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Abstract

:

The problem of low efficiency of coal mine methane utilization is caused by the concentration of methane of less than 10%, or a concentration that varies dramatically directly emitted into the atmosphere. This work deals with the concept of a co-production system that blends lean methane and biogas to produce electric energy. It is recommended to add the biogas generated by straws around the mines in a controlled manner to the lean methane flow to obtain the desired gas concentration in order to generate electricity. Potential electricity generation and reduced greenhouse gas emissions were also evaluated. The result shows that the co-production system can significantly improve the utilization efficiency of lean methane in coal mines; the average use of pure methane in three coal mines is 0.18, 1.12, and 5.32 million m3 every year, respectively, and the emission reduction effect of carbon dioxide (CO2) equivalent is, respectively, 3081, 18,796, and 89,050 tons. The electricity generated and the economic environmental benefits of the co-production system are remarkable, and it has economic feasibility and broad perspectives for popularization. It not only has the advantage of improving the utilization rate of methane and biomass and providing power supply and heat source for mines, but also has practical significance in terms of saving energy, reducing environmental pollution, adjusting the energy structure, and achieving the target of carbon emission peak and carbon neutrality.
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1. Introduction


As a crucial foundation resource of China, coal has supplied the essential position of primary energy production and consumption in China for a long-time period, and has a substantial impact on economic and social development [1]. The energy production and consumption in China from 2010 to 2019 is illustrated in Figure 1 [2]. Although coal production and consumption in China have slowed in recent years, its dominant role in the country has not changed. Coal will remain the primary source of energy and the driver of national economic development [3,4]. Additionally, as the largest global coal producer and energy consumption, carbon dioxide emissions from fossil fuels are among the highest in the world. It is important to note that carbon emissions associated with coal is not limited to final combustion, and in the coal mining process, methane in a concentration less than 10% or that varies dramatically cannot be effectively utilized; thus, it is released wastefully into the atmosphere. It is worth emphasizing that methane is the second biggest anthropogenic greenhouse gas (GHG) after carbon dioxide (CO2), with a global warming potential of 28–34 times greater than that of CO2 over 100 years [5], which is a major contributor to exacerbating global climate change [6,7]; global warming has gradually become an environmental issue that requires immediate attention. In response to actively global climate change and sustainable development, China has announced to strengthen its Nationally Determined Contributions (NDCs) by reaching a carbon peak in 2030 and achieving carbon neutrality by 2060 [8]. Furthermore, with the rapid development of modern industry, energy demand grows at a rapid rate, resulting in a shortage of available fuel sources [9]. The evident conflict between environmental protection and the fast-growing economy poses a challenge to China’s future development. Therefore, the low-carbon transformation of the energy system is a necessary way to achieve emission reduction targets [10].



As a byproduct of coal mining, coal mine methane is regarded as an ideal candidate for a low-carbon transition of energy system since its combustion and utilization produce carbon emissions that are much lower than fossil fuels [11]. It is supposed to serve as a substitute fuel to make up for the shortage and instability of renewable energy. Therefore, using coal mine methane sources directly benefits the environment by decreasing greenhouse gas emissions to the atmosphere, but also can create vastly economic profits. The underground coal mine methane extraction, utilization amount, and utilization ratio in China from 2008 to 2020 is shown in Figure 2. As can be seen, although the utilization amount has significantly increased, the utilization rate is still below 45% [12]. Most of the methane from underground coal mines belongs to low-concentration methane (CH4 < 30 Vol%), which is very difficult to utilize due to the unstable gas source conditions and the limitation of traditional combustion techniques. It is worth mentioning that the multi-generation system has become a trend for sustainable development of energy and the environment. Related studies have shown that the realization of an energy system in coal mines with the methane power generation as the core can alleviate the energy demand of coal mines, achieve significant economic savings, and reduce greenhouse gas emissions [13,14,15].



Biogas production is one of the many methods for sustainable utilization of waste resources to produce fuels without increasing carbon dioxide in the environment [16], which can be used to alleviate global warming, energy security, and waste management [17]. By evaluating the methane production of digestive juice and solid separation of digestive juice, Sambusiti et al. [18] considered that recovering methane from biogas is feasible. It is worth noting that biomass produces biogas with a methane content of 50% to 70% [19]. Moreover, biomass has been a hot spot in power generation research due to its low sulfur and zero carbon dioxide emissions; its use for power generation can reduce dependency on fossil fuels, enhance energy utilization efficiency, and have positive feedback on alleviating the global greenhouse effect [20,21,22]. China has abundant biomass energy resources, and the total organic waste is about 460 million tons of standard coal equivalent per year [23]. However, the development utilization rate is less than 5%. Biomass power generation accounts for less than 1% of total power generation in China, and renewable energy generation accounts for only 3.5% [24]. For the moment, the development of biomass energy lacks a good model, and biogas plants may be difficult to sustain from a financial perspective [25]. However, using biogas to generate electricity can effectively eliminate agricultural and forest residues immediately, thereby reducing the carbon emissions resulting from the direct combustion of field residues, decreasing the risk of potential fires and pests to environmental damage [26,27,28,29].



Methane is considered as a potential energy source in the future and the key to the sustainable development of human society. Thus, reasonable recovery and utilization of coal mine methane have the dual significance of energy saving and environmental protection. In response to the challenge of clean, efficient, and sustainable development of coal mines, a co-production system based on lean methane and biogas to generate electricity in coal mines is proposed. Focusing on methane concentration that is extremely low and demonstrates dramatic volume changes, the biogas produced by biomass is introduced to the above methane flow in a controllable way, to attain a certain extent the mixed gas which meet the demand for power generation. Similarly, mixed gas is beneficial in resolving the challenges associated with unstable gas sources. The co-production system can comprehensively utilize the lean methane and adjacent biomass resources in coal mines. It is a beneficial way to achieve China’s goals of carbon emission reduction and transition to clean energy. This study provides an opportunity to improve energy efficiency while also reducing greenhouse emissions. It will develop a novel model to address single energy development and utilization in mining areas, as well as provide a new way of thinking for optimizing energy distribution, which is conducive to the sustainable development of the economy and environment.




2. Materials and Methods


2.1. Materials


2.1.1. Coal Mine Methane


Coal mine methane (CMM) formed during the coalification process is retained within the coal seam and adjacent rock layers. The quantity of gas emitted from mining activities is determined by the coal rank and depth of burial in the coal seam. The reserves of coal mine methane resources buried at depths less than 2000 m reach approximately 3.681 × 1013 m3 in China, closer to that of the continental natural gas resources and placing it third in the world. As clean energy with a high calorific value, it has attracted more and more attention [30,31], but it is also a major hazard in coal mine production. Gassy mines and outburst-prone mines account for more than 48% of the total coal mines in China. Therefore, CMM extraction is conducted following coal mine safety regulations to ensure the safety of coal miners. At present, there are two ways to exploit coal mine methane in China: ground drainage by surface drilling (CH4% > 30%) and underground drainage through underground boreholes, roadways, and gas extraction pipes for draining the gas from the target coal seam (1% < CH4% < 30%). However, the total extraction rate is less than 50%, and most of the methane is still removed from working mines via ventilation techniques into the atmosphere is known as Ventilation Air Methane (VAM, CH4% < 0.75%). With the increase in methane extraction scale, annual production increases. Applicability of CMM utilization technologies is greatly dependent on the methane concentration. Generally speaking, it can be classified in the following ways: high concentration methane (CH4 > 80%), medium concentration methane (CH4 > 30%), low concentration methane (10% < CH4 < 30%), lean concentration methane (1% < CH4 < 10%), and ventilation air methane (CH4 < 1%, VAM) [32]. In addition, the proportion of each category listed above accounts for 1%, 5%, 11%, 13%, and 70% of the total methane emissions from coal mines in China. It should be pointed out that the varying concentrations of coal mine methane correspond to different utilization technologies as clarified in Figure 3. Notably, coal mine methane concentration is less than 10%, accounting for 83% of the total coal mine methane resources, which are extremely difficult to utilize due to the risk of explosion and the limitations of traditional combustion techniques. Additionally, most unutilized methane is usually discharged directly into the atmosphere, which causes serious air pollution and a huge waste of clean energy [33,34]. Therefore, efforts should be made to improve the utilization efficiency of lean methane (CH4 < 10%), so as to alleviate the energy crisis, effectively utilize waste, and minimize air pollution.




2.1.2. Biogas from Biomass


As a primary agricultural production country, China has abundant biomass resources, which are mainly consisted of crops, forestry crops, and their waste byproducts, animal residues, and organic fractions of municipal solid wastes (MSW); the proportions are 36.18%, 16.33%, 37.72%, and 9.77%, respectively [35,36]. Biogas derived from biomass is a potential renewable source of methane energy, and various concentrations have formed in the fermentation process. In general, the CH4 content in biogas is 50–70%. Furthermore, the chemical composition of biogas is mostly determined by the kind of decomposed raw materials, which might lead to slight differences in composition. When biogas is used to produce heat or electricity energy, it can contribute to reducing greenhouse gas emissions, diversifying the energy supply, and decreasing dependence on fossil fuel markets [37]. Its digestion residues can be used as fertilizer, which will have a positive effect on crop production, leading to an increase in crop yield. In terms of green development, biogas production and its subsequent use in energy production have obtained considerable attention. Research and feasibility analysis of the existing biogas plants has found that crops such as straw are dominant. Straw as a raw material for biogas production, which can relieve serious pollution of the environment by burning in fields after harvest and possibly eliminate potential disasters such as fires. Consequently, the biomass raw materials in this paper are mainly agricultural straws collected around the mining area. It will be more economical due to the transport distances are relatively short.





2.2. Co-Production System Description


A power generation system requires a methane content of up to 7% in the mixed gas [38]. From a practical point of view, most of the lean methane concentration is lower than 5%, and a part of the methane concentration has changed drastically, which results in a large amount of methane cannot being effectively utilized and directly emptied. To improve energy efficiency, a co-production system based on lean methane and biogas for power generation in coal mines is put forward, the general schematic is shown in Figure 4. A quite high value of methane in the feed stream above 7% was attained by blending lean methane (CH4 < 5%) with biogas, which will enable its use in the already existing devices that require higher contents of the combustible component for power generation. When the methane is sufficiently high, a surplus of thermal energy is produced, which can be transformed into electricity and other uses. The implementation and application of this system not only help to realize the full utilization of waste energy, improve the utilization rate of low concentration methane, and alleviate the shortage of existing energy supply, but also helps to form a sustainable energy supply.



The control principle of the co-production system is illustrated in Figure 5. Methane fluctuation was monitored in real-time by flow and concentration sensors. At the same time, biomass is controllably injected into the anaerobic digester and adjusts the biogas output regularly. The biogas storage tank is set up in the process to buffer the biogas volume mixed into the lean methane pipeline. Through the controller, the valve opened and closed gradually. The system can regulate the mixed gas to more than 7% enough to be utilized to generate power by conventional methane-fueled engines. When biogas and lean concentration methane concentrations change, the monitoring system of the gas regulator will adjust the intake flow rate in real-time to achieve the desired methane concentrations. Thus, the methane concentration outlet of the mixing device will remain unchanged, providing a reliable and stable gas source for the normal operation of the power generation system.




2.3. Models Calculation


2.3.1. Biogas Energy


The produced biogas originates from different feedstocks, such as crops, forestry crops, animal residues, and organic fractions of municipal solid waste. Energy generated from these sources via anaerobic digestion reduces methane emissions to the atmosphere. Of course, the potential efficiency of gas production varies depending on the different raw materials. For animal manure, the biogas production potential for cows, pigs, and poultry is 0.25 m3/kg, 0.38 m3/kg, and 0.48 m3/kg, respectively [39]. One of the strategies to reduce GHG emissions, as well as the generation of renewable energy, consists of producing biogas from MSW. The share of MSW organic fraction and volatile solids is approximately 80.2% and 76.2%, respectively, and the potential yield for biogas generation was considered 222 m3/t [40]. However, the ideal feedstock for biofuel generation should be low cost and emissions and high efficiency. China is the main producer of grain, and most coal mines are located in rural and mountainous areas, where crops are plentiful [41]. Traditionally, crops straw had been utilized through direct combustion. Burning straw produces pollutants including dust and acid rain gases such as Sulphur dioxide and nitrogen oxides. However, the straw captured by the farmland around the mining area as a raw material to maintain the supply of biogas fuel [42], which can effectively enhance the utilization efficiency of biomass resources, and the pollution caused by open-field burning of straw can be reduced, in line with the strategic needs of sustainable development. Further, renewable energy from straw is available as a domestic resource in the rural areas, which is not subject to world price fluctuations or the supply uncertainties as of imported and conventional fuels. Overall, for every ton of grain produced, 1.5 tons of straw are available. Acting in accordance with research from Braun and Welinger [43], the amount of methane produced per kilogram of dry straw is 200–300 L. Generally, the calorific value of biogas depends on the methane content of the biogas, and the caloric value of pure CH4 is 35.88 MJ/Nm3 [44]. If the biogas consists of methane are 60%, having a caloric value of 21–25 MJ/Nm3. However, the assessment of straw recovery and utilization rate relies on the yield of straw resources. The quantity of straw resources that can be collected and utilized refers to the maximum amounts of straw resources that could be gathered from the field and utilized by people under actual cultivation management. According to the total straw yield and utilization coefficient, the amount of collectible straw can be calculated [45]. Therefore, the total amount of straws to match the co-generation system in coal mines can be calculated by


   W  G S   =    W S   /  G I    



(1)







Note: WGS is the yield of straw, t; WS is the required volume of straw resources to produce biogas, t; and GI is the collectible coefficient of straw resources, generally being 0.85.



The single production of farmland straw refers to the total straw yield per unit area of farmland in a certain area, and its value can reflect the comprehensive production capacity of farmland straw in a region. Therefore, the total area of farmland required for the co-generation system of energy in coal mines is


   A  C L   =    W  G S    /   y  S L      



(2)







Note: ACL is the total area of farmland, hm2; WGS is the total straw yield, t; and ySL is the single yield of farmland straw, kg/hm2.




2.3.2. Estimation of GHG Reduce Emissions


The greenhouse gas emissions generated by coal mines are principally composed of CH4, CO2, and N2O, and CH4 constitutes about 30–90% from coal-mining activities and with a global warming potential of 25 times over a 100-year time horizon, where the reference is used for carbon dioxide. Therefore, its mitigation through the use of relevant technologies is of paramount importance. The assessments of GHG reduction emissions were based on the recommended methods by the Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories [46]. The total equivalent of CO2 emissions (kg) can therefore be expressed as


   E  C  O 2    =  E  C  H 4    × G W  P  C  H 4     



(3)







For this calculation, ECO2 is the CO2 equivalent of CH4; the GWP is the global warming equivalent factor of CO2 for methane and the value is 25.




2.3.3. Determination of Electricity Generation Potential


Coal mining is considered an energy-intensive process, which requires significant electricity loads to run pieces of equipment, mainly including mining machines, conveyor belts, desalination plants, coal preparation plants, and ventilation fans. In general, a large amount of electricity is required because the types of equipment operate around 24 h a day [47]. What is noteworthy is that methane power stations can be established in coal mines, which can not only facilitate the utilization of emission CH4 but also reduce energy consumption in the production process. The electrical energy (KWH) that could be obtained by the co-production system is estimated as


  P =    Q  C  H 4    ×  C  C  H 4    × ρ × L × λ × η   3.6    



(4)







Note: P is the amount of power generation potential in the co-production system. L is a fuel calorific value 55.9 MJ/kg for methane [48]; QCH4 is the amount of methane utilization in the co-production system, m3; CCH4 is the content of methane, vol%; ρ is the methane density, as 0.67 kg/m3; λ is the methane concentration, 95%; and 3.6 is the conversion factor from MJ to kWh, where η is given 35% as the generator efficiency [49].





2.4. Case Studies


Methane is associated with the coalification process and is released into the working face during the underground operation, posing a safety hazard for miners and machinery deployed in the mine. With the improvement in mechanization degree, the amount of coal mine methane extracted has progressively increased. The location of the three coal mines selected in this study is shown in Figure 6. According to coal production and IPCC emission factors [50], estimates of methane emissions have been presented in Table 1. Methane gas emissions to the atmosphere in the DSC coal mine are observed 0.011 Tg in the lower case and 0.029 Tg in the upper case. And methane emissions from the CC coal mine and the JC mine are 0.059~0.155 Tg and 0.065~0.175 Tg, respectively. However, the utilization rate of methane from coal mines is still lower. The key to this phenomenon is that most lean methane is difficult to use by conventional combustion technology since the gas volume is large and its concentration variable. Methane is transformed into CO2 and water through oxidation or combustion, and the GHG effect can be significantly reduced. Therefore, there is an urgent need to upgrade the utilization rate and reduce the methane content in the atmosphere.



Particular attention should be paid to the fact that the vast majority of coal mines are located in rural or mountainous areas, which have abundant biomass resources, such as straw, livestock manure, and so on. In addition, the available open space is relatively wide, which is very suitable for implementing an energy co-production system for power generation around the coal mines. In a high-emitting methane mine, there is more potential for an energy co-production system in coal mines. In this paper, the co-production system based on lean methane and biogas in coal mines was implemented, to evaluate the development potential for power generation, energy efficiency, and greenhouse reduction effect in these areas.





3. Results and Discussion


3.1. Case Analysis


Capturing and utilizing lean methane is a proven challenge, but new technologies that oxidize methane to CO2 can bring enormous economic and environmental benefits. Different coal mines with a gas extraction utilization efficiency of 50%, 3%, and 0% are selected to implement the energy co-production system; estimates of lean methane emissions in coal mines are shown in Table 2. This study focused on gas concentrations below 5%, assuming that the concentration of lean methane is 4% and 3%, respectively. Subsequently, the mixed gas concentration available for power generation is obtained by mixing lean methane with biogas. It should be pointed out that 7% is the lowest CH4 concentration that can be used for power generation in practical technical applications at present. As shown in Figure 7, the lean methane with a concentration of 4% and 3%, to reach the target gas concentration (7%), the amount of biogas required in the three coal mines is 13 m3/min and 23 m3/min, 78 m3/min and 140 m3/min, and 360 m3/min and 640 m3/min, respectively. Biogas production mainly relies on biomass raw materials around the mine, and that is worth noting that most coal mines in China are in rural areas, which are abundant in straw and other raw materials. According to the relevant calculation in Section 2.3.1, the requirements of straw quantity and farmland area of the three coal mines matching the energy co-production system for power generation are obtained. The results are presented in Table 3, and it is apparent that the demand for farmland and straw is linearly associated with lean methane emissions. Among them, the demand for DSC coal mine is the smallest, CC is six times more than DSC, and the JC is the largest demand, which is five times that of CC. It is anticipated that the co-production system can use surrounding biomass energy efficiently and logically.




3.2. Comprehensive Analysis of Co-Production System


3.2.1. Energy Savings


The coal mining area needs to consume a lot of energy during routine production, and at the same time, it will emit a lot of lean methane that can be used to generate electricity through the energy co-production system. The consumption of electricity (MWH/d) in coal mining areas and products obtained from the co-production system in coal mines is illustrated in Figure 8. In the DSC coal mine, 40.85 MWH and 70.24 MWH of electrical would be generated per day at the lean methane concentrations are 4% and 3%, and it accounts for 16.34% and 28.09% of the daily power consumption. Clearly, electricity production through the energy co-production system is quite different in the three mining areas. Similar to the DSC Coal Mine, the production of electricity in the CC coal mine also can meet part of the electricity demand due to its electricity generation rate reaching 35.04% and 61.08%, respectively. In addition, the electricity generation rate of the JC coal mine is as high as 246.42% and 425.21%, which can not only meet the demand of the coal mine itself, the excess electricity can be connected to the power grid for the surrounding residents and other users. According to CNY/¥0.64/KWH, the economic advantages of power generation are lucrative. Therefore, it is a greater development potential to implement coal mine energy co-production systems in these areas, which will be beneficial to improve the utilization efficiency of lean methane and biomass resource but also can reduce the consumption of other fuels in order to satisfy the huge power load in the mining area.



More than 48% of the major state-owned key coal mines are high-gas or outburst mines in China, and they are relatively rich in coalbed methane. According to the current utilization technology, methane with a concentration of higher than 30% can be used effectively. However, the use of lean methane is difficult because the content of CH4 is low and varied, which is generally emitted directly into the atmosphere. Not only does it cause waste of clean energy, but also has a serious impact on climate change. On the other hand, there is abundant straw and other raw materials around coal mines, but the development capacity of the biogas system in China is less than 5%, and the utilization rate of biogas energy needs to be improved urgently. As is well known, the coal mining process demands significant power consumption, the co-production based on lean methane and biogas can provide an effective power supplement for mine production and the heat generated by the waste heat of the power plant and biogas system can provide heating for the coal mine wellhead, partially replacing the existing boilers in the coal mine. Meanwhile, biogas not only provides the heat source for the daily life of mine residents, but is used as fertilizer for the farmland around the coal mine. In conclusion, the execution of the co-production system can accomplish the comprehensive and rational utilization of resources, save fossil fuel consumption to a certain extent, and slow down the carbon dioxide emission caused by the combustion of fossil energy. At the same time, the utilization of gas is also conducive to reducing the harm of mine gas explosions and ensures the safety of coal mine production. Moreover, a mass of straw demand can make the surrounding organic waste into valuables, maximize the utilization value of waste energy, and the space occupied by organic material stacking and the potential fire risk can be reduced.




3.2.2. Economic and Environmental Benefits


From the perspective of globalization, the issue of energy consumption has become a key problem in economic and environmental protection fields [51]. The development and utilization of energy cause a deficit in the ecological environment, which is a common problem facing all countries in the world. Much use of fossil energy causes great environmental pollution, especially great greenhouse gas emissions like CO2. Therefore, low-carbon development has become a strategic choice for countries around the world to ensure sustainable economic and social development. The key to a low-carbon strategy is to reduce carbon dioxide emissions through relevant measures and promote the efficient use of the energy industry and green and sustainable development.



The co-production system is based on lean methane and biogas to produce electricity, which takes into account economic and environmental benefits. It can significantly improve the utilization efficiency of lean methane and biomass energy and help reduce the content of methane in the atmosphere. In addition, it would provide an opportunity to earn carbon credit by selling a Certified Emission Reduction (CER) through a Clean Development Mechanism (CDM) project. Whether the co–production system can be received and applied in the industry in the future mostly depends on whether the system can bring economic benefits. Consequently, an economic evaluation is necessary to be done. In this study, a preliminary economic analysis was performed to determine the applicability of co-production that lean methane mixture biogas for coal mines. With the technical basis, every co-production system has its specific cost elements. Thus, the economic analysis of this study is covering a co-production system handling lean methane with concentration is 0.4% and 0.3% were assessed. The cost of the co-production system is complex due to it consisting of a lean methane collection and delivery system, biogas pro-proceeding and production system, mixture system, and power generation system. To gain a rough idea of the typical costs of a simple, based on the integrity of the system, several parameters taken into account were equipment cost, operating and maintenance (O&M) cost, availability of the facility, and methane concentration and flow rate. Considering the daily maintenance of the system, the availability of the facilities to be constructed was assumed to be 85% for more reliable results [13]. However, the parameters of methane concentration, flow rate, and conversion efficiency have remained constant for all conditions. The total cost for a co-production system, including all essential installations, but not including land, is between 10,000 and 13,000 CNY KWH capacity. Operation and maintenance cost is taken as 5% of capital and the lifespan of this system is assumed to 20 years. Furthermore, the revenue components include a carbon credit and the profits from generated electricity. Table 4 summarizes the parameters used in the economic analysis of the co-production system in three coal mines. It can be seen that the emission reduction effect of different coal mines varies greatly. Such a significant effect of greenhouse gas emission reduction is a result of a combination of various factors in the system. In the DSC coal mine, the co-production system may combust and convert 2454.50 t or 4220.54 t methane to carbon dioxide per year, generating revenue of 8.27 or 14.22 million RMB by selling CERs. For the CC coal mines, with a methane utilization ratio of 3%, when the concentration of lean methane is 4% and 3%, the CO2 emission reduction is 1013.30 Kt and 1766.29 Kt, respectively, and the emission reduction benefits may also reach 50~87 million RMB. Furthermore, the CO2 emission reduction and revenue are approximately five times higher than that of the CC coal mine, because the methane emission in the JJ coal mine is very large and almost not used. In addition, the revenue from the electricity generated by the co-production system in coal mines is considerable. Through income and expenditure analysis, it was estimated that the capital cost of a co-production system would be recovered after two years of operation. Therefore, the co-production system based on lean methane and biogas operating in the coal mine is economically viable, energy-efficient, and environmentally beneficial, which is contributing to the realization of green, high efficiency, and sustainable development.





3.3. Prospects and Challenges


In recent years, China has adhered to the concept of green development, vigorously developed clean energy, optimized the industrial structure, and gradually formed a low-carbon strategy centered on energy conservation, carbon reduction, and energy transformation. It has become a vital strategic research direction in the field of energy. At present, vigorously promoting the construction of ecological civilization the cogeneration system will help to reduce carbon dioxide emissions and the destruction of the environment caused by the development of coal resources. Moreover, it can effectively alleviate the current energy shortage crisis in China. The utilization of lean methane is the best method to reduce the methane load in the atmosphere, but it is a challenging task from a technical and economic point of view. Major challenges are low and variable methane concentration, changing the location of working faces, impact on mining operations, and large and costly air handling systems. Other challenges can be government policies, technological issues, and finances. For example, the terrain in China is complex, and most coal mines are located in mountainous areas. The establishment of gas power stations and thermostatically controlled biogas digesters will require significant human and financial resources. The operational cost of the co-production system is relatively high, which requires the support of the government in finance and policy. Some policies lack a healthy development environment in the process of implementation, and it is difficult for local governments to implement them accurately, which brings some challenges to the implementation of the project. However, these challenges can also be perceived as the ones versus reality. It is important to understand both, so that the right programmers can be designed to overcome these issues.



The co-production system in coal mines using lean methane combined with biogas can replace the original boiler equipment, which emits more pollution into the environment, saves operation costs, outputs heat energy for economic benefits, maximizes transformation and utilization of the available resources in the mining area, and reduces the dependence on fossil fuels. It is of great significance to improve the efficiency of energy use, promote the large-scale development of renewable energy, and realize the sustainable development of a low-carbon economy. The generated electricity can supply the daily electricity demand of the mining area itself and surrounding villages while partially connected to the grid creating economic benefits. It will not only save fossil fuels but also make full use of abandoned resources, realize the complementation and substitution of energy, and improve the comprehensive utilization of methane. On the other hand, the effective utilization of straw and other organic biomass reduces the pollution caused by carbon emissions and incineration, which are conducive to energy conservation and environmental protection. Furthermore, it can obtain the national financial subsidies for gas utilization; emissions reduction credits may help stimulate project development, particularly in cases where methane recovery would not otherwise be profitable or where destruction is the only project option. For large industrial and mining enterprises with sufficient gas sources or biomass energy, it is possible to introduce a co-production system of multi-energy, which can save energy and reduce greenhouse gas emissions and has a broad application prospect.





4. Conclusions


Methane is the second most important greenhouse gas after carbon dioxide, and its greenhouse effect is 25 times that of carbon dioxide. Coal mine methane is one of the principal sources of industrial gas emissions. Thus, coal mining must become more environmentally friendly to mitigate methane emissions. Reasonable recovery and utilization of coal mine lean methane have the dual significance of energy saving and environmental protection, and the co-production system based on lean methane and biogas for power generation in coal mines was put forward in response to clean, efficient, and sustainable requirements.



In order to comprehensively evaluate the economic and environmental benefits of the co-production system, three coal mines with respective methane utilization rates of 50%, 3%, and 0% were chosen. It should be noted that the average use of pure methane in the three mining areas can reach 0.18, 1.12, and 5.32 million m3 every year, respectively, by the co-production system. The amount of biogas required for the system operation and the matching farmland area and straw quantity were discussed, which proves that the feasibility of implementing the co-production system in the mining area was certain. Moreover, potential electricity generation and greenhouse reduction were also evaluated. The results show that the electricity production rates of the three coal mines at the lean methane concentration of 4% are 16.34%, 35.04%, and 246.42%, respectively. And the emission reduction of CO2 can reach 168.78 Kt, 1013.30 Kt, and 4682.93 Kt, respectively. While the concentration of lean methane is 3%, the electricity production rates are 28.09%, 61.08%, and 425.21% and the emission reduction of CO2 is 290.16 Kt, 1766.29 Kt, and 8080.71 Kt, respectively. It’s a good illustration that this system can effectively integrate the regional resources, convert waste into wealth, and realize energy saving, emission reduction, and sustainable clean energy in coal mines. A preliminary economic analysis was performed, which proved that the co-production system would be recovered investment costs after two years of operation. Hence, the co-production system is technically and economically feasible and has a certain value of popularization.



The co-production system is used to generate power and heat energy, which can replace some coal-fired boilers for power supply and heating for coal mining areas. It provides an opportunity to raise the energy utilization efficiency of isolated resources in the mining area and the waste energy and renewable energy at a low utilization rate and has good energy-saving and environmental protection benefits. At the same time, it can also bring economic benefits to coal mining enterprises. In addition, it will contribute to mitigating methane emission into atmospherics and achieve the goal of carbon emission peak and carbon neutrality, which are in line with the relevant policies of air pollution prevention and CMM utilization in China.
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Figure 1. Energy production and consumption in China from 2010 to 2019. 
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Figure 2. Underground coal mine methane extraction, utilization and utilization ratio in China. 
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Figure 3. Utilization technologies of coal mine methane with different concentrations. 
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Figure 4. Co-production system with lean methane and biogas for power generation. 
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Figure 5. Control system of the lean methane and biogas co-production in coal mines. 
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Figure 6. Location of the study coal mine area in China. 
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Figure 7. The amount of biogas production to meet required by the co-production system. 
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Figure 8. The quantity of electricity energy production from the co-production system in coal mines. 
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Table 1. Methane emission from coal mining and post-mining for the coal mines.
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Coal Mines

	
Coal Production

/×104 t

	
IPCC Emission Factors

/(m3/t)

	
Methane Emission

/Tg






	
DSC

	
150

	
Mining

	
10~25

	
0.010~0.025




	
Post-mining

	
0.9~4.0

	
0.001~0.004




	
Total

	
0.011~0.029




	
CC

	
800

	
Mining

	
10~25

	
0.054~0.134




	
Post-mining

	
0.9~4.0

	
0.005~0.021




	
Total

	
0.059~0.155




	
JC

	
900

	
Mining

	
10~25

	
0.060~0.151




	
Post-mining

	
0.9~4.0

	
0.005~0.024




	
Total

	
0.065~0.175
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Table 2. Lean methane emissions estimation for coal mines in three regions.
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Parameters

	
Rate/Production




	
Coal Mine

	
DSC

	
CC

	
JC






	
Gas utilization efficiency (%)

	
50

	
3

	
0




	
Lean methane (m3/min)

	
10

	
61

	
289




	
Lean methane discharge in one day (m3)

	
14,400

	
87,840

	
416,160




	
Lean methane discharge in one year (Mm3)

	
5.26

	
32.06

	
151.90




	
Lean methane emitted @ 4% CH4 (v/v) (Mm3)

	
0.21

	
1.28

	
6.08




	
Lean methane emitted @ 3% CH4 (v/v) (Mm3)

	
0.16

	
0.96

	
4.56




	
Average Lean methane estimate per year (Mm3)

	
0.18

	
1.12

	
5.32




	
Quantity of lean methane emission per year (t)

	
123

	
752

	
3562




	
Global Warming Potential equivalent CO2 (t)

	
3081

	
18,796

	
89,050











[image: Table] 





Table 3. Parameters of the co-production system for power generation in coal mines.
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Coal Mine

	
CH4

Concentration

	
Biogas Demand (m3/min)

	
Straw Demand (Ton/d)

	
Farmland Area (acre)






	
DSC

	
3%

	
23

	
129.9

	
47,402




	
4%

	
13

	
73.4

	
26,793




	
CC

	
3%

	
140

	
790.6

	
288,536




	
4%

	
78

	
440.5

	
160,756




	
JC

	
3%

	
640

	
3614.1

	
1,319,021




	
4%

	
360

	
2032.9

	
741,949
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Table 4. Economic and environmental analysis by using lean methane and biogas in the co-production system.
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Parameters

	
Rate/Production




	
Coal Mines

	
DSC

	
CC

	
JC






	
Lean methane emission (m3/min)

	
10

	
61

	
289




	
Lean methane concentration (%)

	
3%

	
4%

	
3%

	
4%

	
3%

	
4%




	
Biogas Demand (m3/min)

	
23

	
13

	
140

	
78

	
640

	
360




	
Methane flow (m3/min)

	
14

	
8

	
86

	
49

	
393

	
228




	
Methane conversion (%)

	
95

	
95

	
95

	
95

	
95

	
95




	
Facilities availability (%)

	
85

	
85

	
85

	
85

	
85

	
85




	
Use of methane (t/yr)

	
4220.54

	
2454.50

	
25,691.43

	
14,738.97

	
117,537.60

	
68,115.35




	
Use of methane eq. CO2

	
11,606.49

	
6749.87

	
70,651.42

	
40,532.17

	
323,228.39

	
187,317.22




	
CO2 reduction (Kt)

	
290.16

	
168.75

	
1766.29

	
1013.30

	
8080.71

	
4682.93




	
Revenue ((Million CNY¥/yr)

	
54.06

	
31.44

	
329.10

	
188.80

	
1505.61

	
872.53




	
From electricity

	
39.85

	
23.17

	
242.55

	
139.15

	
1109.66

	
643.07




	
From carbon credit

	
14.22

	
8.27

	
86.55

	
49.65

	
395.95

	
229.46




	
Total cost (Million CNY¥)

	
87.79

	
51.06

	
534.43

	
306.60

	
2444.98

	
1416.92




	
Installed cost (CNY¥/KWH)

	
10,000

	
10,000

	
10,000

	
10,000

	
10,000

	
10,000




	
O&M cost (CNY¥/KWH)

	
500

	
500

	
500

	
500

	
500

	
500








Note: the rate of certified emission reduction (CER) is $7.00.
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