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Abstract: With policy incentives for the coalbed methane in energy industry, coalbed methane from coal production has been effectively improved by technology innovations in coalbed methane extraction and utilization. The progress of coalbed methane promotes the clean construction of energy system and contributes to carbon neutrality target. To quantitatively measure the contributions of the coalbed methane in energy industry, this paper builds a carbon emissions accounting system for coalbed methane in China and assesses the historical co-benefits of coalbed methane utilization from the aspects of emissions reduction, safety and economy. By using the parameters of gas content, raw coal production, gas extraction rate and utilization rate over the years, emissions reduction potential and economic viability of coal seam gas are estimated and the safety benefits of coal mine gas extraction are analyzed by using data for gas accidents and economic losses. The results reveal that with the increase in raw coal production, the great emission reduction potential of coalbed methane is expected to benefit clean energy system and the development of carbon neutrality by means of policy incentives and technology innovations. The co-benefit evaluation indicates the huge profitability of coalbed methane from 2012 to 2015 and the significance of emissions reduction and safety gain internalization. Safety benefits are obvious in the negative exponential function between the annual drainage quantities of coalbed methane and annual death tolls from coal mine gas accidents. Based on these results, relevant suggestions are put forward for sustainable development of the coalbed methane in energy industry.
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1  Introduction

Natural gas will become an essential part of China’s clean energy system on the road to carbon neutrality. According to opinions on accelerating the utilization of natural gas for energy diversification, the proportion of natural gas in the primary energy consumption structure will reach at least 10% by 2020, and approximately 15% in 2030 [1]. As a relatively low-carbon energy source, natural gas produces less carbon dioxide than other fossil fuels during combustion, and results in reduced greenhouse effects [2]. However, with increasing demand and insufficient natural gas reserves, China’s dependence on foreign natural gas is also increasing rapidly from being a net importer in 2006 to an external dependence degree of 44.5% in 2018 [3]. It is therefore vital to develop the Chinese domestic natural gas supply to ensure the security of China and its natural gas supply.

Coalbed methane (CBM) can be used as a supplement to conventional natural gas to address the high external dependence on natural gas, and also helps to realize the sustainable energy development in China [4,5]. According to the resource assessment report in China, the geological reserves of conventional natural gas are 90 trillion m3, and recoverable reserves are 50 trillion m3, while the geological reserves of CBM buried at a depth of 2,000 meters in the ground are 30 trillion m3 with recoverable reserves of 12.5 trillion m3 [6]. In 2019, China’s natural gas output was 176.17 billion m3 and its foreign trade dependency of approximately 43.4% exhibited a slight decline for the first time [3]. The production of unconventional natural gas increased significantly and shale gas production became a major source that contributed to this decline, which was subsequently followed by the contributions derived from CBM production. There is no doubt that the development of unconventional natural gas sources will be an important policy direction for natural gas security in China.

CBM not only fills the gap between natural gas supply and demand, but also brings social benefits from carbon emissions reduction and coal mine safety. CBM is a typical greenhouse gas whose main component is methane (CH4) with strong greenhouse effects [7]. The caloric value of CH4 per cubic meter is equivalent to 1.21 kg of standard coal and its combustion power, combined with its lower carbon dioxide emissions is more environmentally friendly than other fossil fuels [8]. Hong et al. [9] found that a cost-effectiveness greater than approximately about 0.04 USD/kWh could be achieved by utilizing CBM in China, and could address the environmental burden posed by coal-fired power generation. The past fifteen years have seen increasingly rapid advances in CBM development in the Fuxin coal basin with a total cumulative CBM supply of 215 million m3 with an output value of nearly 967.5 million CHY. This project can supply 20 million m3 of CBM every year and meet the needs of one-third of the residents and 4,000 taxis in Fuxin [10]. Dong et al. [11] found that 54.5 million m3 of gas drainage could be used based on a 60% utilization rate and reduce 57.6% of the greenhouse effect compared with direct emissions. Furthermore, coal mine gas is still one of the main hazards to coal mine safety. Casualties and economic losses caused by gas accidents account for a high proportion of coal mine accidents. Therefore, it is necessary to extract CBM prior to mining activities for mine safety and for postmining management. When coal mine gas during coal production is reduced by 70%–85%, the frequency of major accidents caused by gas during coal mining can be reduced as well [12].

The government has set goals for CBM exploitation through supportive policies [13]. During the 12th Five-Year Plan, many policies including tax breaks, subsidies, and waivers on imported equipment, have been implemented for CBM development. The subsidy policy has been strengthened for the CBM industry, with standard price subsidies of 0.2 CHY/m3 in 2007 to 0.3 CHY/m3 in 2016. The State Council has also published several opinions on promoting the coordinated and stable development of natural gas plans, and has facilitated incentives for unconventional natural gas development during the period of the 14th Five-Year Plan [14]. These facts reveal that the national development plan for the CBM industry continues to take firm steps to improve its economic viability and realize its sustainable development.

However, the development of the CBM industry has not reached the expected prosperity quite yet. Although the extraction volume of CBM continues to increase yearly, the yields in 2010 and 2015 were 9.1 and 18 billion m3, respectively, which were less than the planned development goals [15]. In the 13th Five-Year Plan for the development and utilization of CBM (coal mine gas), China has reduced the previous planning goal of 24 billion m3 of extraction by 2020, including 10 billion m3 of surface CBM production. It will be a difficult task for a 12.6% increase in CBM utilization in 2020 to achieve the 13th Five-Year Plan target. This shows that the current investments in the CBM industry and national policy support are not sufficient and more funds should be allocated. Therefore, apart from the income generated by CBM innovations, the other benefits of CBM development should be evaluated to reflect their potential for improving CBM profitability.

Previous studies of the benefits of CBM have been conducted with a rough framework. According to the economic, social and environmental externalities of coal mine gas, a model is established to evaluate the comprehensive benefits of coal mine gas development and utilization [16]. Gao [17] quantitatively assessed the industrial investment benefit and safety benefit to reflect the development value of CBM and finally obtained the value of CBM development benefits. Even though these benefits assessments have been conducted for CBM development, a systematic evaluation of CBM emission reduction benefits (RB), safety benefits (SB), and economic benefits (EB) remains essential for tracking the development trend of CBM benefits from the macro perspective. Traditionally, these co-benefits have not been fully included in the decision-making processes for sustainable management of the CBM industry [18,19]. The first step towards greenhouse gas (GHG) reduction is to establish a practical estimate framework [20]. Therefore, calculations of coal mine methane emissions are employed in this research to evaluate the emissions reduction potential of CBM, and a comprehensive CBM benefit accounting system is established to evaluate the co-benefits of the CBM industry. Based on the above, this paper attempts to address the following questions:

1.    What is the total amount of CBM that escaped from Chinese coal mines in China from 2005 to 2018? How can we assess the emissions reduction potential of CBM in the near future?

2.    What are the main factors affecting emission reduction benefits, economic benefits, and the safety benefits of CBM generally speaking? What are the emission reduction benefits, economic benefits, and safety benefits of CBM in China?

3.    What are the trends of comprehensive benefits and sustainable development prospects of CBM in China for 2050?

The co-benefits of CBM development should be evaluated to highlight the importance of the CBM industry. The next section will introduce models for estimating CBM emissions and calculation methods for benefit assessments. Policy scenarios are also designed in Section 2 to test the future contributions of CBM development. Section 3 discusses the evaluation results and analyzes the scenarios for 2050. Conclusions and policy suggestions are described in Section 4.

2  Methodologies

2.1 Research Framework for Co-Benefits Assessment of CBM Utilization

The comprehensive benefits of CBM utilization are evaluated from a macro perspective. The research framework is shown in Fig. 1. CBM plays a significant role in different circumstances. As a greenhouse gas source, it could aggravate the greenhouse effect, but as an unconventional natural gas, it could become a supplementary energy source for the natural gas supply [21]. Additionally, coal mine gas is a major cause of coal mine accidents which threaten the safety of coal mine workers and their production. Therefore, only by pumping and utilizing CBM can it play a positive role in society. This research builds an integrated accounting model to calculate the emission reduction benefits, economic benefits, and safety benefits of CBM from 2005 to 2018 and forecasts the sustainable development prospects of CBM through scenario analysis.
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Figure 1: Research framework of this research

2.2 Fugitive Emission Estimations for Coalbed Methane

In the process of coal exploitation, large amounts of fugitive CBM emissions come from coal seams. CBM emissions can be contained in open mining processes, underground mining processes, and even in washing, transportation and crushing processes before coal combustion. Therefore, large quantities of CBM emissions are released and become a second source of global greenhouse gas emissions [22]. Therefore, CH4 emissions caused by coal mining have attracted worldwide attention and many scholars have conducted estimates by using different models. Maasakkers et al. [23] used detailed emission information and combined this with the Tier 2 and Tier 3 methods of the Intergovernmental Panel on Climate Change (IPCC) to prepare an anthropogenic CH4 emissions list for the U.S. Wang et al. [24] established the output emission regression function model to obtain the gas emission coefficients of different types of mines in China and calculated province-level CH4 emission factors (EFs). Estimation methods of CH4 emissions from many coal mines were introduced. It is an inaccurate estimation process if the coal production process is used to estimate the amount of CBM emissions or if the actual measurement parameters of a specific coal mine are used. Therefore, this research compares and analyzes the coal mine methane emission inventory by literature review and establishes an estimation method for CBM emissions.

The estimation method is a portfolio combination of the IPCC method and coal seam gas content by employing the values of raw coal outputs and CH4 emission flows. Total CH4 emissions from coal mines include the direct fugitive emissions of CBM, fugitive emissions of gas drainage, and utilization quantities of gas drainage [25]. CH4 emissions were calculated by formulas (1) to (3).

ET=EF+ED=M×EF×R(1)

ED=Edf+Edu=(Df+Du)×R(2)

ETF=EF+Edf=ET−Edu(3)

ET: Total CH4 emissions from coal mines by teragram (Tg) per year

EF: Direct fugitive emissions of CBM by Tg per year

ED: Drainage quantities of CBM emissions by Tg per year

M: Raw coal outputs by t/year

EF: Emission factor by m3/t

R: Unit conversion factor by 0.67E-9 Tg per m3

Edf: Fugitive emissions of gas drainage by Tg per year

Edu: Utilization quantities of gas drainage by Tg per year

Df: Fugitive emissions of gas drainage by m3

Du: Utilization quantities of gas drainage by m3

ETF: Total fugitive CH4 emissions from coal mines by Tg per year

The main parameter is the regional emission factor of CBM for different coal seams. According to research on regional EFs of Wang et al. [26] and Zhu et al. [27], coal mines are divided into three categories: low CH4 content mines, high CH4 content mines and outburst CH4 content mines. These three types have different CBM emission coefficients and are calculated by the formula (4).

REIF=∑i=1nCOCi×MiM(4)

REIF: Regional CBM emission intensity factors by m3/t

COCi: Emission coefficients of the i-type mines by m3/t

n: n types of coal mines by n=3 in this research

Mi: Coal production of the i-type mines by t/year

M: Total coal production by t/year

According to a comparative analysis, it was found that the measured CH4 emissions of 798, 787 and 10,000 coal mines were used in the analysis of coal mine methane emissions and these mines were distributed in the major coal-producing provinces of China. The data of the Chinese State Administration of Coal Mine Safety database are usually regarded as a consistent data source to minimize uncertainty in EFs data. Based on the detailed monitoring data of CH4 emissions from coal mines in 2010 and 2011, the actual data from 2010 in the study of Zhu et al. [27] and the predicted data for 2011 were compared with those from Wang et al. [26]. According to the comparative analysis of three studies, the province-level CBM CH4 EFs are shown in Fig. 2.
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Figure 2: Comparison of province-level CH4 EFs for 24 major coal-producing provinces

As shown in Fig. 2, the study of Sheng et al. [28] provided a much wider range of CH4 EFs for coal mines than had been previously obtained. The results of Wang et al. [26] and Zhu et al. [27] showed that the EFs of three provinces (Beijing, Anhui, and Chongqing) were greater than the highest CH4 EFs of Sheng et al. [28] and the EFs of some provinces (e.g., Beijing, Fujian, Inner Mongolia, Guangxi, Shandong, and Gansu) were smaller than the lowest CH4 EFs of Sheng et al. [28]. Therefore, some high EFs in the research of Sheng et al. [28] were replaced by the results of Wang et al. [26] and Zhu et al. [27]. Province-level CH4 EFs were calculated by formula (4) and the EF was kept unchanged. By using formula (3), the CH4 emissions from coal mines can be calculated.

2.3 Integrated Evaluation for Co-Benefits of CBM Development

2.3.1 Emission Reduction Benefits from CBM Utilization

It is obvious that the development of unconventional natural gas can guarantee the benefits of greenhouse gas emission reductions and play an important role in coping with climate change [29]. CBM development can reduce direct fugitive emissions of CBM into the atmosphere which is conducive to reducing air pollution and achieving environmental protection [30,31]. In this research, the emission reduction benefit of CBM refers to the economic value that can be achieved by carbon trading of CBM in the carbon market. CBM includes surface and underground drainage gas. The drained gas concentrations at the surface are generally more than 90%, and those underground are approximately 5%−30% with large fluctuations [32]. To simplify the calculation process, the concentration of surface drainage gas was set at 90% and the concentration of underground drainage gas was set to 30%. Additionally, the average carbon trading price in 2018 was 22.43 CHY/t. Finally, these parameters were input to formula (5) to calculate the emission reduction benefits of CBM utilization in China from 2005 to 2018.

RB=Du×C×ρ×F×Pc(5)

RB: Emission reduction benefits of CBM utilization

Du: Utilization of gas in coal seam by surface and underground drainage by m3

C: Drained gas concentrations at the surface are 90%, and those underground are 30%

ρ: CH4 density by 0.717×10−3 t/m3

F: Global warming potential of CH4 by 21–34 tons Carbon Dioxide Equivalent (CO2e)

Pc: Carbon trading price by 22.43 CHY/t

2.3.2 Measurement of Economic Benefits of CBM

Although the proportion of CBM production in the present natural gas market is still small, CBM production and utilization are increasing each year with the support of government policies. The economic benefits of CBM continue to gradually improve and this study analyzes the economic benefits of CBM development from the perspective of market economic value. The economic benefit of CBM is the economic value generated by selling CBM in the natural gas market. The market price of CBM includes the civil price and automobile fuel price; the prices of CBM in different areas vary greatly due to provincial support policies. This research chose the price in Shanxi province due to the large utilization scale of CBM in Shanxi Province. In recent years, the lowest selling price of CBM was 2.30 CHY/m3 and the highest price was 3.40 CHY/m3 in Shanxi. By using formula (6), the economic benefits of CBM in China from 2005 to 2018 can be calculated

EB=Du×Pgas(6)

EB: Economic benefits of CBM utilization

Du: Utilization quantities of gas drainage by m3

Pgas: Sales price of CBM from 2.30 to 3.40 CHY/m3

2.3.3 Safety Benefits Assessment of CBM

Coal mine gas is one of the main hazards in coal mine safety [33]. Methane-related accidents often cause serious casualties and economic losses [34]. Therefore, it is beneficial to reduce gas accidents, guarantee the safety of mining processes and improve the safety benefits of the mine to extract gas before mining [35,36]. Drainage of coal mine gas brings safety benefits to coal mine production [37]. This study analyzes the relationship between the death toll of gas accidents, the quantity of gas drainage, and the loss of personnel caused by gas accidents, and evaluates the relative safety benefits. Safety benefit is the contribution of a quantity of gas drainage to coal mine safety to avoid economic losses from gas accidents and is measured by the death tolls from gas accidents, per capita death compensations, and by the direct fugitive emissions of CBM. Years 2003 and 2004 were set as the base years and the difference between the death compensation per unit of fugitive gas emissions in the base year and target year represents the safety benefit of CBM drainage. Finally, the safety benefit was obtained by multiplying the quantity of drainage and safety benefit of the unit drainage, as is shown in formulas (7) to (10).

Ef=M×EF−D(7)

Lty=y×lpcEf(8)

Lby=yby×lpcEf(9)

SB=(Lby−Lty)×D(10)

SB: Safety benefits of CBM utilization

y: Death tolls of gas accident

D: Drainage quantities of CBM by m3

Ef: Direct fugitive emissions of CBM by m3

lpc: Per capita death compensations by 106 CHY

Lby: Death compensation per unit of fugitive gas emissions in the benchmark year by 106 CHY

Lty: Death compensation per unit of fugitive gas emissions in target year by 106 CHY

2.4 Scenario Setting

According to the target of energy structure adjustment and CBM development in China, the co-benefits and development situation of CBM utilization were analyzed. A low utilization rate (pessimistic) scenario, medium utilization rate (benchmark) scenario, and high utilization rate (optimistic) scenario of CBM were defined to predict the CBM development trend in China. Specific definitions of the three scenarios are described as follows:

(1)   Low utilization rate (pessimistic) scenario: According to the current development trend of comprehensive CBM benefits, no measures are taken to control CBM utilization. The general development parameters mainly refer to the utilization and market value of CBM in the most recent 10 years in China.

(2)   Medium utilization rate (benchmark) scenario: This scenario considers the impact of environmental change and measures that are taken to cause CBM development in China to extend beyond the planning goals. For example, the goals are from the 13th Five-Year Plan target for CBM development and utilization, as well as certain energy structure optimization policies to promote CBM development and utilization in China.

(3)   High utilization rate (optimistic) scenario: Under the premise of achieving the CBM development goal in China, the government further pursues a high-efficiency development mode for CBM to facilitate co-benefits and investment in the research and development of CBM technology and other incentives.

The CBM utilization rates under the above three scenarios are shown in Table 1. The growth rate of CBM utilization under the pessimistic scenario is based on the growth trend from 2010 to 2018. The settings of the benchmark scenario comes from planning goals related to CBM. Additionally, the optimistic scenario is generally designed to be 5% higher than the goals of the benchmark path. The benchmark drainage rates of CBM in China are set to 67.6% in 2020, 80% in 2030, and 90% in 2050. According to the trend of the proportion of surface CBM production and underground CBM production over the years, the proportion of underground CBM production to total CBM production is set to 60.2% in 2020, 39% in 2030, and just 3.21% in 2050. It is assumed that the drainage rates and specific gravity parameters in the pessimistic scenario are 90% of the baseline scenario, and those for the optimistic prediction are 110% of the baseline scenario.
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Moreover, the main parameters that determine high CBM utilization rates in the future are coal production, average EFs (8.95 m3/t), CBM market price, and carbon price. These parameters were taken from the 13th Five-Year Plan for the development of the coal industry, China’s medium- and long-term coals for 2030, prediction of coal production in 2050 development strategy research, and China’s carbon price survey report in 2019. Predictions of China’s CBM prices are also Europe’s natural gas prices in 2019. In addition, the per capita death compensation for gas accident deaths in 2020 was set to 181,000 CHY and this compensation will double every ten years. The number of gas accident deaths is determined by the extraction volume in 2020 and will be approximately zero due to intelligent mining. Finally, the pessimistic forecast is 90% of the benchmark while the optimistic forecast is 110% of the benchmark; the benchmark scenario is shown in Table 2.
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2.5 Data Source

In this study, raw coal output by region and death compensations for coal mine accidents from 2005 to 2018 were sourced and assessed from the China energy statistical yearbook 2010–2018. Death compensations were 20 times the disposable income of urban residents, as shown in Table A. 1 [38]. CBM extraction and utilization levels from 2000 to 2018 were collected from the official website of the National Bureau of Statistics and the 13th Five-Year Plan for CBM (coal mine gas) development and utilization. The numbers of coal mine accidents and deaths were obtained from the websites of the national and provincial coal mine safety production supervision bureaus and relevant literature.

3  Results and Discussions

3.1 Estimation of Fugitive Emissions Results

Province-level CH4 EFs of coal mining in 25 major coal-producing provinces were calculated, and the results are shown in Fig. 3. Total CH4 emissions from coal mines were calculated from province-level CH4 EFs and provincial raw coal production of 2005–2018, as shown in formula (1).
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Figure 3: Province-level CH4 EFs for CBM emissions

The total CBM emissions from coal mines are shown in Fig. 4. Fig. 4 shows that total CH4 emissions from coal mines in China have significantly increased yearly and reached a maximum of 19.3 million tons in 2012 and then declined slightly to 12.5 million tons in 2018. This trend was largely affected by changes in raw coal production in China for the highest coal production in 2012. With the increased proportion of extraction and utilization of CBM in China, the proportion of fugitive emissions continues to decrease each year. However, although the total amount of gas drainage has increased each year, the utilization rate was at a lower level and the CBM utilization rate just exceeded 50% in 2016 which led to higher total CH4 emissions from coal mines. At the same time, the large quantities of direct fugitive CBM emissions reflect the great emissions reduction potential in the development and utilization of CBM in China. While coal will occupy the first energy position in China for a long period to come, we predict very high levels of carbon emissions caused by CH4 will be released from coal mines in the future as well [39]. It is also necessary to adhere to the development and utilization of CBM in the future and reduce coal mine methane emissions.
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Figure 4: Total CH4 emissions from coal mining activities in 2005–2018

3.2 Estimation of Benefits Results

3.2.1 Results of Greenhouse Gas Emission Reduction Benefits

Bu using the results from Section 3.1, this section calculates the emission reduction benefits generated by CBM utilization in China from 2005 to 2018 and the development trend of emission reduction benefits due to CBM over the years as shown in Fig. 5a. The range of global warming potentials of CH4 can reflect the range of CBM emission reduction benefits. Due to the updating of the global warming potential of CH4 data by the IPCC and other data sources, the possible range of emission reduction benefits is calculated to reflect the monetary value of CBM utilization in the carbon trading market.
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Figure 5: Co-benefits of CBM utilization from 2005 to 2018

Note: The CB, RB, EB, and SB are the abbreviations of comprehensive benefits, emission reduction benefits, economic performance, and safety benefits, respectively.

3.2.2 Results of Economic Benefits

The scope and development trend of the economic benefits of CBM are shown in Fig. 5b. The economic benefit interval in the figure continues to increase each year at a relatively gentle pace. The greater the utilization amount, the greater the economic benefit of CBM. As mentioned in Section 3.2.1, after 2015, CBM utilization has not maintained the growth rate of previous years and has slowed significantly. The reason may be rooted in a lack of national incentives and that the CBM industry in some regions is not competitive in terms of commercial and traditional gas prices [40,41]. As a result, the CBM industry has not actively produced and utilized CBM. However, the findings of Marcos-Martinez et al. [42] show that household incomes in areas with coal seam gas activity are higher than those in areas without coal seam gas mining. It is important for local governments to develop the CBM industry due to its considerable profits. In 2012, and 2015, clear increases in economic benefits amounted to 12–17.7 billion CHY and 19.8–29.2 billion CHY, respectively, with an increase of 65% over three years. After 2015, the growth rate of economic benefits fell due to the uncertainty of the state’s subsidy policies. CBM has gradually been established in the natural gas market and its cumulative output value has reached tens of billions. Therefore, with the gradual improvement of the industrial chain of CBM, its economic benefits can be achieved by the effects of scale.

3.2.3 Results of Safety Benefits

Coal mine safety has always been a focal point for all interested parties in the coal mining industry, and remains a major issue for coal mine operations. With more attention being paid to safety issues, measures such as safety investment, supervision and emergency response capacity have been implemented and the national coal mine safety situation has gradually improved too. Since 2002, it has shown a decreasing trend in terms of the numbers of coal mine accidents and numbers of gas accidents. However, before 2008, the numbers of coal mine gas accidents accounted for no less than 10% of the number of coal mine accidents and the death toll from gas accidents accounted for no less than 25% of the death toll from all coal mine accidents. It is meaningful therefore, to explore whether coal mine gas drainage can contribute to greater coal mine safety [43].

Curve fitting was conducted to examine the death tolls from gas accidents and gas drainage quantities from 2000 to 2015. A linear model, quadratic model, and index model were used in SPSS25.0 software. The best-fitting model was selected to show the relationship between death tolls from gas accidents and gas drainage quantities. When comparing the curve fitting results shown in Table A. 2 and Fig. 6, it was found that the goodness of fit of the exponential model was highest at 0.950.
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Figure 6: Gas drainage quantities and death tolls from gas accidents from 2000 to 2015

Death tolls from gas accidents over the years were calculated by the formula in Fig. 6 and were used to calculate the safety benefits of CBM drainage with the quantity of gas drainage. The safety benefits from the pre-drainage of CBM are shown in Fig. 5c. This figure clearly reveals that the safety benefits of coal mines from CBM drainage before 2015 were increasing compared with the reference year of 2003–2004. The first decline in safety benefits took place in 2016 and increased again in 2018. The highest value of 405.06 million CHY was reached in 2015. Before 2015, the CBM drainage rate was the main parameter for determining the safety benefits of CBM. After 2015, drainage rate is only a secondary parameter and is followed by compensation. The reason is that CBM drainage rates after 2015 were able to maintain coal mine gas concentrations within a safe mining range. As long as the CBM drainage rate exceeds the 55.9% value for 2015, the probability of gas accidents will be very low. When the influence of drainage parameters gradually exceeds the drainage rate parameters, a decreasing trend for safety benefits will occur and begin to show an increasing trend again. For example, if an extra 3.683 billion m3 had been extracted in 2015, the drainage volume would have played a major role regarding safety benefits in 2015.

3.3 Scenario Analysis for Future Trends of Co-Benefits of CBM

Based on the CBM utilization rates under the three scenarios, the development prospects of CBM in 2020, 2030, and 2050 are analyzed and the final forecast results are shown in Fig. 7. It is evident that the economic benefits of CBM exhibit a rapid increase due to increased CBM market prices. The increased production capacity of CBM can promote its market competitiveness which will profoundly affect the natural gas market in the future. Similarly, with the maturity of China’s carbon trading market and increased CBM production capacity, the emission reduction benefits of CBM will also increase even though the growth rate is lower than that of economic benefits.
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Figure 7: Scenario results of CBM co-benefits predictions

The safety benefits of CBM drainage for coal mine operations have low growth rates and are lower than for other benefits. The safety benefit is measured here as a relative benefit value compared to the benchmark year of 2002 and is determined by the death compensation and CBM extraction parameters. However, with the gradual realization of complete mechanization and intelligence in coal mining activities, the coal mining industry is expected to achieve zero or near-zero casualties. If zero deaths are achieved in 2050, the safety benefit of the baseline scenario in 2050 is expected to be 806.5 million CHY. At this time, the relative benefit is entirely determined by the level of CBM extraction. The safety benefits will remain at a stable level when coal mine gas concentrations due to increased CBM drainage are still lower than the upper-limit concentrations for safe production.

The three dimensions of co-benefits in the three scenarios are compared in Table 3. In 2020, the three kinds of benefits in the pessimistic scenario are lower than those of the benchmark scenario by more than 10%. This fact demonstrates that CBM development in China is highly dependent on development investment and policy support contained in the planning. To achieve the benchmark scenario in 2020, strong intervention is needed. If we want to achieve the optimistic scenario in 2050, the CBM industry not only requires policy and financial support but also should overcome technical restrictions on CBM exploitation and utilization.

[image: images]

4  Conclusions and Policy Implications

4.1 Conclusions

Fully understanding the broad and specific advantages and benefits of coalbed methane development is of great importance regarding the implementation of proper policy support for it, while offsetting the high cost of coalbed methane utilization at the same time. This research investigates the environmental, economic, and safety benefits of China’s coalbed methane industry from 2005 to 2018 and forecasts future trends by scenario analysis. Based on the modeling results, the following conclusions were determined:

(1)   High outputs of raw coal and low utilization rates of CBM in China lead to high CH4 emissions in coal mines. The large amounts of coal mine methane emissions demonstrate the emissions reduction potential of China’s CBM development and utilization. Under the prospect that coal will be the primary energy source for a long period, total CH4 emissions from coal mines will also be an increasingly valuable source for greenhouse gas emission reductions. The estimated historical CBM emissions also indicate that the CBM utilization rate cannot catch up with that of fugitive CBM emissions. Scenario analysis suggests that there are many challenges to the control and utilization of these fugitive emissions in the future. To reduce emissions, it is necessary to strengthen innovations in CBM extraction and utilization and improve the CBM utilization rate to facilitate the profitability of the CBM industry.

(2)   Economic benefits have occupied a major part of CBM co-benefits and there was rapid growth in CBM co-benefits from 2013 to 2015 due to the implementation of a CBM industrial development policy in 2013. Therefore, the co-benefits results confirmed the development of the CBM industry. From the monetary analysis of co-benefits, it can be seen that the co-benefits of CBM are fluctuating and rising. These fluctuations have occurred because the productivity and utilization rate of CBM are both limited by technology, capital, and markets. Only when the CBM production capacity increases and the market competitiveness of the CBM industry strengthens itself can CBM subsidies be reduced. When the price of CBM approaches the market value, the industry could achieve success in CBM industrialization.

(3)   Coal mine gas prevention and control measures have contributed greatly to safeguarding coal mine operations and avoiding negative impacts. There is a negative relationship between the death tolls from gas accidents and gas drainage quantities which shows that CBM drainage effectively maintains the safety of coal mine production. CBM drainage rates and drainage quantities are the main parameters that determine the safety benefits of CBM before 2015 and after 2015, respectively. When the methane concentrations in coal seams decrease and can maintain a state of low gas levels in coal mines, changes in the decisive factors of safety benefits lead to a trend of a decreasing benefit curve and rising again. As long as the CBM drainage rate is not below that of 2015, the probability of gas accidents will be very low. Moreover, only direct personnel losses are considered in this study. If other property losses from coal mine and mining accidents are evaluated, the safety benefit from CBM will be much higher and more valuable.

(4)   The CBM industry is expected to prosper in the future due to the stable support and earnings from safety and emissions reduction. This can be seen from the scenario prediction results that the growth rate of the economic benefit of CBM is the most rapid and is followed by the growth rate of emission reduction benefits and safety benefits. The CBM development goals were not sufficiently achieved in 2020 and should be emphasized by facilitating policy support and capital investment. CBM enterprises and coal enterprises should work together to actively participate in clean development mechanisms and shoulder the burden of sharing the co-benefits of CBM. There is still a gap of more than 10% in the co-benefits between the planned benchmark scenario and the pessimistic scenario. Based on the results of the historical co-benefits of coalbed methane, it is essential to take funding measures to improve coalbed methane utilization from different aspects.

4.2 Policy Implications

Based on the above conclusions, policy implications are suggested to enhance coalbed methane profitability and facilitate the prosperity of the coalbed methane industry.

(1)   The government can provide special policy subsidies and technical support for CBM utilization to different coal mines with high EFs to reduce the cost of CBM extraction and utilization. For example, the subsidy policy should be designed to assist coal mine owners in building production modes of pre-drainage or simultaneous coal and gas extraction to fulfill the emission reduction potential of CBM by using actual geological conditions and gas source conditions of CBM mines. Targeted research on CBM mining and utilization technology needs to be carried out to overcome the technical problems of low utilization rates of CBM extraction, improve CBM development and utilization levels and promote innovative solutions for CBM development.

(2)   Coal enterprises should pay more attention to the utilization of coal mine gas and obtain support from coal safety management and environmental agencies. For example, enterprises could adopt distributed electricity generation systems fueled by onsite coal mine gas combustion. It is beneficial to reduce the concentration of coal mine gas by the measures of pre-drainage of CBM or coal and gas simultaneous extraction. These two measures could not only reduce the investment of coal mine safety construction, but also provide the energy supply for production and operation. In this way, the utilization of CBM could bring safety benefits and reduce CH4 emissions as well as electricity costs.

(3)   The CBM industry should exploit financing channels for social capital investment to engage in CBM extraction and utilization. By expanding the scale of the CBM industry, the integration of CBM could be promoted in the carbon market, enhance the competitiveness of CBM in the natural gas market, and share carbon emission reduction benefits with social investors. CBM utilization is the main factor for determining safety benefits and could be funded by the proposed national coal mining safety insurance.

This study analyzes the development and prospects of the CBM industry from a market-value perspective by fully considering the direct economic benefits of CBM and indirect benefits of safety and greenhouse gas emissions reductions. However, because the safety benefits of CBM utilization are measured by contrasting benefit analyses, safety benefits cannot be compared with emission reduction benefits and economic benefits. The emphasis should focus on directions rather than exact figures. The present research merely reflects the monetary benefit value, and the next direction could be cost accounting for the cost-benefit analysis of CBM development.
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Table 1: Scenario settings for CBM development

Scenario Actual

Pessimistic Benchmark Optimistic

Year 2010 2015 2018 2020 2030 2050 2020 2030 2050 2020 2030 2050

Utilization rate of 80 864 90.1 84 966 100 90 100 100 95 100 100
CBM (%)
Utilization rate of 31.6 353 402 39.9 503 71.1 50 65 90 55 70 95

coal mine gas (%)
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Table 3: Benefits comparison between scenarios

Year 2020 2030 2050

Benefits RB EB SB RB EB SB RB EB SB

Increase of BS over PS (%0)  36.6 41.7 11.1 31.0 357 108 268 31.7 11.1
Increase of OS over BS (%) 289 302 9.9 22,1 237 9.1 21.8  23.0 10.0

Note: Abbreviations: pessimistic scenario (PS), benchmark scenario (BS), optimistic scenario (OS), emission reduction benefits (RB),
economic performance (EB), safety benefits (SB).
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Table A. 1: Relevant parameters of benefit model

Year Per capita death Utilization quantities of Gas drainage from  Gas drainage from underground
compensation  gas drainage (10% m?) surface (10% m?) (108 m?)
(106 CHY)

2005 0.130 7.24 0.27 6.97

2006 0.133 11.61 1.51 10.1

2007 0.135 18 2 16

2008 0.141 22 3 19

2009 0.148 28 8 20

2010 0.147 36 12 24

2011 0.152 48 13 35

2012 0.160 52 14 38

2013  0.164 66 23 43

2014 0.169 77 32 45

2015 0.172 86 38 48

2016 0.171 89 39 50

2017 0.184 93 44 49

2018 0.181 101 49.2 51.8

Notes: Per capita the death compensation in 2005-2018 (price index 2000 = 100).
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Table 2: Benchmark predictions of relevant parameters

Year

2020 2030 2050

Raw coal outputs (108 t)

Carbon trading price (CHY/t)

Natural gas price (CHY/m?)

Death compensations (10* CHY /person)

39 36 37
43 116 186
3.65 4.65 6.65

18.1 36.2 14438
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Table A. 2: Relevant parameters of fitting model

Fitting model Linear model Quadratic model = Cubic model Exponential model
Adjusted R’ 0.736 0.896 0.936 0.950

F test 42.794x% 65.930x 74.631x 285.027%

T test: constant 11.616x 16.444x 16.434x 12.596x

T test: X —6.542x% —7.156% —6.110% —16.883x%

T test: x, / 4.765% 3.879%x /

T test: X, / / —3.028 %% /

Notes: *: p <0.0005 *xx*: p < 0.005 x*x*: p < 0.05.
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