.
2 MATERIALS AND METHODS
2.1 Data resource
The product trade data in this paper is retrieved from the United Nation COMTRADE database, which has a detailed record of the import and export trade of various countries and subdivides the global commodities into several categories according to different classification standards, is an authoritative and comprehensive database. Sample data are classified according to The Harmonized Commodity Description and Coding System (hereinafter referred to as HS Code) formulated by the World Customs Organization (WCO). China’s accession to the WTO in 2001 has further expanded its export trade. After joining the WTO, China’s products have more favorable competitive conditions than in the past, which can promote the development of China’s export trade, especially the trade of industries in which China has comparative advantages. The data selected after 2000 can well describe the competitiveness evolution of strategic and critical mineral resources. At the same time, after 2018, China’s foreign trade was affected by the China-U.S. trade war and the coronavirus pandemic, and trade was tightened. Therefore, we chose the sample data for the period 2000–2018 (Table 2).
TABLE 2 | HS code for strategic and critical mineral articles.
[image: Table 2]2.2 The construction of dynamic product space
The product space theory adopted in this paper was proposed by Hausmann and Klinger (2006), Hidalgo et al., 2007, which has become the main method to explore product evolution from the complex network perspective in economic research. The theory can be understood from the following aspects: By analyzing the characteristics of a particular product and the relationship with its neighboring products, it predicts the possibility of industrial transformation and upgrading of this product and the future evolution path with the entire product network as the starting point; From the perspective of industrial output, the product space theory believes that if a country has the capacity to produce a certain product, it is more likely to have the ability to produce neighboring products of that product. That is to say, if a product has a large variety of adjacent products, it will have a great capacity of industrial transformation and upgrading. If a given product is extremely approximate to the adjacent products, it has large possibility of industrial upgrading; The transformation and upgrading of a particular product often depend on its original endowments (capital, technology, etc.). The competitiveness of a specific industry and the possibility of industrial transformation and upgrading can be measured from factors like RCA, proximity and density.
Balassa (1965) proposed the Revealed Comparative Advantage Indicators (RCA) to measure whether a country or region has a significant advantage in the trade of a product. An important indicator for studying the international competitiveness of an industry, the RCA is also the basis for constructing a theory of product space structure (Chen and Tan, 2004). In Formula (1), [image: image] and [image: image] represents product [image: image] and [image: image] respectively, [image: image] is country [image: image], [image: image] is the export volume of product [image: image] in country [image: image]. The calculation formula is as follows:
[image: image]
Proximity is utilized to measure the degree of proximity between two products produced by a certain country (Deng and Cao, 2016). The proximity value is inversely proportional to the similarity extent between articles A and B. Thus, the manufacturing of product A is more likely to be transferred to the production of B. This indicator is expressed by calculating the minimum value of the probability that two products are simultaneously competitive. In Formula (2), [image: image] represents [image: image] period; [image: image] represents the proximity extent between product [image: image] and [image: image] during phase [image: image]. The following is its calculation formula:
[image: image]
Density is used to measure the correlation extent between a particular product and the other product with comparative advantage (Jin et al., 2013). The high density of a product demonstrates that a large number of products with RCA are associated with the product. As a result, the more approaches with which the product can be transformed into a product with RCA, the higher possibility of industrial transformation and upgrading. Where [image: image] demonstrates the density of product [image: image] of country [image: image] in phase [image: image]; [image: image] is a logical value of whether product [image: image] of country [image: image] has revealed comparative advantage. When RCA >1, [image: image] takes one; When RCA ≤1, [image: image] is taken as 0. The calculation formula is as follows:
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With the above three indicators, the RCA and density values of the 11 strategic and critical mineral articles are measured respectively. On the basis of product space theory, this paper analyzed the international competitiveness of a specific product and the possibility of its industrial transformation and upgrading.
3 EVOLUTION AND UNDERLYING REASONS ANALYSIS
Since the 2008 global economic crisis, countries throughout the world, in particular industrial powers, have been trying to seek remedies for economic recovery, the development of strategic and emerging industries being one of the solutions imbued with high expectation. The development of strategic and critical mineral articles industry is one of the most important solutions to economic recovery. With the three indicators, including international market share, density and RCA, this paper analyzes the international competitiveness evolution trend of China’s strategic and critical mineral articles from the perspective of product space. On the basis of analyzing these indicators, this paper further discusses the competitiveness evolution of the strategic and critical mineral articles from the perspective of industrial sectors.
3.1 Evolution analysis
Figure 3 shows the market shares of China’s strategic and critical mineral articles (Supplementary Table S1). In general, the trends in the market share of the 11 mineral products vary relatively little and the evolution of their export shares is relatively stable. In terms of market shares, the export volumes of antimony and rare Earth articles account for a large proportion of world exports. Exceeding 70% in the years 2000, 2003, 2004 and 2005, the market share of antimony articles during 2000–2019 was higher than that of other mineral articles. The export shares of most mineral articles are lower than 30%. Among them, those of chromium, tungsten, lithium, tin and fluorite articles range between 10%–30%, and those of zirconium, cobalt, nickel and uranium articles are even lower (less than 10%). The market shares of antimony, rare Earth, fluorite and lithium articles have witnessed a significant change. Among them, the market shares of fluorite, rare Earth and antimony articles dropped by 20%, while those of lithium articles demonstrated an upward trend, with a rise from 13.96% in 2000% to 27.80% in 2018. The export shares of rare Earth articles in 2010 and 2011 increased to 58.01% and 57.56%, nearly 20% higher than those of previous years. After 2012, their export rate dropped to 30%. Figure 3 reflects the fact that the declining trend in market share for most products over the period 2000–2018, with antimony, tin and rare earths in particular trending downwards, and others trending more moderately.
[image: Figure 3]FIGURE 3 | Market share of China’s strategic and critical mineral articles.
Figure 4 shows the import shares of China’s strategic and critical mineral articles (Supplementary Table S2). On the whole, the import shares of the 11 mineral articles included in this study showed an increasing trend. The import shares of cobalt, nickel, zirconium, uranium and rare Earth articles witnessed a significant increase. With a large increase since 2009, the import share of cobalt articles reached 40%. With small fluctuations from 2000 to 2014, the import share of rare Earth articles saw a significant rise after 2015, reaching 16.79% in 2018. Showing an upward trend as a whole, the import shares of zirconium and nickel articles experienced a significant change from 2009 to 2014. Compared with the international market share, the proportion of imports in the world market is even smaller. The phenomenon of imports exceeding exports in recent years shows a decreased exports and increased imports in China’s trade of strategic and critical mineral articles. Moreover, the increase in imports was much larger than the decrease in exports. The import shares of fluorite and antimony articles experienced small changes while those of rare Earth articles saw a significant increase since 2015. As Figure 4 can be concluded that China’s mineral products imports have increased, with demand for cobalt, nickel and uranium increasing year by year, especially the increasing trend of cobalt imports, which may bring import dependency problems.
[image: Figure 4]FIGURE 4 | Imports shares of China’s strategic and critical mineral articles.
The statistical data during 2000–2018 are applied to calculate the RCA value and product density of the 11 strategic and critical mineral articles. On the basis of the contrastive results of these two indicators, this paper discusses the international competitiveness variation trend of the 11 mineral articles. The changing trend of RCA value corresponds to the product density value. In other words, if the density value of a particular product decreases, the number of the products with revealed comparative advantages around this product and transformation and upgrading ability also decreases, and the RCA value of the product is curtailed. Conversely, if the value of product density rises, thanks to the facilitation of favorable factors, the RCA value of the product increases accordingly. On the basis of the variation trend demonstrated in Figures 5, 6, the RCA value and product density of China’s strategic and critical mineral articles demonstrated an overall downward trend from 2000 to 2018. The time span from 2000 to 2008 witnessed a fast-reducing rate. After 2008, the decline slowed down. Among the 11 strategic and critical mineral articles, the international competitiveness of chromium, antimony, tungsten, rare Earth, tin and fluorite articles changed from very strong to weak; that of zirconium, cobalt, lithium, nickel and uranium articles remained weak.
[image: Figure 5]FIGURE 5 | Revealed comparative advantage of China’s strategic and critical mineral articles.
[image: Figure 6]FIGURE 6 | Density of China’s strategic and critical mineral articles.
Figure 5 shows the RCA changes in China’s strategic and critical mineral articles (Supplementary Table S3). Generally speaking, the RCA values of these 11 mineral articles are within the ranges of [0, 0.8] and [0.8, 1.25], respectively demonstrating a weak and strong competitiveness. The variation of RCA values of rare Earth, chromium articles are strikingly different from that of other minerals. With the largest declining scope among the 11 strategic minerals, the RCA value of rare Earth articles dropped from over 6.5 to less than 0.5. Decreasing at a constant rate before 2010, the RCA value of chromium articles surpassed that of rare Earth articles in 2011. After becoming a mineral article with the most competitive capacity, chromium remained to be a highly competitive mineral in spite of its declining RCA value thereafter.
Figure 6 demonstrates the changes in industrial density for the 11 mineral articles (Supplementary Table S4). In general, the period of 2000–2008 experienced the largest declining scope of industrial densities, basically falling within the strong or very strong ranges. The densities of chromium, antimony, tungsten, rare Earth, tin and fluorite articles changed greatly, with the fluctuation span of chromium reaching up to 1. With slight changes from 2008 to 2018, the densities of the 11 strategic and critical mineral articles remained within [0, 0.25] and [0, 0.5], the ranges of weak and ordinary density. Significant declines appeared in 2010, 2016 and 2018. By calculating the average density values of these strategic and critical mineral articles from 2000 to 2018, it is found that the value of fluorite articles is the highest, which is in the strong range. The average density values of chromium, antimony, tungsten, rare Earth and tin articles are in the strong range, while those of zirconium, cobalt, lithium, nickel and uranium articles are in the weak range. From 2000 to 2018, fluorite articles had the most favorable development environment, followed by chromium, antimony, tungsten, rare Earth tin articles, and finally came zirconium, cobalt, lithium, nickel and uranium articles.
The above indicators revealed the weak overall competitiveness of China’s strategic and critical mineral articles. Except for a gradual rising share of imports, the other indicators for the 11 strategic and critical mineral articles, including share of exports, RCA value, and product density, showed a downward trend. Thus, the international competitiveness for these articles and their ability of industrial upgrading have transformed from strong to weak. For in-depth investigation into the competitiveness evolution of strategic and critical mineral articles, we further analyze the competitive capacity of each of the 11 mineral articles from the perspective of industrial sectors.
3.2 Specific analysis on competitiveness evolution of 11 articles
The demand for strategic and critical mineral articles, as indispensable raw material for the development of emerging strategic industries, is much greater than their actual supply. However, the above-mentioned analysis told us that the international competitiveness of China’s strategic and critical mineral articles as a whole experienced a downward trend. Of course, there exist large differences among the competitiveness of these 11 strategic and critical mineral articles. The following are the underlying reasons for the competitiveness evolution of the 11 strategic and critical mineral articles.
Rare Earth articles. With its rich rare Earth resources, China is the world’s largest exporter of rare Earth articles. Accounting for about 43% of the world’s total proven reserves, China’s rare Earth stock is ranked first in the world. The shares of rare Earth articles exported accounted for over 50% in 2008, 2010 and 2011. In the last 5 years, the export proportions have seen a significant decline, with a percentage of around 30%. In the past, China exported a large quantity of rough-processed rare Earth articles, which kept the RCA above 2.5 for a long time from 2000 to 2010, showing a trend of “taking the lead”. Between 2000 and 2004 and in 2008, the RCA values were up to 3, showing a very strong international competitiveness. The RCA value for rare Earth articles have seen a declining tendency in recent years. The resultant weakened competitiveness was mainly caused by China’s industrial policies. In 2005, The Chinese government released a series of policies, for instance, the Notice on Adjusting the Export Tax Rebate Rate of Some Articles and the Catalogue for Industrial Structure Adjustment, to regulate the export volume of rare Earth. It led to a rise of 80,000 Yuan in rare Earth prices between 2004 and 2006, an increase of nearly three folds. In 2011, the Chinese State Council issued Several Opinions on Promoting the Sustainable and Healthy Development of Rare Earth Industry. In the same year, the Ministry of Land and Resources amended the relevant policies on rare Earth exploration and mining, resulting in a significant reduction in the number of rare Earth mining enterprises, output and export volume. The RCA value, which measures the international competitiveness of strategic and critical mineral articles, is mainly determined according to export data. Accordingly, the international competitiveness of rare Earth articles has decreased. The establishment of Guangdong Rare Earth Industry Group in 2012 heralded the industrial reconstruction of China’s rare Earth sector. For the intensive management of rare Earth industry and formation of RE industrial cluster, similar measures were taken in the major rare Earth producing provinces of China, such as Fujian, Inner Mongolia and Jiangxi. The restructuring of domestic rare Earth sector encourages RE manufacturers to increase their investment on the R & D of high-end application industries. The preliminary effects brought by these policies led to a decline in the international competitiveness of domestic rare Earth articles.
Chromium articles. Accounting for around 10% of the world’s exports from 2000 to 2018, China’s chromium articles had strong international competitiveness. The RCA value for chromium articles between 2000 and 2010 remained around 1. With its RCA value exceeding four in 2011, it became the most competitive industry among the 11 strategic and critical mineral articles. After 2011, the RCA value of chromium articles, which remained to be higher than 1 except in 2016 and 2018, showed a downward trend. It can be concluded that chromium articles had strong international competitiveness in the large part of 2000–2018. The underlying reasons for the competitiveness evolution can be accounted from the following two aspects: The first is the military intervention of the European Union and the United States in Libya, which raised global demand for the mineral and pushed up its price. The second is the formation of industrial clusters. Chromium is mainly used in stainless steel industry. Recent years have seen the formation of stainless-steel industrial clusters in some provinces of China, for instance, Shanxi, Shandong and Guangdong, with their respective development focus and characteristics. The output of China’s chromium articles industry in 2017, in particular stainless-steel industry, exceeded half of the world output of the same year. In terms of industrial distribution and output, the large-sized chromium industry of China has strong international competitiveness.
Tungsten articles. As one of the few countries with a complete tungsten industrial chain, China has been in a dominant position in tungsten mining and primary processing for a long time. Widely used in strategic emerging industries, including aerospace and automobile sectors, tungsten articles are an important support for downstream high-end industries. The tungsten exports of China increased from 12.18% in 2000% to 23.49% in 2018, with a two-fold increase. In 2007, China surpassed the United States in tungsten exports, becoming the largest tungsten exporter in the world. The competitiveness evolution for China’s tungsten articles is generally stable. The rising proportion of China’s tungsten exports is mainly due to the gradual decrease in developed economies, in particular, the United States and Japan. The recent years have seen a downward trend in the RCA value of tungsten articles in spite of its relatively stable evolution of within [0.8, 2]. This corresponded to the declining product density and significant fluctuations after 2002.It demonstrated that the development environment of China’s tungsten manufacturing industry had been affected by adverse factors. Currently, tungsten mines are confronted with problems like resource depletion and soaring costs. Focusing on the manufacturing of low- or medium-end tungsten articles, the existing tungsten enterprises are short of industrial competitiveness. Lack of sophisticated sewage treatment technology complicated the statement of China’s tungsten manufacturing industry.
Antimony articles. With the largest antimony reserves in the world, China has a dominant advantage in the export of antimony articles. The evolution of RCA value for antimony articles shows the declining competitiveness of China’s antimony industry. The following are the major reasons: The first is the industrial policy of China. In accordance with The Total Export Quota of Agricultural and Industrial Articles, the Ministry of Commerce imposed quota restrictions on the export of antimony articles. A high export tariff resulted in a high export cost. The second is weak market regulation. The lax supervision led to the rampant smuggling of antimony articles, which in turn caused chaos in the domestic antimony articles market (Yuan and Liu, 2017). The third is the backward antimony smelting and processing technology. The industry of antimony articles is facing the challenge of industrial transformation and upgrading.
Fluorite articles. China has long been a leader in its fluorite output. The fluorite output of the country in 2019 reached 3.65 million tons, accounting for 54% of the world. As an important raw material for the development of emerging industries, fluorite articles have wide applications in the industries of steel and construction materials. The changing tendency of RCA value showed a downward competitiveness of China’s fluorite articles, in particular, in the early stage of the development of fluorite product industry. Loose regulation of fluorite mining resulted in over-exploitation. As a consequence, a large number of fluorite resources have not been fully mined and utilized. Due to unsophisticated R&D and processing technology, the price for fluorite articles has long been low. In recent years, China tightened the policy of exporting fluorite articles for a sustainable development of fluorite industry and efficient supply side order. As a result, the competitiveness of fluorite articles decreased year by year.
Tin articles. China is one of the countries with abundant tin resources in the world. With the rapid development of emerging science and technology, tin-related raw materials have found ever-wider applications in economic development. The supply of tin resources can hardly keep pace with the demand due to the fast economic growth. On the basis of the RCA variation tendency of tin articles, we know that the international competitiveness of China’s tin articles showed an obvious downward trend. The underlying reasons include: The first is the high demand for tin resources facilitated by the fast development of domestic aerospace industry. As a consequence, the imports of tin and its articles soared. The second reason was rooted in the tin industry itself. Large tin enterprises in China, in spite of their strong international competitiveness, have not played an active role in driving the industry. Currently, most of domestic tin enterprises can be described to be “small-size, extensive operation and chaotic management”. The third reason rested with the regulation policy. The Tin Industry Standard Conditions document clearly stipulates the size of tin mines and their environmental requirements and restricts the export and output of tin resources from the supply side.
Zirconium articles. As a country short of zirconium resources, China is the largest consumer and importer of zirconium resources. Over 85% of its zirconium is imported from other countries. From the RCA change trend of zirconium articles, we can that the international competitiveness of zirconium articles in China is weak. The weak competitiveness of zirconium articles is mainly affected by trade and industry. The monopoly of zirconium in the international market restricted the development of zirconium-related industries in China. Recent years have seen a drastic decrease of zirconium output in China. China is short of sophisticated zirconium-related technology, which led to the weak competitiveness of China’s zirconium articles industry.
Cobalt articles. Cobalt materials are widely used in the fields of metallurgical industry and new energy. The demand for cobalt has increased dramatically in China, a country with scarce cobalt resources. With the rise of new energy industries, the cobalt industry has developed rapidly. The RCA of cobalt articles between 2000 and 2018 was lower than 0.8. The weak competitiveness of cobalt articles can be explained from the aspects of industry and trade. China’s cobalt industry has been confronted with the following challenges: The first is the scarcity of cobalt resources in China. In accordance with the report released by the United States Geological Survey (USGS), the proven cobalt resources in China are less than 0.5% of the world. The rapid economic development of China has a huge demand for cobalt resources. Moreover, it is extremely difficult to outsource cobalt in other countries. The second was rooted in the structural deficiencies of cobalt enterprises. The industrial structure was short of integration. The third rested with the trade monopoly of cobalt resource by a small number of transnational enterprises. The cobalt enterprises of China are up against insufficient technological innovation and low production efficiency.
Lithium articles. As a “new material in the 21st century”, lithium has found wide application in the industries of battery and aerospace. In spite of its large reserve in lithium resources, China has weak international competitiveness in lithium industry. China’s lithium industry is faced with a lot of difficulties: small production scale, high cost, outdated mining and beneficiation technology. 74% of the lithium raw materials are imported from other countries. The integration of lithium resource industry chain in the upstream and downstream as well as across regions is not high.
Nickel articles. Nickel is an important material for economic development. The nickel reserve of China accounts for around 3.1% of the world. The weak international competitiveness of nickel articles is mainly affected by trade and industrial factors. In January 2020, Indonesia issued a policy to restrict its nickel export, and China as a nickel-mine imported country, this policy has caused an increase in nickel articles cost; in terms of industry, in response to the reduction of the export tax rebate rate of nickel articles, most nickel articles enterprises in China reduced the export price of nickel articles. The consumption of nickel resources in China is much faster than the output growth, resulting in a high dependence on imports, Even the import of nickel has reached 80% in recent years, increasing the cost of nickel articles in China.
Uranium articles. The total amount of uranium discovered in China is relatively small and highly dependent on importing from foreign. As a strategic and critical mineral in China, Uranium mine plays an important role in the nuclear industry. From 2000 to 2018, the RCA of uranium articles is lower than 0.8. It can be concluded that the international competitiveness of China’s uranium articles is weak. To explain this phenomenon from the industrial point of view, China is short of uranium resources and highly dependent on importing uranium from abroad. Since 2001, it has almost been in the net import state and the production cost of uranium articles is high. China’s industry is in quality improvement transition period. With the escalation of Sino-US trade conflict, the strategic and critical mineral articles industry is greatly affected by the pre-policy effects.
On the basis of the above analysis of the 11 minerals, we have the following findings: The international competitiveness of rare Earth articles is strong, but the overall competitiveness evolution trend is declining; The performance of chromium articles is strong; The performance of tungsten articles is strong, but there is still a steady downward trend; Antimony, fluorite and tin articles continue to decline to a weak state. Zirconium, cobalt, lithium, nickel and uranium have been in a weak state.
3.3 Possibility of industrial transformation and upgrading for strategic and critical mineral articles from the perspective of product space
Product space theory believes that RCA value is directly proportionate to the possibility of industrial transformation and upgrading. The RCA value and density are applied as two indicators to measure the possibility of transformation and upgrading of the industry. RCA indicator is an important indicator to measure the international competitiveness of an industry. The larger the RCA indicators, the stronger the international competitiveness of the industry. The industries with RCA >2.5 are classified as very competitive; those with 1.25 < RCA <2.5 are classified as competitive; those with 0.8 < RCA <1.25 are classified as weak; and those with RCA <0.8 are very weak (Liu, 2002). The density shows the similarity between a particular industry and its adjacent sectors. The higher the density, the closer the specific product is to the adjacent articles with comparative advantage, which is conducive to the transformation and upgrading of the industry. A density of 0.75–1 shows the product has very strong transformation and upgrading capability; A density of 0.5–0.75 shows the product has strong transformation and upgrading capability; A density of 0.25–0.5 shows that the product has weak transformation and upgrading capability; a density of lower than 0.25 shows that the product has very weak transformation and upgrading capability (Chen and Huang, 2020).
This paper selects the data of strategic and critical mineral articles in 2017 and discusses the possibility of transformation and upgrading on the basis of their values of RCA and density. As shown in Table 3, Chromium articles have strong international competitiveness and density is very low, which proves that chromium articles will maintain a competitive advantage in the future, but their product transformation and upgrading ability will be limited; the international competitiveness of antimony and tin articles is very weak and the density is low. It can be seen that these two articles are less likely to be transformed and upgraded into articles with international competitive advantages; tungsten and rare Earth articles have weak international competitiveness and low density. It can be obtained that these two articles have good prospects for industrial upgrading, transformation and development, which is conducive to maintaining the existing international competitive advantage; fluorite articles have very weak international competitiveness and high density, it is likely to be transformed and upgraded into articles with international competitive advantages in the future; zirconium, cobalt, lithium, nickel and uranium articles have very weak international competitiveness and density is zero. It can be concluded that the transformation and upgrading ability of these five products in the future is very weak.
TABLE 3 | The analysis form of strategic and critical mineral articles transformation upgrade.
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4.1 Conclusion
On the basis of the data of strategic and critical mineral articles (by courtesy of the UN commodity trade statistics 2000–2018 database), this paper investigates the international competitiveness of 11 strategic and critical mineral articles and their possibility of industrial transformation and upgrading by calculating RCA, density, import and export shares with the product space theory. The major conclusions are as follows: The international competitiveness of China’s 11 strategic and critical mineral articles declined as a whole from 2000 to 2018. Among them, the competitiveness of cobalt, nickel, zirconium, uranium and lithium articles was weak while that of tin, fluorite, antimony and rare Earth articles decreased significantly. In spite of a downward trend, the international competitiveness of tungsten and chromium articles was strong; Strategic and critical mineral articles are located in the midstream of the industry. The research of Xu and Yang (2019) proves the presence of weak competitiveness in the middle industrial chain of rare mineral industry. The competitiveness evolution trend of strategic and critical mineral articles conforms to this conclusion. From the perspective of product space, this paper verifies that the international competitiveness of strategic and critical mineral articles is affected by factors of policy, trade, industry and market; On the whole, China’s dependence on foreign countries’ supply of strategic and critical mineral articles has increased year by year. With rising imports and decreasing exports, China has become a major importer of strategic and critical mineral articles in the world. The overall international competitiveness shows a downward trend. Among the 11 strategic and critical mineral articles, the weak competitiveness of cobalt, nickel, zirconium, uranium, fluorite and antimony is mainly due to the shortage or depletion of relevant mineral resources. Thanks to the complete industrial chain and relatively sophisticated industrial clusters in China, tungsten and chromium articles demonstrate strong competitiveness. The declining competitiveness of rare Earth articles is mainly affected by China’s domestic policies.
4.2 Recommendations
The international competitiveness of China’s strategic and critical mineral articles experienced a downward trend from 2000 to 2018. Some mineral articles' international competitiveness, industrial transformation and upgrading ability have poor performance. As the basis for the development of strategic and critical mineral industry, strategic and critical mineral articles need to have strong international competitiveness before high-tech articles. Otherwise, the layout of the strategic and critical mineral industry would rely heavily on the global industrial chain of multinational corporations. For the formation of sustainable and strong competitiveness in the international market, it is important to take targeted measures to tackle the problems faced by mineral industries. On the basis of the above analysis, we put forward the following policy suggestions to improve the international competitiveness of mineral articles and enhance their ability of industrial transformation and upgrading:
Relaxing policy restrictions and expanding the development space of strategic and critical mineral articles. Since the 1990s, Chinese government has issued a series of import and export quota policies for strategic and critical minerals, such as rare Earth and tungsten, to realize the sustainable development of mineral resources and regulate the development mode of mineral enterprises. In spite of their immediate results, these policies limited the international competitiveness of mineral enterprises. When formulating industrial development policies, the government is advised to give a certain buffer space for industrial adjustment and development. For example, the government delays the implementation of policies for specific mineral industries, issues an import and export or production quota policy, and gives the industry a certain buffer time, which is conducive to the mineral enterprises to timely adjust the production scale and production plan and reduce the negative impact of the policy; Due to the gradually declining added values of the upstream, midstream, and downstream sectors of strategic and critical mining industries, downstream industries with higher added value are often encouraged to develop. While giving priority to the development of high-tech industries, the macro-control policies of the government should reserve enough development space for midstream industries, such as mineral articles. The financing restrictions of strategic and critical mineral articles enterprises should be relaxed, which is conducive to promoting the production enthusiasm of domestic small and medium-sized enterprises and encouraging competition in the mineral industry.
Encouraging corporate innovation for the rising competitiveness of strategic and critical mineral articles. China’s strategic and critical mineral articles faces the problems of unsophisticated technology and low efficiency, which leads to their declining competitiveness. Moreover, they increase the difficulty of industrial transformation and upgrading. Only by taking innovation as the development orientation of mineral enterprises, can the product industry seize the development opportunity and enhance its international competitiveness. These policies include: encouraging technological innovation of enterprises, strengthening product R and D, introducing high-tech talents, and increasing government support for innovative enterprises; promoting international cooperation between China’s strategic and critical mining enterprises and global mining enterprises. With the help of foreign rich mineral resources and advanced technology, develop domestic strategic and critical mineral industry, so as to realize the transformation and upgrading of mineral articles; large enterprises, which have strong innovation capacity, plenty of capital and information, should be encouraged to lead the development of small- and medium-sized enterprises. It is conducive to the healthy and innovative development of the strategic mineral industry.
Formation of industrial clusters to increase the economic benefits of the strategic and critical mineral articles industry. In terms of their geographical distribution, the rich mineral resources of China are unevenly distributed. The formation of industrial cluster of mineral enterprises can greatly strengthen the division of labor, cooperation and production efficiency of the upstream, middle and downstream industries. The specific policies can be: By reducing the cost of transportation and communication, industrial clusters can effectively improve the production and cooperation efficiency of mineral enterprises, Industrial clusters lead to the pooling of information, which increases the possibility of industrial transformation and upgrading. The pooling of information, talents and capital encourages the concentration of expertise and technology. With an important role in enhancing the international competitiveness of the industry, the integration of mineral resources improves the development efficiency of the mineral articles industry. At the same time, the role of carbon pricing mechanisms as an economic incentive in the economic transformation of the energy industry is used to contribute to the achievement of carbon neutrality by 2060 and international climate change.
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