[image: image1]Evolution of the Anthropogenic Gallium Cycle in China From 2005 to 2020

		ORIGINAL RESEARCH
published: 11 July 2022
doi: 10.3389/fenrg.2022.944617


[image: image2]
Evolution of the Anthropogenic Gallium Cycle in China From 2005 to 2020
Hongxiang Jia1, Yanjing Zhou2, Anjian Wang1*, Gaoshang Wang1*, Tianjiao Li1, Chunhui Wang3, Wanli Xing4, Zhe Ma1 and Pengyuan Li1
1Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing, China
2Institute of Materials Industry, China Center for Information Industry Development, Beijing, China
3China University of Geosciences, Beijing, China
4Development and Research Center, China Geological Survey, Beijing, China
Edited by:
Zhi Cao, University of Antwerp, Belgium
Reviewed by:
Peng Wang, Institute of Urban Environment (CAS), China
Qindong Yang, Institute of Geographic Sciences and Natural Resources Research (CAS), China
* Correspondence: Anjian Wang, ajwang@cags.ac.cn; Gaoshang Wang, pacificw@sina.com
Specialty section: This article was submitted to Sustainable Energy Systems and Policies, a section of the journal Frontiers in Energy Research
Received: 15 May 2022
Accepted: 17 June 2022
Published: 11 July 2022
Citation: Jia H, Zhou Y, Wang A, Wang G, Li T, Wang C, Xing W, Ma Z and Li P (2022) Evolution of the Anthropogenic Gallium Cycle in China From 2005 to 2020. Front. Energy Res. 10:944617. doi: 10.3389/fenrg.2022.944617

Gallium is deemed to be a critical mineral given its irreplaceable use in consumer electronics and clean energy technologies. China has become a significant consumer of gallium while also playing a leading role in global gallium production, accounting for more than 90% of the world’s primary output in recent years. However, the quantification and evolution of China’s gallium cycle is limited until now. This study aims to uncover the dynamic flows and stocks of gallium in China during the period of 2005–2020. The results reveal that: 1) From 2005 to 2020, China’s gallium demand increased more than 20-fold, as a result of the booming semiconductor industry and the surging use of gallium in some low-carbon technologies; 2) despite the inefficient recovery issues existed in the production stage, the supply of gallium extracted as a byproduct grew in tandem with the capacity of alumina production, resulting in a significant supply surplus of 948 t by 2020; 3) China exported nearly half of its gallium mainly as raw materials and final products, but still experienced a high reliance on imported gallium-containing intermediate products from abroad, such as integrated circuits; 4) the generations of in-use stocks and end-of-life flows of gallium have accelerated since 2005 and reached about 278 t and 169 t in 2020, respectively. These indicate a large amount of available secondary gallium resource, with nonexistent recycling. The results provide a basis for identifying gallium extraction, use, loss and recycling within its anthropogenic cycle in China, as well as guidance for stakeholders to make future decisions concerning ways to improve resource efficiency and promote sustainable gallium practices from a dynamic material cycle perspective.
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1 INTRODUCTION
Today, the global energy system is undergoing a dramatic transition from fossil fuels to clean energy in response to the sustainable development goal of combating climate change in line with the Paris Agreement (UNFCCC, 2015). To realize a low-carbon future, many countries have committed to reduce their greenhouse gas emissions to net zero by the middle of this century, which necessitate massive deployment of a wide range of renewable energy technologies such as electric vehicles and battery storage, wind, and solar photovoltaics. Critical minerals have thus played a vital role in the emergence of such clean energy technologies in a decarbonizing world (World Bank, 2020; IEA, 2021). Gallium is an essential scarce metal that has many irreplaceable applications in a variety of industries including aerospace, chemical, medical, military, optoelectronics, telecommunications, and nuclear due to its unique physical and chemical properties (Moskalyk, 2003; Gray et al., 2005). With the accelerating pace of economic development and technological innovation, gallium is becoming one of the most important ingredients for developing key emerging technologies that modern society relies on, such as high-speed wireless communication, energy-efficient lighting, electric vehicles, solar photovoltaics, and wind power (Buchert et al., 2012; Elshkaki and Graedel, 2013; Redlinger et al., 2015). Consequently, gallium consumption has increased rapidly in recent years due to its widening and increasing use in high-tech fields and criticality for the low-carbon transition (Roskill, 2014; U.S. Geological Survey, 2018). Driven by global demand, primary gallium production has grown at a rate of 7% per year on average over the past decades, much faster than most industrial metals (Frenzel et al., 2016). It will almost certainly need to maintain this rate of expansion in order to fulfil the fast-increasing demand for the expanding population and economic growth (Peiró et al., 2013; Frenzel et al., 2017). There are, however, a few countries that possess large reserves of gallium, including China, the United States, Japan, Korea, Germany, and Russia. In particular, China is the world’s top producer of gallium, accounting for 96% of the worldwide supply in 2019 (U.S. Geological Survey, 2021). In the view of the high economic importance and concerns about its supply security, gallium is listed as a critical mineral in the European Union (European Commission, 2011, 2014, 2017, 2020), the United States (U.S. Department of Commerce, 2017), Japan (Hatayama and Tahara, 2015), China (CMLR, 2016), and other economies. In this regard, increasing research have been conducted to determine whether future availability of gallium will hinder the sustainable development of its related industries. Academically, recent assessments of metal supply risk and criticality have indicated that gallium is among those critical materials that are vital to domestic economy, susceptible to supply constraints, and facing a problematic substitutability (Nassar et al., 2015; Hayes and McCullough, 2018; Graedel and Reck, 2016; Fu et al., 2018; Yan et al., 2021). However, among the criticality-related indicators adopted, most studies focus on the geopolitically concentrated production and by-product nature as major determinants (Graedel et al., 2015; Ioannidou et al., 2019; European Commission, 2020). While these previous criticality assessments can provide an intuitive comparison among elements, they are limited in reflecting the true level of criticality. This point was proved by Wang et al. (2020) who quantified the flows and stocks of China’s europium and found the critically of europium is not as severe as previously assessed due to its decreasing demand. As such, their research suggested that the identification of supply risks should not only be based on indicators such as supply concentration and by-product dependence, but also examine the actual mineral supply situations by tracing the changes through supply chain analysis of critical minerals. A recent study by Løvik et al. (2016) explored the linkage between by-product and host metals and pointed out that future availability of gallium is not limited by geological reserves, but by the production of aluminum. According to their findings, there may be a trade-off between supporting ambitious closed-loop recycling, material efficiency methods, and a potential gallium supply crisis in the future. As a result, more rigorous and thorough information for a holistic and dynamic perspective on the critical mineral’s whole supply chain (from production, consumption, loss, stock to end-of-life recycling) is clearly required to address concerns about potential supply shortages, supply security, resource efficiency, and future recycling potential. In order to provide valuable insights on these aspects, it is crucial to quantify the anthropogenic flow of a mineral through each stage of its life cycle, as underlined by many studies (Song et al., 2019; Watari et al., 2020; Zeng et al., 2020; Zhou et al., 2021).
Material flow analysis (MFA) is demonstrated to be an effective tool to provide insights for sustainable resource management by tracking the stocks and flows of minerals in a given temporal-spatial boundary (Chen and Graedel, 2012; Graedel, 2019; Islam and Huda, 2019). This method has been used extensively to explore the supply and demand relation for a number of bulk metals including iron (Li et al., 2018), copper (Zhang et al., 2017), aluminum (Liu and Müller, 2013), nickel (Zeng et al., 2018), lead (Liu et al., 2016), zinc (Meylan and Reck, 2017), and tungsten (Tang et al., 2020). Though there have been numerous studies describing the flows and stocks of critical by-product minerals, such as Lithium (Ziemann et al., 2012; Sun et al., 2018), cobalt (Chen et al., 2019; Sun et al., 2019), chromium (Gao et al., 2022), indium (Werner et al., 2018; Zhou et al., 2021), REEs (Du and Graedel, 2011; Ciacci et al., 2019; Geng et al., 2020), platinum (Rasmussen et al., 2019), and tantalum (Nassar, 2017), existing literature on the life cycle of gallium is limited. A survey of the literature revealed only five MFA studies on gallium. The earliest one was conducted by Yaramadi Dehnavi who developed the first quantification model of gallium flow at global level in the year 2010 from production, consumption to potential recycling (Yaramadi Dehnavi, 2013). Subsequently, a global assessment mainly focused on gallium’s extraction, use, and loss as part of its anthropogenic cycle in the year 2011 was provided (Licht et al., 2015). Løvik et al. (2015) performed a comprehensive analysis of the global gallium cycle in 2011, providing detailed statistical data and technical parameters. They further pointed out that to meet the growing gallium demand in the future, there is a need to increase primary production and improve material efficiency across the system. Based on the global framework, Meylan et al. (2017) traced gallium flows in the United States in 2012, but the purpose of their research was to assess the reliability of MFA results by exemplifying flows of three minor metals that are often considered critical. Finally, the latest study by Eheliyagoda et al. (2019) focused solely on predicting the possible end-of-life gallium waste generation in China until 2050 using linear regression and scenario analysis methods. In addition, there have also been a few attempts to track the current availability and potential future supply constraints of gallium (Frenzel et al., 2016; Song et al., 2022). These studies lay the groundwork for a better understanding of the gallium cycle. However, the existing MFAs on gallium provided only static results at the global level and the national scale of the United States, leaving the shifts and dynamics of gallium flows unclear. As the world’s largest producer and consumer of primary gallium, no comprehensive assessment of China’s gallium flows and stocks has been published yet. Therefore, the objective of this study is to use a dynamic MFA method to model the time-varying evolution of gallium flows and stocks through its main life cycle stages over a period of 2005–2020 in China. Our findings may provide valuable insight into China’s gallium flow structure and recycling possibilities, assisting decision-making.
As for the remainder of this paper: the MFA framework, accounting method, and data sources are described in Section 2. In Section 3, we provide results of an overview of the gallium cycle, as well as details on production, consumption and trade trends. Then comes a detailed examination of dynamic shifts in the in-use stock and end-of-life flows, a discussion of the prospective recycling capacity and an evaluation of uncertainty. Finally, Section 4 draws conclusions and raises policy recommendations.
2 METHODS AND DATA
2.1 System Boundary
Figure 1 depicts the system boundary of this study. The spatial boundary is defined as mainland China excluding Hong Kong, Macau and Taiwan. Due to data availability, the period from 2005 to 2020 is set to be the temporal boundary, which is enough to capture the development and evolution of gallium utilization in modern industry. The entire life cycle of gallium in the anthroposphere can be divided into six principal stages: mining, smelting, refining, manufacturing, use and waste management, as shown in Figure 1. Gallium flowing through these stages in commodities include ores, metals, gallium-contained intermediate products, final products, wastes, and scraps.
[image: Figure 1]FIGURE 1 | Material flow analysis framework for gallium cycle.
Gallium is commonly recovered as a by-product from alumina or zinc processing (Schulte and Foley, 2014), but probably the purpose of processing gallium-contained minerals is not to get gallium. More than 95% of China’s primary gallium was sourced from bauxite for alumina production via the Bayer process, with the remaining produced from the hydrometallurgical process during the extraction of zinc (U.S. Geological Survey, 2018). Therefore, we mainly concentrate on the gallium extraction in the Bayer process as it represents the major source of gallium in this study. Fly ash from coal combustion in power plants, phosphate ores, and aluminous clay stone and mudstone are also plausible sources (Lu et al., 2017), but this study does not address any of these due to their lack of commercial relevance.
2.1.1 Mining
The model begins with the amount of bauxite exploited from the mine. Since there is no existing information on the exact gallium quantities extracted from the lithosphere, it is possible to estimate the total amount of gallium extracted in the mining stage with gallium concentration in bauxite. However, not all mined bauxite that for alumina production are bound to be used in gallium cycle. Therefore, the gallium input in the bauxite production is calculated bottom-up by using the production of primary gallium, gallium content in bauxite and the recovery rate during the mining process. The amount of gallium recovered from the underground and open-pit mines of bauxite is estimated with an average recovery rate of 90% Ministry of Industry and Information Technology of the People’s Republic of China (MIIT), 2013).
2.1.2 Smelting
Bauxite is delivered to the alumina smelter to get by-product gallium via the Bayer process. In the Bayer process, bauxite is dissolved under high temperature in a caustic soda solution, which is the so-called Bayer liquor (Zhao et al., 2012). A portion of gallium clumps in the Bayer liquor, with the rest ending up in a poisonous residue known as “red mud” or in the form of impurities entering the aluminum cycle. Within the Bayer process, the mother liquor containing gallium is recycled in a closed loop. The commonly used method to extract gallium from the Bayer liquor at industrial scale is the ion-exchange resin technology with an average recovery efficiency of 46.5% (Lu et al., 2017).
2.1.3 Refining
The production of 99.99% (4N) pure gallium in the refining stage refers to the primary production, excluding production from scraps. Crude gallium is obtained by smelting and refining of the metal to higher purities (i.e., 6N, 7N) for the electronics industry and communication field is achieved through a combination of methods. At present, high purity gallium is mainly prepared by fractional crystallization and directional crystallization. Considering that the discarded material would be reintroduced in the process chain, the overall yield of purification by crystallization is close to 100% (Yamamura et al., 2007). In the refining stage, there is a stock that fits the characteristics of the Chinese market. The differences between inflows and outflows reflect net changes in stockpiles of refined gallium.
2.1.4 Manufacturing
In the form of metals or gallium-containing compounds, refined gallium is processed to manufacture intermediate products. Common gallium compounds include gallium arsenide (GaAs), gallium nitride (GaN), gallium phosphide (GaP), and copper indium gallium diselenide (CIGS). These are necessary ingredients either for growth of single crystal ingots that would be cut into wafers or for preparing monocrystal film during semiconductor devices production process (Kramer, 1988). As an alloying element, gallium is often added less than 1% of the mass in rare earth magnetic materials for minor improvements of magnetic properties and corrosion resistance (Butcher and Brown, 2014). Low melting point alloys, catalysts, optical glasses, tooth filling materials, and piezoelectric materials are some of the other uses for gallium. The four major gallium-containing industrial uses, which account for more than 90% of gallium usage worldwide and in China, are light emitting diodes (LEDs), integrated circuits (ICs), neodymium iron boron (NdFeB) permanent magnets, and CIGS thin-film photovoltaics (PVs) (Roskill, 2014; U.S. Geological Survey, 2018). The fabrication of GaAs/GaN compound semiconductors, so called wafers, consists of a few microns’ thick epitaxial deposition layer on top of the much thicker substrate. GaAs/GaP-based LEDs and ICs are mainly processed on GaAs substrates, while GaN-based LEDs are produced on the substrates of sapphire, silicon carbide (SiC) or silicon. The whole process of semiconductor manufacturing produces a lot of waste due to backgrinding of the substrates, deposition of epitaxial layers, and trimming, etching, and polishing of wafers, a portion of which is recycled as new scrap in closed loop (Izumi et al., 2001; Ho et al., 2006). As for the manufacturing of NdFeB magnets, gallium is often added in a small amount to improve the performance and corrosion stability of magnets, with final material losses of 20–40% (Binnemans et al., 2013). Recycled gallium in the manufacturing stage may be further refined entering the processing chain.
2.1.5 Use
In the use stage, gallium-containing final products are grouped into eight end-use sectors: general lighting, consumer electronics, home appliances, vehicles, general machineries, wind turbines, equipment, CIGS and others. For consumer electronics, they include mobile phones, computers (desktop PCs, laptops and tablets), and other CEs (digital cameras, camcorders, CD/DVD players, car liquid crystal display (LCD) screens and navigation systems); and for home appliances, LCD televisions, washing machines, refrigerators, and air conditioners are included. Ordinary car and new energy automobile are classified into vehicles; equipment include industrial robots and energy-saving elevators.
For this stage estimations, the inflow can be defined as supply of gallium assigned to distinct end products applying a bottom-up method, as shown in Section 2.2.1. When finished products approach the end of their useful lives, the gallium incorporated in them is either collected for further treatment or formed into in-use stocks.
2.1.6 Waste Management
The end-of-life products can be theoretically recycled for secondary gallium resources in the waste management stage. Typical recycling techniques, on the other hand, promote the recovery of bulk metals and some precious metals, whereas gallium would wind up in the waste stream and end up in the environment. These gallium-containing wastes will be treated with general waste management such as landfill and incineration. Since there is minimal data on the recycling of gallium-bearing end products, the end-of-life flows are classified as non-recoverable wastes entering the environment.
2.2 Accounting Method
Methods are presented here for calculating the flow and stock of the gallium cycle. Gallium flows of the entire cycle are balanced according to the law of conservation of mass (Brunner and Rechberger, 2017). Accordingly, the total gallium inputs into each stage equals the total gallium outputs, plus any stock changes in this stage. Data for all flows and stocks in this study are expressed in gallium metallic equivalent unless otherwise noted.
2.2.1 Quantification of Domestic Gallium Transformation and Loss
Gallium embedded in mined bauxite from the lithosphere is transformed into metal (refined gallium) and subsequently changed into compounds, processed into intermediate products. These products are further assembled into final products that are used in human society, and are eventually discarded when reaching their service life. The incoming and outgoing flows through each stage of gallium cycle can be calculated using the following equations:
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where [image: image] and [image: image] are the inflows and outflows of gallium from stage x in year t (2005–2020), respectively; [image: image] is the production data expressed in either mass or number from stage x in year t; [image: image] is the gallium content; [image: image] is the material yield rate of gallium from stage x. Whenever domestic output data are not available, back calculations are conducted using a bottom-up method based on the combination of statistics of final products and relevant coefficients.
The gallium inflows into final products are determined by combining production statistics, market share of Ga-containing products, and gallium content per unit, which is shown in Eq. 3:
[image: image]
where U refers to the use stage; [image: image] represents the inflow of gallium in end products in year t; [image: image] is the output of Ga-containing end products for the year specified, which is expressed in numbers; [image: image] is the penetration rate of Ga-containing end products in the market in year t; [image: image] is the gallium content of each end product.
Using the output data and corresponding material yield rates, losses at different stages of the gallium cycle are directly calculated with Eq. 4:
[image: image]
where [image: image] is the loss of gallium from stage x in year t. Minor dissipative gallium losses into the environment from gallium-containing products are also present in the use stage, which are not addressed in this study.
2.2.2 Calculation of Gallium-Containing Commodities International Trade
According to the life cycle framework of gallium (Figure 1), a list of traded commodities is identified, which is shown in Supplementary Table S1. Trade flows were estimated by combining the number (or mass) of commodities containing gallium with corresponding content coefficient per commodity (or mass fraction), and market penetration rate, as shown in the following equations:
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where m is the different categories of gallium-containing commodities traded; [image: image] and [image: image] are the quantity of gallium in import and export, respectively; [image: image] and [image: image] are the amount (in number or mass) of imported and exported gallium-containing commodities, respectively.
2.2.3 Determination of Recycling Flows
For LEDs and ICs, new scraps are generated in two ways: one from the GaAs substrate processing waste, and the other from the semiconductor device manufacturing process, both of which can be recycled internally. On the other hand, the PV processing scrap is also served as possible source of gallium recycling, while gallium is not recycled from the magnets processing scrap. The recycling flows of gallium embedded in new scraps from the manufacturing stage are given by the following equation:
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where [image: image] is the recycled gallium from m-category intermediate product in year t; [image: image] is the total gallium flow into m-category intermediate product in year t; [image: image] is the material yield rate in the production of substrate or sputtering deposition for PV; [image: image] is the material yield rate in the production of semiconductor device; [image: image] is the collection rate of substrate production or sputtering deposition scraps; [image: image] is the collection rate of backgrinding, dicing and polishing scraps from semiconductor device manufacturing.
Considering a lack of statistics for end-of-life gallium in China, the recycling flows of gallium-containing old scraps recycled from the waste management stage cannot be quantitatively obtained.
2.2.4 Estimation of Gallium Stocks
By quantifying the inflow and outflow of the refining stage, we identified a gap in which the outflow is less than the inflow from primary resource and recycled new scrap of gallium. Therefore, we inferred this gap as the stockpile of refined gallium in the light of the mass conservation principle. Stocks in the manufacturing stage are ignored since they are considered stationary over a year (Gao et al., 2022).
In the use stage, the stock is defined as in-use stock referring to the accumulation of materials in the anthroposphere as end-use products (Gerst and Graedel, 2008; Müller et al., 2014). A top-down method is used to determine the in-use stock by quantifying the distinction between input and output flows with Eqs. 8–10:
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where Sm,t0 and [image: image] refer to the in-use stock of product m in the initial year t0 (2005) and the specified year t, respectively, and we assume [image: image] is to be zero; [image: image] represents the flow of gallium from product m into the usage phase in year t; [image: image] represents the obsolete gallium in product m into the waste management phase in year t; [image: image] is the consumption of product m in year t, which is the apparent consumption disregarding products manufactured but not marketed; [image: image] is the likelihood that product m will be discarded after k years’ lifespan, and it is estimated using the Weibull or the Normal distribution (Melo, 1999). Supplementary Table S2 lists detailed parameters for each type of commodity in relation to the distribution type, which is used to simulate the creation of end-of-life products.
2.3 Data Sources
Gallium contents are obtained from research reports, research papers, and expert interviews, as shown in Supplementary Table S1. Yield rate, loss rate and recycling rate in the mining, smelting, refining and manufacturing stages are derived from the literature and relevant domestic metallurgical standards (see Supplementary Table S3). The data for domestic yearly output of 99.99% (4N) pure gallium in the refining stage are obtained from China Nonferrous Metals Industry Association and Antaike’s research report. The annual production data of end-use products are primarily obtained from official and industrial sources, including National Bureau of Statistics of China, Department of Consumer Goods Industry, Ministry of Industry and Information Technology, China Automotive Industry Association, and Yearbook of China Electronic Information Industry. The domestic gallium consumption distribution in “Photovoltaics” and “Others” refers to Antaike’s report (Li, 2021). Data on international trade comes from the U.N. Commodity Trade Database (UN Comtrade, 2021), which uses 6-digit HS codes, and the General Administration of Customs of the People’s Republic of China (GAC) (2005-2016) (2021), which uses 8-digit HS codes. Supplementary Table S1 shows the relevant HS code for each commodity.
2.4 Uncertainty Analysis
There is an element of uncertainty in the calculation results of this study because of different parameters incorporated into the model. Therefore, the Monte Carlo simulation was conducted to quantify the impacts of uncertainties from different input data on the gallium flows and stocks. There are three levels of uncertainty in the ranges: low, medium, and high. We assumed that the data collected directly from official statistics (e.g., domestic output and international trade) would have low uncertainties with a standard deviation of 2%. For data collected from literatures or through expert interview (e.g., coefficient of gallium-containing products), or mine production of gallium, medium uncertainties were assumed. Based on the actual situation, the standard deviation range is set at 5–10%. Those data of technical parameters during production and processing, and lifetime distribution estimated based on other data were assumed to have high uncertainties with the standard deviation varying from 10 to 15%. The impact of uncertainty on eight major results, including domestic gallium consumption, trade, refined gallium surplus, in-use stock, end-of-life flows, manufacturing loss and new scrap recycling flows are shown in Figure 10.
3 RESULTS AND DISCUSSION
3.1 Gallium Cycle
Figure 2A depicts the accumulated gallium stocks and flows along its life cycle in China during 2005–2020. Results show that the total bauxite mined in China was around 745.3 Mt (In physical quantity), with 36,519 t gallium available to be extracted theoretically between 2005 and 2020. As few alumina producers have gallium extraction facilities, exact numbers for the amount of bauxite required to extract gallium are unavailable. Therefore, a bottom-up calculation shows that only 12,660 t of the potential gallium contained in mined bauxite was actually utilized for further gallium recovery, a percentage of 35%. Around 6,583 t gallium flowed into the Bayer liquor, with nearly half of the total extraction ending up in red mud (4,811 t) and entering the aluminum cycle (1,266 t) as an impurity. Over the last 16 years, the total primary production of gallium was 3,061 t, with 3,522 t gallium lost to the environment during refining. Among the refined gallium, about 36% was exported to other countries, while almost 54% was consumed domestically in the form of finished products for diverse end purposes. From a dynamic point of view, the scale of gallium cycles in China grew significantly from 2005 to 2020, as indicated by the flow widths in Figures 2B–E. Specifically, from 2005 to 2020, the total mining production, export volume, domestic consumption of gallium increased by more than 20, 8, and 73 times, respectively. These are primarily driven by the large increases in gallium flows to LEDs (from 1 t to 203 t), integrated circuits (from 3 t to 25 t), NdFeB magnets (from 0 t to 88 t), and photovoltaics (from 0 t to 25 t).
[image: Figure 2]FIGURE 2 | Sankey diagram of (A) the accumulated gallium cycle in China during 2005–2020, and four representative 1-year cycles in year (B) 2005 (C) 2010 (D) 2015 (E) 2020 (LED: light-emitting diode; CE: consumer electronic; CIGS: copper indium gallium selenide).
It is estimated that there was roughly 948 t gallium surplus stockpiled by the Fanya Metal Exchange or the government, accounting for approximately 31% of the total gallium output. Large material losses occurred in the manufacturing process following primary production, of which LEDs (273 t) dominated, followed by NdFeB magnets (116 t), integrated circuits (80 t), and thin-film PVs (10 t). However, 521 t gallium was recycled as new scraps during the fabrication of semiconductor devices, resulting in an overall recycling rate of about 17%. Despite the fact that considerable amounts of gallium were used to make various intermediate products, only 622 t of gallium entered the use phase, representing a 38% share of the inflow. In addition, 169 t of the cumulative gallium from nine categories of abandoned end-of-life products was estimated to dissipate in landfills or disperse in other material cycles (Figure 2).
3.2 Gallium Supply and Demand Pattern
Figure 3 illustrates the supply and demand of gallium in China during 2005–2020, reflecting remarkable changes in the supply chain structure of gallium. China had a small primary production of only 18 t in 2005, most of which was exported, with roughly 27% used to meet domestic demand. From 2010 onward, the production capacity of gallium in China increased rapidly, driven by the continual expansion of domestic alumina production (Li et al., 2021) and the gradual maturation of gallium extraction technologies of some producers. As a result, the mineral supply of gallium also rose dramatically and reached a peak at 282 t in 2012, much exceeding the domestic demand. Because of the growing supply expansions but a modest demand market in the early 2010s (Liu et al., 2014), the gallium supply surplus increased to 509 t by 2012 (Figure 4A), which in turn triggered a sharp drop in the market prices of gallium since then. It should be noted that China’s gallium production experienced a significant fluctuation between 2012 and 2016 and reached its bottom at 171 t in 2016 (Figure 3). Such a fluctuation is primarily caused by the production suspension or reduction of many local enterprises due to the ongoing decline of gallium prices from an average of 4100 CNY/kg in 2011 to 875 CNY/kg in 2017 (Figure 4B), which reached a low point in 2016 (790 CNY/kg), lower than the production costs of several enterprises. Overall, the supply of gallium in China has maintained a stable growth and mounted to 363 t in 2020.
[image: Figure 3]FIGURE 3 | Gallium supply and demand structure in China during 2005–2020.
[image: Figure 4]FIGURE 4 | Historical evolution of (A) gallium supply surplus, and (B) gallium price in China.
On the other hand, owing to the late start of domestic gallium industry, China’s gallium consumption has grown much slower than production prior to 2015 (Figure 3), which is heavily constrained by downstream industries. In recent years, LEDs rapidly infiltrated the Chinese lighting market (CSSLA, 2016) as they have increasingly become the preferred technology for general lighting due to their energy-saving, cost-effective and environmentally friendly properties (Baumgartner et al., 2011; Nair and Dhoble, 2015). This technology transition from traditional lighting sources (i.e., fluorescent lamps) to LEDs stimulated gallium demand by 29 times from 2011 to 2020. Meanwhile, the rising popularity of smartphones and wireless technologies is propelling the market for wider adoption of gallium arsenide technology (Roskill, 2014), which has fueled gallium demand. Moreover, the broadening deployment low-carbon technologies in China, ranging from electric vehicles to wind turbines and solar panels, has also contributed to the soaring demand for gallium in permanent magnets and solar PVs (Guo et al., 2019) by 21 and 25 times from 2011 to 2020, respectively. As shown in Figure 2, gallium consumption in China climbed to 350 t in 2020, roughly 73 times that of 2005. During the past 16 years, approximately 70% of China’s gallium has been consumed in the semiconductor field (52% in LEDs, and 17% in integrated circuits), with a rising share in NdFeB magnets (23%) and solar PVs (4%). The remaining 4% is attributed to other uses that are not further detailed owing to a lack of data. Driven by the progressive implementation of policies and national strategies, such as “Made in China 2025”, “Outline of the 14th Five-Year Plan for National Economic and Social Development”, and “Goal for Carbon Peak by 2030 and Carbon Neutrality by 2060” (CASA, 2016; Zhao et al., 2017), gallium demand in China may further rise in tandem with the fast increasing semiconductor industry and clean energy technologies. The growing momentum for gallium demand indicates the significant implications of gallium in global low-carbon transition for the foreseeable future.
3.3 Trades of Gallium-Containing Commodities
Figure 5 depicts the trajectory of China’s international trade in gallium-contained commodities between 2005 and 2020. China is a net exporter of gallium products throughout its life cycle and has exported about 49% of gallium to the world. The annual net export of gallium kept growing, peaking at 193 t in 2018, and then showed a downward trend after 2019, with the total net export volume of gallium increasing more than eight-fold during 2005–2020. There was a net export of 33 t gallium embodied in the intermediate products, with gross imports and exports calculated to be 78 t and 111 t, respectively. However, China served as a net importer of gallium-containing intermediate products until 2012 and gradually shifted to a net exporter following its changing role in the global semiconductor manufacturing market (Li, 2016; Grimes and Du, 2022). China mainly exported raw materials (refined gallium) and end-use products. The average annual growth rate of export raw materials and end-use products reached 17 and 26% during 2005–2020, respectively.
[image: Figure 5]FIGURE 5 | Historical evolution of the trade volume of gallium in China between 2005 and 2020 (Data source: China Customs, UN Comtrade. Supplementary Table S4 contains the underlying data).
As shown in Figure 6, China had tight ties with more than fifty countries and regions in terms of exporting gallium-contained products, the majority of which were developed and developing economies. During the study period, Japan is the largest importer of refined gallium (349 t), followed by Germany (175 t), the United States (166 t), the United Kingdom (155 t), and Korea (124 t), while the majority of gallium in intermediate products flowed to China Taiwan, China Hongkong, Korea, India, and Japan. Furthermore, regarding the specific gallium-containing end-use commodities exported, general lighting accounted for the largest proportion (33%), followed by mobile phones (30%), home appliances (10%), computers (7%), and CIGS (7%). It is estimated that China’s cumulative net exports of gallium in final products were around 215 t during 2005–2020.
[image: Figure 6]FIGURE 6 | China’s accumulated export gallium flows to its key trading partners from 2005 to 2020 (Each flow is proportionate to the volume of gallium exported, and the trade flows under 1 t are not depicted in the graph. Horizontal bars indicate the top ten biggest importers of China’s gallium products).
Generally, the upstream mining and refining stages are highly resource-intensive and characterized by high environmental effects and low technological barriers. In contrast, the downstream fabrication and manufacturing stage is characterized by tech-intensive product design, manufacturing and packing with high value-added (Tang et al., 2020). It is shown that China accounted for more than 90% of the global primary production of gallium in recent years (U.S. Geological Survey, 2021), which means China produces a high percentage of upstream gallium products that have low value added and are resource-intensive. However, as a net exporter of gallium commodities, China is highly dependent on imports of processed products because of its relatively low share in downstream high value-added and tech-intensive gallium-containing manufactured goods produced domestically. For example, Chinese companies accounted for only 5% of the global market for integrated circuits in 2020 (IC insights, 2021). Even the most advanced Chinese semiconductor companies are much smaller in size and technologically lagging compared to international leaders (Li, 2021). In recent years, the increasing demand for integrated circuits in memory, communication chips, sensors and other high-end fields has promoted the import of integrated circuits in China (Fang et al., 2018). According to customs statistics, during 2005–2020, China’s trade deficit of integrated circuits increased year by year and reached a historical peak in 2018 (Figure 7A), reflecting China’s high dependence on the import of integrated circuits. Moreover, China has been the world’s largest consumer of integrated circuits since 2005, but its self-sufficiency rate was only 15.9% by 2020, with the self-sufficiency rate of some cutting-edge integrated circuits (i.e., <10 nm) almost zero (IC insights, 2021). It means that more than 80% of China’s high-end integrated circuits rely on imports from other countries and regions, including China Taiwan, Korea, Japan and the United States (Figure 7B). It is worth noting that the raw materials used to produce high value-added gallium-containing commodities in these countries and regions are mostly sourced from China as shown in Figure 6. Thus, it can be argued that China provides the global economy with high value-added products indirectly through the provision of virgin materials.
[image: Figure 7]FIGURE 7 | (A) Trade volumes of China’s integrated circuits during 2005–2020 (B) Key exporters of gallium-containing intermediate products to China during 2005–2020.
3.4 In-Use Stock and End-Of-Life Flows
Gallium in-use stock accumulation is attributed to the discrepancy between the inflows and outflows in the use phase in each year investigated. As illustrated in Figure 2, consumer electronics (including mobiles, computers and other CEs) accounted for more than 45% of gallium consumption before 2010 and has always been one of the crucial end-use sectors for gallium. As a result of the continuous growth in demand for energy efficient and low carbon applications, inflows into the general lighting, home appliances, vehicles, and CIGS sectors kept increasing. The accumulated gallium consumption has risen sharply since 2015, reaching around 556 t by 2020 (Figure 8A). Meanwhile, the in-use gallium stock expanded 56 times over the research period, with general lighting accounting for the largest share, 35% in 2020, followed by wind turbines (16%), CIGS (13%), vehicles (13%), home appliances (12%), equipment (8%), and consumer electronics (3%). Notably, the net stock accumulation of certain gallium-containing finished products was negative in a given year (Figure 8B). For example, the in-use stock of mobile phones declined in 2008, as mobile phones export remained high and the outflow of spent mobile phones was still increasing after reaching their lifespans.
[image: Figure 8]FIGURE 8 | Dynamics of (A) accumulation of gallium consumption in China during 2005–2020 (B) yearly net increased gallium in-use stock in China during 2005–2020.
Gallium end-of-life flows from various end-use sectors also increased in lockstep with domestic consumption of gallium. Figure 9 illustrates that total output of gallium scrap increased by 81% from 0.05 t in 2005 to 169 t in 2020. As the “others” sector are all expected to enter the end-of-life stream for a lack of data, consumer electronics made up the largest share of total old scrap generation (25%), as it has a larger market share and a shorter lifespan (∼4 years). The general lighting (15%) was the second largest source of old scarp because of its relatively larger inflow and shorter average lifespan (∼6,000 h), followed by home appliances (10%). Although the total amount of gallium end-of life flow grew rapidly in recent years, there is still a long way to go for China’s gallium waste management system to achieve efficient recovery of end-of-life gallium considering the current recycling situation (Eheliyagoda et al., 2019).
[image: Figure 9]FIGURE 9 | Dynamics of end-of-life gallium flows in China during 2005–2020.
3.5 Recycling Potential
An overall extraction potential of 24% for gallium was estimated in the mining, smelting and refining stages during 2005–2020, showing a low recovery efficiency of raw gallium. The total losses in these stages amount to 10,646 t, more than three times that of the primary production of refined gallium. During the Bayer process, a substantial quantity of gallium can be found in red mud (45%) or refining loss (33%). These indicate that there is still room for improving recovery in the mining, smelting and refining stages. Improving material output in the production process can significantly boost the total resource efficiency (Zhou et al., 2021; Liang et al., 2022). Notably, a considerable portion of loss occurs in the manufacturing process, including substrate production, wafer fabrication, and manufacturing of semiconductor devices (Licht et al., 2015; Løvik et al., 2015). For example, the utilization of substrate material in gallium arsenide device manufacture is inefficient, with a considerable portion of the initial generated material being wasted during processing (i.e., GaAs wafer grinding, cutting, lapping and polishing). Additionally, the waste streams contain a high concentration of dissolved arsenic, which should be handled as hazardous waste (Izumi et al., 2001; Uryu et al., 2003; Torrance et al., 2010). Therefore, more sustainable manufacturing processes are needed to be developed and adopted to improve material yield in the production processes, as well as reduce the environmental impact of gallium arsenide device manufacture.
It is widely recognized that gallium can be recycled from new scraps generated during the manufacturing of GaAs-based semiconductor devices (Eichler, 2012; Løvik et al., 2015). When it comes to recovering gallium from end-of-life products, however, the current recycling rate is less than 1% (Graedel et al., 2011; UNEP–International Resource Panel, 2011; Ueberschaar et al., 2017). The primary reason for this could be that gallium is frequently present in minute amounts in relevant fragments (e.g., printed circuit board, and LED chip) embedded and glued within the end products, posing technical challenges for recycling as well as the lack of a collecting system to recover metals of interest such as gallium (Eheliyagoda et al., 2019). As gallium has been widely used in electronics, electronic waste is becoming an excellent secondary source of gallium metal. According to previous research, China has become the world’s top producer of waste electrical and electronic equipment (Baldé et al., 2017). As a result, numerous studies have focused on recovering gallium from waste electronic devices such as LED lamps, mobile phones, tablets and liquid crystal displays in recent years (Buchert et al., 2012; Cucchiella et al., 2015; Avarmaa et al., 2018; Charles et al., 2020). Many recycling technologies are available for gallium metal in e-waste, including pyrometallurgical processing, hydrometallurgical processing and biohydrometallurgy (De Oliveria et al., 2021). Though these metallurgical extraction techniques for gallium in e-waste can reach recovery efficiencies of more than 90%, they are still in the lab and have a long way to go before commercialization (Swain et al., 2015a, 2015b; Lu et al., 2015; Zhan et al., 2015). Under current industrial waste management practices, when end-of-life gallium-containing products (e.g., waste electronics) are collected, they often wind up in the base metal waste stream (e.g., ferrous metal, copper and aluminum) or for precious metals recovery, without gallium recycled (Fang et al., 2018). In this regard, it is crucial to enhance technologies not only for extracting gallium from primary production and processing wastes, but also for recovery from manufacturing scraps and obsolete products, so as to achieve a circular economy.
Aside from technical impediments to gallium recovery that are very ineffective, a lack of inadequate economic incentives for gallium recycling is also a key challenge. Capturing gallium through improved recycling could be much more expensive than primary resources (Redlinger et al., 2015). Not only that, but the worth of other metals in the same waste end-products might make gallium recovery difficult. To be specific, because neodymium in magnets is currently more valuable than gallium, neodymium recovery from manufacturing wastes is limited, and even from these end-of-life materials is unfeasible (Schulze and Buchert., 2016; Geng et al., 2020; Yao et al., 2021). With the widespread usage of gallium in the magnet industry (Figure 2), it is unclear whether recovering gallium from NdFeB manufacturing scraps and end-of-life products would be economically viable in the future. Meanwhile, as solar PVs penetrate more deeply into the market (Grandell et al., 2016), end-of-life recycling of CIGS will also be a significant source of gallium in the future.
3.6 Uncertainty Evaluation
In Figure 10, a box plot illustrates the maximum, minimum, median values and quartiles of the uncertainty evaluations results for China’s gallium cycle in 2020. For each flow, these data provide a good representation of the uncertainty. Domestic gallium consumption, recycled new scrap and manufacturing loss had higher uncertainty ranges (box heights) than the rest, indicating that these flows were more unpredictable. The reason for this is because the estimation of these flows involves several technical parameters with wider standard deviation range. Relatively flat boxes indicated lower uncertainties in other flows or stocks, indicating that they had higher concentrations of simulation values. Overall, a high degree of reliability was observed in the uncertainty assessment results.
[image: Figure 10]FIGURE 10 | Results of uncertainty evaluation for China’s gallium cycle in 2020. (Top line is the maximum value (Ma); bottom line is the minimum value (Mi); box top is the third quartile; box bottom is the first quartile; thick red line in center of the box is the data median).
4 CONCLUSION AND POLICY IMPLICATIONS
This study presents a comprehensive description and analysis of China’s gallium flows and stocks between 2005 and 2020, based on a detailed dynamic MFA model. Not only does this research provide information on gallium utilization and recycling possibilities, but also supports policies targeted at increasing resource efficiency. Main conclusions can be drawn as follows:
First, due to domestic capacity expansion, China’s primary gallium production is expected to grow 20-fold from 2005 to 2020, making it the world’s largest producer. Meanwhile, the gallium consumption grew rapidly to approximately 350 t by 2020. Despite the rapid growth of gallium consumption in recent years, with more than 70% used for making semiconductors, there is still an oversupply of 948 t of refined gallium stockpiled. This indicates a disequilibrium between supply and demand, which is not conducive to the sustained gallium development in the long run. It is therefore imperative to not only steer the upstream production of gallium in a reasonable manner, but also enhance gallium industry by encouraging the downstream use of gallium.
Second, although China has become the world’s biggest supplier of raw gallium and exported 1,102 t of unwrought or wrought gallium, it still relies on importing high-end gallium products (i.e., integrated circuits) from abroad, whose raw materials are originally sourced from China. It is possible that the heavy reliance on imports of high-end gallium products will result in an unhealthy development of the domestic gallium industry. Thus, it is urgently needed to improve the advanced integrated circuit processing technology to promote the development of semiconductor industry, which is helpful for enhancing China’s position in the downstream gallium industry chain.
Third, results show that the losses amounted to 11,125 t during the study period, among which 10,646 t was attributed to the inefficient mining, beneficiation and refining, while 479 t existed in the manufacturing process, with an overall recycling rate of 17% for the new scraps. Although more efficient recycling can be achieved to some extent, they are still in the experimental stage due to technical and economic limitations. The cumulative in-use gallium stock experienced a boom period during the last decade, reaching about 238 t in 2020. Besides, the total gallium end-of-life flows increased from 0.05 t in 2005 to 169 t in 2020, which suggests a great potential for recycling. However, there is no end-of-life recycling of gallium commercially, reflecting an extremely low utilization efficiency of secondary gallium resources. Therefore, more policies and investment should be given in encouraging cultivation of advanced technologies to improve the system-wide yield efficiency and recovery rate of gallium throughout its whole life cycle. Attention should be paid particularly to semiconductor manufacturing scraps, since they accounted for more than half of gallium processing waste streams, while recycling LED scraps such as obsolete LED lamps and electronics is of equal importance from a long-term perspective.
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