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[bookmark: _GoBack]Abstract: Coal gangue is the largest stock of mining solid waste in China, with huge annual production and significant environmental pressure. Under the impetus of the " double carbon " strategy, its resource utilization has become a national key task. At present, the main utilization ways include power generation, building materials production, underground filling and road engineering, and a number of technical breakthroughs have been made in large-scale and high-value utilization. However, it still faces challenges such as complex composition, high cost, and secondary pollution. In the future, it is necessary to further combine policy support and technology integration to promote the transformation of coal gangue from " waste treatment " to " resource ", so as to achieve the dual goals of environmental protection and resource recycling.
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1. Introduction
As the main solid waste produced in the process of coal mining and washing, coal gangue is one of the mining solid wastes with the largest emission and the largest stock in China [1]. Due to the significant difference between the mining area and the coal seam, its occurrence characteristics generally show the characteristics of " two low and one high " with low carbon content, low calorific value and high hardness [2]. At present, China 's coal gangue is still mainly stored and disposed. The historical cumulative stock of coal gangue has exceeded 7 billion tons, and it continues to increase by about 720 million tons per year. These huge stockpiles of coal gangue account for more than 70 square kilometers of land, and are accompanied by multiple environmental stresses, including the release of harmful gases by spontaneous combustion, the formation of acid rain and groundwater pollution by rainwater leaching, and the occupation of river channels leading to siltation, and may even induce major geological disasters such as landslides and debris flows. In recent years, incidents such as the illegal dumping of tens of thousands of mu of forest and grassland by coal gangue and the direct discharge of rural waterways by black ditch in some areas have further highlighted the severe ecological and environmental challenges brought about by its disorderly storage.
Under the background of " double carbon " target strategy, the resource utilization of coal gangue has been promoted to the national strategic level. Ten departments, including the National Development and Reform Commission, have clearly stated that by 2025, the comprehensive utilization capacity of coal gangue, fly ash and other bulk solid waste will be significantly improved, and the comprehensive utilization rate of new bulk solid waste will reach 60 %, and the stock storage will be reduced in an orderly manner. Many provinces have also set more specific goals. For example, Yunnan Province plans to reach about 78 % of the comprehensive utilization rate of coal gangue by 2025, and Shanxi Province 's goal is 85 %. In August 2024, the Ministry of Natural Resources further clearly stated that ' encourage the use of coal gangue and other mining solid waste for coal mining subsidence area management ', and allow the land to be converted to agricultural or construction land after restoration. These policies provide a strong institutional guarantee and market orientation for the resource utilization of coal gangue, and promote its transformation from simple ' reduction ' treatment to efficient ' resource utilization ', which is in line with the strategic needs of national ecological civilization construction and circular economy development.
2. Analysis on utilization status of coal gangue at home and abroad
The resource utilization of coal gangue is an important problem faced by China and even the international community. In order to promote its rational utilization, China has introduced the " Management Measures for Comprehensive Utilization of Coal Gangue " in the early years, and has gradually established a standardized system to guide the utilization of coal gangue resources after many revisions. The " Key Points of Coal Gangue Comprehensive Utilization Technology Policy " issued subsequently further clarified the application direction of coal gangue in roadbed construction, power generation, cement admixture, building materials, backfilling and harmless treatment. In 2021, the " Guiding Opinions on the Comprehensive Utilization of Bulk Solid Wastes in the 14th Five-Year Plan " has pointed out the implementation path for the large-scale and high-value utilization of coal gangue.
China 's research on the utilization of coal gangue resources started relatively late, but in recent years, technological progress has been remarkable. At present, coal gangue is mainly used in landfill, underground backfilling, roadbed laying, power generation and building materials production and other fields [3]. In terms of large-scale underground disposal, China Coal Research has developed a full coal-based solid waste paste material and intelligent filling system. In terms of high-value utilization, China has developed processes such as suspension calcination and high-temperature balling, which can prepare high-value-added products such as metakaolin and white carbon black. Inner Mongolia Hui Neng Company plans to invest in the construction of an annual treatment of 6 million tons of coal gangue project, the production of aluminum silicon alloy and other products, showing good prospects. Ecological application has also made progress. By converting coal gangue into ecological functional soil for mining area reclamation and soil improvement, Yulin City has built 50,000 tons of annual pilot production line, and 35,000 tons of ecological functional soil are produced annually.
A number of advances have been made in the resource utilization technology of coal gangue abroad, and the overall utilization rate is high, but it also faces challenges such as high treatment cost and technical economy. In the field of building materials, the application of coal gangue is not limited to traditional fired bricks or cement admixtures. The research team in Russia 's Rostov region used spontaneous combustion coal gangue to treat under specific concentration of phosphoric acid and microwave power conditions, and successfully prepared lightweight foam materials with uniform porous structure. Its excellent performance, far more than the traditional alkali-activated geopolymer, provides a high-performance and environmentally friendly solution for the field of building insulation [4]. In addition, the use of coal gangue for the production of geopolymers and related alkali-activated materials is also a research hotspot. The high silicon and aluminum content of coal gangue makes it have the potential of alkali activation. By compounding with slag and fly ash, and optimizing the alkali activator and process, green building materials with improved compressive strength and significantly reduced carbon emissions can be prepared, which can be used in grouting materials and roadbed construction [5]. The energy utilization of coal gangue continues to advance. A number of coal gangue power plants have been built in Russia, Ukraine and other places. Circulating fluidized bed combustion technology is mainly used to treat gangue with calorific value of 1200-2500 kcal / kg.The application technology of coal gangue in ecological restoration and backfilling is also developing and standardizing. In developed countries such as the United States and Australia, coal gangue backfilling technology is widely used to treat mining subsidence areas.
3. Development status of comprehensive utilization technology of coal gangue
3.1 Coal gangue is used as fuel for power generation:
At present, coal gangue is mainly used for power generation through circulating fluidized bed ( CFB ) boiler combustion technology. This is because coal gangue has low heat and complex composition, and traditional boilers are difficult to deal with it efficiently. CFB boiler achieves low-temperature stable combustion through high-rate circulation of materials in the furnace [6], which can effectively reduce the volatilization of alkali metals and the formation of nitrogen oxides in coal gangue [7]. It has wide adaptability to fuel, can ' eat coarse grain ', and is very suitable for coal gangue with low calorific value and large fluctuation of composition. Luan Group has built a 4 × 135,000 kW coal gangue power plant, with an annual utilization of coal gangue of up to 3.5 million tons. In addition, China 's coal gangue power generation technology has been applied in many places, and a large amount of coal gangue has been consumed (Xu et al., 2024). Successful coal gangue power generation projects can bring both environmental and economic benefits, and the ash and fly ash produced after combustion can also be used to produce building materials, chemical and other industries. Materials are a green cycle of resource utilization. Of course, this technology also continues to face challenges in improving efficiency, stable operation, and cost control [8]. In the future, through the continuous iteration of technology and the continuous support of policies, coal gangue power generation is expected to play a more important role in the green transformation of the coal industry.
3.2 Coal gangue is used to make building materials:
The technological development of coal gangue in building materials manufacturing is very active. Its core goal is to consume this solid waste on a large scale and with high value, and to reduce the environmental impact of traditional building materials production. Coal gangue contains a certain amount of silicon and aluminum, which can exhibit pozzolanic activity after mechanical grinding or thermal activation [9]. This means that it can react with calcium hydroxide produced by cement hydration to form a gel material with strength. At the same time, coal gangue can be used as recycled aggregate for concrete after crushing, screening and shaping. Or through sintering, non-burning process made of artificial lightweight aggregate [10]. Bricks and blocks are also one of the most traditional and extensive ways of coal gangue resource utilization, and the technology is relatively mature. At present, more attention is paid to improving product quality, production efficiency and product added value. Using coal gangue to prepare lightweight and porous thermal insulation materials is another high-value utilization path. These technological advances are of great significance for saving natural resources, reducing environmental load and developing circular economy.
3.3 Gangue used for underground filling:
The underground filling technology of coal gangue, especially the technology of overburden separation grouting and intelligent goaf filling, has achieved large-scale application and achieved remarkable environmental, economic and social benefits. It is not only an important means to deal with coal gangue, but also one of the key technologies to promote the transformation of coal mining to green, safe and efficient. However, this method also has problems such as large investment in the early stage, low efficiency, affecting the speed of underground coal mining, and increasing the complexity of the process [11]. Although it still needs to continue to explore in terms of cost control, geological universality and long-term monitoring, the prospect of this technology is very broad with the continuous iteration of technology, the improvement of intelligence level and the possible new value of carbon sink.
3.4 Coal gangue used in road engineering:
The application technology of coal gangue in road engineering is not only an effective way to absorb solid waste, but also an alternative to traditional sand and gravel materials. It is of great significance for saving resources, protecting the environment and reducing engineering costs. In recent years, it has been commonly used in highway subgrade filling [12]. Wang Chuan et al. [13] used coal gangue to cooperate with mineral powder to prepare roadbed filling materials. Considering its rheological properties, setting time, compressive strength and other properties, it is considered that when the content of coal gangue is 30 % ~ 40 %, the performance of coal gangue-mineral powder combination is the best. The 28 d compressive strength is higher than that of P.O 32.5 cement, and the water absorption rate is less than 30 %, which can be used as a filling material with good performance. The application technology of coal gangue in road engineering is developing towards the direction of refinement, intelligence and high performance. In terms of roadbed filling, particle size control and uniform water content are the key. In terms of pavement base materials, the core is to stimulate the activity of coal gangue and improve its stability. Through hundreds of tests, the technical team developed a multi-source solid waste phase reconstruction technology, which mixed 8 kinds of industrial solid wastes such as coal gangue and slag in a specific proportion, supplemented by green cementitious materials to form a new road construction material. This material is even stable in extreme temperature environment, and the crack rate is significantly lower than that of traditional materials.Intelligent construction and environmental protection control are gradually implemented.
4. Coal mine waste environmental protection treatment technology
4.1 Stacking treatment technology:
At present, China 's coal gangue stock is huge and continues to increase every year. In the process of resource utilization, the stacking treatment technology is indispensable, mainly because it plays an important transition and basic role in dealing with huge stockpiling, achieving the primary goal of ' reduction, stabilization and harmlessness ', and creating conditions for subsequent resource utilization. At present, the cumulative stock of coal gangue in China has exceeded 7 billion tons, and it is increasing at a rate of about 700 million tons per year. Such a huge volume is far beyond the immediate consumption capacity of the current resource utilization technology. A large amount of coal gangue not only occupies land resources, but also may cause potential safety hazards such as spontaneous combustion and landslides, as well as environmental problems such as dust and water pollution. Although the resource utilization technology of coal gangue is developing, many high-value and large-scale utilization technologies still need time and conditions to mature, and all coal gangue cannot be consumed immediately. In addition, the resource utilization itself also needs to pre-treat the coal gangue. In this process, temporary standardized stacking is necessary.
The traditional stacking method is gradually being replaced by more scientific and environmentally friendly standardized stacking and sealing technology. These technologies are designed to minimize environmental risks and provide possibilities for subsequent use. Layered compaction and loess coverage adopt the process of ' from inside to outside, from bottom to top, reducing the ice, layered compaction '. The gangue is compacted by covering a layer of loess with a certain thickness according to a certain height. The bottom of the yard will also lay an anti-seepage layer. It can effectively prevent spontaneous combustion, inhibit dust, reduce leaching water pollution and lay the foundation for subsequent greening. After the stockpiling reaches the design elevation or the end of the stockpiling, the final thick soil coverage and vegetation restoration will select plant species with strong adaptability and barren tolerance. Before or during the stacking process, the coal gangue is preliminarily sorted, classified according to its composition, calorific value and rock phase characteristics, and stacked or simply processed respectively. After crushing and grinding, coal gangue is mixed with cementitious materials such as cement to make slurry, which is injected into goaf or abandoned roadway by high-pressure pumping equipment.In the disposal of solid waste in coal mines, stacking treatment technology is more commonly used. The use of stacking treatment technology can reduce the surface water load, do not need to deal with a large number of dissolved solids, the load of mud sand is small, and avoid the risk of surface water pollution [14].Because the discharge of solid waste will have a direct leaching effect and influence on the water body, the use of stacking treatment technology can effectively prevent such problems. However, the selection of the site for stacking waste is also high. It is necessary for geological survey personnel to collect information on nearby hydrology, topography, atmosphere, earthquakes, etc., conduct comprehensive research, and select accurate stacking sites. There are more stringent requirements for the location of the tailings. For example, the tailings stacking site requires the basic materials to have sufficient strength and strong impermeability [15].
4.2 Resource utilization technology:
The development of coal gangue resource utilization technology is particularly urgent, which is mainly due to the huge stock and amazing annual increment of coal gangue in China, as well as the environmental pressure it brings. At the same time, under the strategic background of " double carbon " goal and green development, the traditional stacking and landfill methods are unsustainable. Promoting the resource utilization of coal gangue and realizing " turning waste into treasure " is an inevitable choice for both economic development and environmental protection. Replacing traditional building materials production, reducing resource consumption and carbon emissions ; the study of Xu et al. [16] showed that the use of spontaneous combustion coal gangue ( SSG ) instead of cement to prepare ultra-high performance concrete ( UHPC ) can significantly optimize its pore structure, reduce the formation of harmful pores and capillary pores, and thus greatly improve the impermeability of UHPC. This study points out that the maximum substitution amount of SSG can reach 40 %, which provides important theoretical support for further promoting the application of coal gangue in UHPC. Underground filling and other technologies also help to reduce surface subsidence and ecological damage.Zhang Jianzhong [17] pointed out that the traditional gangue filling process usually uses a special hanging scraper conveyor to transport the gangue to the rear of the hydraulic support for filling, but this method is easy to cause damage to the conveyor. Through the optimization and transformation of the equipment power system, the efficiency and reliability of gangue filling are effectively improved. On the one hand, resource utilization saves the cost of coal gangue disposal and the cost of traditional raw material procurement ; on the other hand, high value-added products have created new economic growth points and formed a new industrial chain. The recycling of solid waste is realized, and the concept of ' eating dry and squeezing ' improves the efficiency of resource utilization, which is in line with the development direction of circular economy. Underground filling and goaf management are helpful to reduce the risk of geological disasters and ensure the safety of mining production and surrounding residents. The development of resource utilization projects and the extension of the industrial chain have created new jobs. In the future, the resource utilization technology of coal gangue may develop in the direction of intelligence and precision, technology coupling and system integration, high value and product diversification, and policy and standard improvement.
4.3 Ecological environment restoration technology:
The resource utilization of coal gangue is facing multiple difficulties. Although China has developed a variety of utilization ways such as power generation, building materials and backfilling, the overall utilization rate is still not ideal, and the regional differences are significant. Some coal gangue is rich in heavy metals and sulfur elements, and there is a risk of acid production and heavy metal release, which restricts its large-scale ecological restoration and utilization. Although traditional resource utilization methods such as power generation and brick making consume a certain amount of coal gangue, they often face problems such as large investment scale, high cost, high energy consumption and possible secondary pollution, which are difficult to meet the huge demand for coal gangue treatment. In the context of the ' double carbon ' target strategy, the state and many provinces have formulated more specific targets, which require coal enterprises to seek more efficient and environmentally friendly coal gangue treatment methods.
It is often difficult to completely absorb huge amounts of coal gangue by simple resource utilization. Some coal gangue has high content of heavy metals and sulfur, and there is a risk of acid production and heavy metal release, which restricts the large-scale ecological restoration and utilization. It is necessary to combine resource utilization with ecological restoration to realize the large-scale disposal of coal gangue. Coal gangue is rich in nutrients and substances such as nitrogen, phosphorus, potassium and organic matter, and the minerals are mainly quartz and clay minerals, which can provide the necessary material basis for the ecological restoration and utilization of coal gangue. Through ecological restoration technology, coal gangue can be transformed into ecologically functional soil with good moisture conservation, fertilizer conservation, water permeability and air permeability, so as to maximize the value of resources. Fan et al [18] successfully used coal gangue and plant ash to prepare silicon-potassium-based modifiers, which successfully promoted the growth of maize plants. Ecological restoration technology effectively controls the environmental risk of coal gangue. Through microbial technology, oxidation bacteria inhibition technology and heavy metal passivation technology, the release of heavy metals in coal gangue can be effectively controlled. In view of the risk of acid production and heavy metal release from coal gangue, physical, chemical and microbial multi-channel combined technology can inhibit acid production and heavy metal release, and realize the safe utilization of coal gangue ecological restoration [19].Ecological restoration technology has effectively restored the damaged ecosystem, and the land function has been restored and improved, which has brought significant economic benefits and promoted industrial transformation and upgrading.
5. Conclusion
Coal gangue is the largest mining solid waste in China, with huge annual production and significant environmental pressure. Its resource utilization has become a key task at the national level under the background of " double carbon " strategy. At present, there are various ways of comprehensive utilization of coal gangue, including power generation, building materials production, underground filling and road engineering. In terms of power generation, circulating fluidized bed boiler technology can effectively deal with low calorific value coal gangue and realize energy utilization ; in the field of building materials, coal gangue after activation treatment can be used as cementitious materials or lightweight aggregate, used in the manufacture of bricks, blocks and high performance concrete ; the underground filling technology not only absorbs gangue, but also helps to control the settlement of goaf. Coal gangue has good technical and economic potential to replace natural aggregate in road engineering. In addition, stacking treatment, as a transitional means, still plays an important basic role in achieving ' reduction, stabilization and harmlessness '. However, the resource utilization of coal gangue still faces technical and management challenges such as complex composition, high utilization cost and secondary pollution risk. In the future, it is necessary to further promote technological innovation and policy support, promote the high-value, large-scale and intelligent utilization of coal gangue, and achieve the dual goals of environmental protection and resource recycling.
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