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Abstract: The venting of methane from coal mining is China’s main source of methane emissions.
Accurate and up-to-date methane emission factors for coal mines are significant for reporting and
controlling methane emissions in China. This study takes a typical coal mine in Shanxi Province as
the research object and divides the coal mine into different zones based on the occurrence structure
of methane in Shanxi Province. The methane emission characteristics of underground coal mine
types and monitoring modes were studied. The emissions of methane from coal seams and ven-
tilation methane of six typical coal mine groups in Shanxi Province were monitored. The mea-
sured methane concentration data were corrected by substituting them into the methane emission
formula, and the future methane emissions were predicted by the coal production and methane
emission factors. The results show that the number of methane mines and predicted reserves in Zone
I of Shanxi Province are the highest. The average methane concentration emitted from coal and gas
outburst mines is about 22.52%, and the average methane concentration emitted from high-gas mines
is about 10.68%. The methane emissions from coal and gas outburst mines to the atmosphere account
for about 64% of the total net methane emissions. The predicted methane emission factor for Shanxi
coal mines is expected to increase from 8.859 m3/tin 2016 to 9.136 m3/t in 2025, and the methane
emissions from Shanxi coal mines will reach 8.43 Tg in 2025.

Keywords: coal mine methane; emission characteristics; methane emission factors; emission forecast

1. Introduction

Global warming poses risks to human society and ecosystems, which are closely
related to human survival and development. It has become a global consensus that hu-
man activities are the main cause of global warming [1,2]. In addition to controlling CO,
emissions, reducing non-CO, greenhouse gas emissions is also crucial for mitigating global
warming [3,4]. Methane (CHy), as the second-largest anthropogenic greenhouse gas, causes
a greenhouse effect that is 20 to 23 times more potent than that of CO, [5-7]. The relative
importance of methane compared to carbon dioxide depends on its shorter atmospheric
lifetime, more substantial warming potential, and recent changes in its atmospheric growth
rate [7-10]. According to the Intergovernmental Panel on Climate Change (IPCC), the level
of CHy in the atmosphere has increased by approximately 162% over the past 250 years [11].
The United Nations Environment Programme (UNEP) and the Climate and Clean Air
Coalition (CCAC) believe that over 50% of methane emissions globally are caused by
three major industries: fossil fuels, waste, and agriculture [12]. Between 2008 and 2017,
coal mine methane emissions accounted for 33% of global methane emissions related to
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fossil fuel activities [9]. Coal mine methane emissions are essentially the same in all coun-
tries of the world. Coal mine methane emissions in The Netherlands accounted for nearly
29% of direct methane emissions [13], coal mine methane emissions in Poland exceeded
9.3 x 108 m? per year [14], and coal mine methane emissions in Australia accounted for
68% of the country’s total energy sector emissions [3]. Although COVID-19 resulted in
the closure of most of the coal industry during 2020, the increase in atmospheric methane
concentrations is still higher than the average annual growth rate over the past decade, and
the task of reducing methane emissions from coal mines is a long way off [2]. Since the 21st
century, China has gradually become the country with the highest methane emissions in the
world. China’s anthropogenic methane emissions account for 14% to 22% of the global total
anthropogenic methane emissions [15]. The majority of methane emissions in China are
from energy-related activities, with a significant portion originating from methane leakage
during coal mining processes. According to official Chinese statistics, coal mining activities
emitted approximately 25,000 Gg of methane in 2015, ranking first in the world, accounting
for about 45% of China’s total methane emissions [16]. Currently, most of the studies on the
emission characteristics of coal mine methane are based on the combination of actual mea-
surements and methane emission modeling to obtain methane emissions [3,13,14], and
relatively little attention is paid to the methane concentration in coal mines. Therefore, this
study introduces the coal mine methane concentration into the methane emission formula
and corrects the methane emission factor, which is of great practical significance.

Shanxi Province, as a typical coal city in China, is an important energy and chemical
base in the country. The province has abundant coal resources, with many coal mines and a
coal-bearing area accounting for about 40% of the total provincial area [17]. The abundant
coal resources give Shanxi Province an absolute advantage in coalbed methane resources,
with a total of 8309.8 billion m3, accounting for 27.7% of the national total [16]. Shanxi has
abundant coalbed methane resources, and their exploitation and utilization can not only sig-
nificantly reduce greenhouse gas emissions and lower the risk of methane explosions and
fires, but also alleviate the coal-rich and gas-poor energy consumption pattern in Shanxi
with broad development prospects. With the continuous introduction and innovation
of coalbed methane exploration and development technologies, expanding investments,
and further strengthening policy support, by the end of 2017, the coalbed methane and
coal mine methane extraction in the province reached 12 billion m3, an increase of 18.8%
compared to 2015, with a utilization volume of 7.5 billion m?3 [16]. However, much methane
is still being released into the atmosphere without being utilized. Coal mine methane
abatement technologies include variable pressure adsorption technology [18,19], thermal
oxidation technology [20,21], catalytic oxidation technology [22-24], etc. The realization of
regional methane emission prediction is of guiding significance for the selection of appro-
priate methane abatement technologies. In addition, this technology can be subsequently
extended to the whole country, which is of great significance to China’s greenhouse gas
emission reduction policy.

This study focuses on the geological characteristics of methane in coal mines and com-
bines the methane geological map of Shanxi Province to divide the region. It summarizes
the number of high-gas and coal and gas outburst mines and coalbed methane resources in
different gas occurrence zones. We performed a quantitative analysis of methane emissions
from coal mines, estimating the emission factor for coal mines without measured data by
establishing a quantitative relationship between the emission factor and actual measured
coal production data, and correcting the methane emission factor for coal mines. The
prediction model for methane emissions from coal mines in Shanxi Province is established
based on the original coal production method. Methane emissions from coal mines are an
environmental issue, productivity barrier, and safety concern. Therefore, understanding
the characteristics of methane emissions, enhancing monitoring, expanding prediction, and
controlling or reducing methane emissions from coal mines have multiple benefits and are
important for methane management in coal mines.
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2. Research Methods
2.1. Calculation Method of Methane Emission

This study aims to investigate the methane emissions from coal mines using absolute
and relative methane emissions. Absolute methane emission refers to the total amount
of methane released by wind and methane extracted and discharged within a given time.
When multiple intake and return airways exist in the measuring area, the absolute methane
emission includes the total gas emissions from all ventilation circuits. The specific calcula-
tion formula is as follows:

Ja = Gem + fex 1)

In the formula, g, represents the absolute methane emission rate in the measurement
area, m>/min; g,,, represents the methane emission rate caused by wind in the measurement
area, m3 /min; (ex Tepresents the methane extraction rate in the measurement area, m3 /min.

n n
Jem = 1 Z%mi == Z(Qri’cri - Qei'cei) (2)
iz N

In the formula, n represents the shift system. When the mine adopts a three-shift
system, n = 3. When the mine adopts a four-shift system, n = 4. i represents the sequence
number of the shift. For the mine that adopts a three-shift system, i = 1, 2, 3. For the mine
that adopts a four-shift system, i =1, 2, 3, 4. g,,,; represents the methane emission of the i-th
shift, m3/min. Q,; represents the airflow in the return airway of the i-th shift, m3/min. C,;
represents the methane concentration in the airflow of the return airway of the i-th shift,
%. Q,; represents the airflow in the intake airway of the i-th shift, m®/min. C,; represents
the methane concentration in the airflow of the intake airway of the i-th shift, %.

Relative methane emission refers to the average amount of methane emitted daily
under normal mining conditions. This study calculates the relative methane emission by
converting it into absolute methane emission, following the specific calculation method
below:

g= 1440 x %‘ 3)

In the equation, g, represents the relative methane emission rate, m3/t; g, represents
the absolute methane emission rate, m®/min; D represents the monthly average coal
production, t/d; 1440 represents the number of minutes in a day.

The original formula does not mention the methane concentration when defining
the methane emission from extraction. However, in real life, the methane concentration
in coal mine extraction is mostly below 30%, according to relevant emission standards. If
the methane emission factor is calculated directly based on the amount of extracted methane,
the result will be too high, thus easily overestimating the underground coal mine methane
emissions. Therefore, the explanation for g,y in Formula (1) is supplemented as follows:

Jex = Qi Cy 4)

In the formula, Q; represents the methane extraction rate in the measurement area,
m?/min; C; represents the average methane concentration in the extraction, %.

2.2. Emission Factor Prediction Models of Methane Emission

The metabolic GM(1, 1) model creates new time series data for subsequent forecast-
ing by continuously adding new data while removing old data in a “metabolic” man-
ner. The new data series better reflects the inner development pattern of the data, thus
obtaining more accurate prediction results. Compared with the traditional GM(1, 1),
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the metabolic GM(1, 1) model is more practical. The MATLAB program code is as follows:

y = input;

n = length(y);
yy = ones(n,1);
yy(@) =y(@);

t_test = input(‘Enter the number of predictions
to be made ‘);

i=1:t_test+n;

yys@ + 1) = (y(1) — t).*exp(—a.*i) + t;

fori=2n yys(1) = y(1);
yy(@) = yy(I — 1) + y(i); forj=n+t_test:—1: 2
end ys() = yys() — yys(i — 1);
B = ones(n-1, 2); end
fori=1:(n—1) x = 1in;
B(i, 1) = —(yy(@) + yy(i+ 1))/2; Xs = 2:n + t_test;
B({,2)=1; yn = ys(2:n + t_test);
end plot(x, y, “r’, xs, yn, *—b’);
BT =B’; det=0;
forj=1:(n—1) fori=2:n
YNG) = y(j +1); det =det + abs(yn(i) — y(i));
end end
YN = YN’; det=det/(n — 1);
A =inv(BT*B)*BT*YN; disp([‘The per cent absolute error
a=A(l); is:’,num2str(det), ‘%']);
u=A(2); disp([‘The predicted value is:’,num2str(ys(n +
t=u/a; 1: n + t_test))]);

2.3. Emission Factor Prediction Models of Methane Emission

The Monte Carlo method is used to study the effects of uncertainty in coal mine methane
emission. This is a method that uses statistical sampling theory to approximate the solution
of a mathematical problem. The basic steps of the Monte Carlo method include selecting
the input parameters for the uncertainty analysis, determining the probability distribu-
tions and ranges of the input parameters, and generating the probability distributions
of the model output values. In this study, we used the Oracle Crystal Ball program to
analyze the uncertainty of emissions. The input parameters were the values of the modified
emission factor model GM (1,1) and the values of the coal mine production in Shanxi
Province. The methane emission factor took the values of 8.85-9.14 m®/t and a median of
8.99 m3/t. The model was set up to simulate the running of 10,000 experiments according
to the probability distribution for each parameter.

3. Results and Discussion
3.1. Characteristics and Type Classification of Methane Distribution

The coal mine methane geological map of Shanxi Province is used to divide Shanxi
Province into regions, and the number of total high-gas and coal and gas prominent mines
and the predicted coal bed methane resources are summarized in the zones. The methane
geological map is based on quantitative theory and takes methane geological conditions as
indicators, through which the regional division is of great significance for the analysis of
coal mine methane emission chemistry in specific coal mines.

3.1.1. Methane Distribution Characteristics in Coal Mines

Shanxi Province has large coal reserves with wide distribution, but they are pri-
marily concentrated in six coal fields: Datong, Ningwu, Hedong, Xishan, Huoxi, and
Qinshui. There are also scattered coal-producing areas such as Hunyuan, Wutai, Fanzhi,
Pinglu, and Yuanqu. The satellite monitoring map of methane emissions and the geolog-
ical map of coal mine methane in Shanxi Province in 2019 are shown in Figure 1. From
the figure, it can be seen that the methane concentration in Shanxi Province in 2019 was
1864.9 ppb. The areas with high methane concentrations are mainly concentrated in the
central and southern parts of Shanxi Province. Among them, the methane concentrations
in Jincheng and Yangquan are relatively high, reaching 1884.1 ppb and 1887.7 ppb, respec-
tively. The methane concentration in the northern part of Shanxi Province is relatively low,
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with Shuozhou and Datong having methane concentrations of 1848.3 ppb and 1849.0 ppb,
respectively. The methane content in the coal seams in the Hedian, Datong, Ningwu,
and Qinshui coal basins decreases from shallow to deep, and the distribution of methane
content in the coal seams gradually increases from the periphery of the basin to the core.
The overall occurrence pattern of methane in coal mines is low in the north and high in the
south, and the amount of methane emitted during the mining process will also be higher
in areas with higher methane occurrence. According to the theory of hierarchical control
of methane occurrence structures, Shanxi Province can be divided into five zones: the high
outburst zone in the Qinshui Basin, the high outburst zone in the Hedong Coalfield, the
high outburst zone in the Xuangang Xishan, the methane zone in the northern Shanxi uplift,
and the methane zone in the Fenwei Fault Depression, as shown in Figure 1.
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Figure 1. Methane emission satellite monitoring map and coal mine methane geological map in
Shanxi Province in 2019.

In order to more intuitively demonstrate the distribution characteristics of methane
in different coal mines and predict the resource reserves, investigations were conducted
on the types, quantities, and predicted methane emissions in five different mining areas.
The results are shown in Figure 2. The high-gas zone of the Qingshui Basin (I) includes
the Qingshui Coalfield, where the coal seam has a high methane content. The number of
high-gas or coal and gas outburst mines is significantly higher than in other zones, and
the abundance of methane reserves is highest. The high-gas zone of the Hedong Coalfield
(II) includes the Hedong Coalfield area, where the coal seam thickness is greater, and
the methane content is higher. The number of high-gas mines is significantly higher than in
the Xuangang Xishan high-gas zone (III), Northern Shanxi uplift methane zone (IV), and
Fenwei rift methane zone (V), and the abundance of methane reserves is second highest.
The Xuangang Xishan high-gas zone (III) includes the Xishan Coalfield, where the coal
seams are shallow or low-grade, and the abundance of methane reserves is moderate. The
Northern Shanxi uplift methane zone (IV) includes the Datong Coalfield and part of the
Ningwu Coalfield. The number of high-gas or coal and gas outburst mines is similar to
that in the Xuangang Xishan high-gas zone (III), but the reserves are lower due to the
shallow burial depth of the coal seams and low coal grade. The Fenwei rift methane
zone (V) includes the Huoxi Coalfield, which has the fewest high-gas mines and lower
regional methane pressure. Due to the development of extensional structures, a large
amount of methane in the coal seams has escaped, resulting in the lowest abundance
of methane reserves.
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Figure 2. Characteristics of coal mine gas occurrence zones in Shanxi.

3.1.2. Classification of Underground Coal Mine Types

The relative methane emission in coal mines mainly depends on the type of coal min-
ing, underground geological structure, history, and quality of coal. Based on the methane
emission and emission forms, underground coal mines can be divided into three categories:
low-gas, high-gas, and coal and gas outbursts. The classification of coal mine methane
emission rates is shown in Table 1.

Table 1. Underground coal mine gas classification.

Low-Gas Mine High-Gas Mine Coal and Gas Outburst Mine
Relative gas emission <10m3/t >10 m3/t
Absolute gas emission <40 m3 /min >40 m3 /min

Absolute gas emission in the
heading face
Absolute gas emissions in
coal mining face

A mine that has experienced
>3 m3/min gas outbursts or has potential
outburst danger.

<3 m3/min (each
working face)
<5 m?3/min (each

3 .
working face) >5 m”/min

According to statistics, there are currently 978 coal mines in Shanxi Province. Among
them are 232 high-gas mines and 50 coal and gas outburst mines. Except for some mines
under construction, there are currently 247 mines conducting methane drainage. In this
study, a total of 183 mines were counted, including 151 high-gas mines and 32 coal and
gas outburst mines. The five methane-bearing zones are shown in Table 2, and the number
of high-gas mines in each region roughly corresponds to Figure 2. The number of high-
gas mines in Zone I is significantly higher than in other regions, covering the Yangquan—
Jincheng high-gas zone.

Table 2. Classification of coal mine samples.

Coal Mine Gas Grade I II 111 v A\ Total
High-gas mine 102 23 14 6 6 151
Coal and gas outburst mine 26 3 3 0 0 32
Total 128 26 17 6 6 183

3.2. Accounting and Analysis of Methane Emissions from Different Areas

In this study, methane pumping data from 182 coal mines in Shanxi Province in
2019 were collected from January to December. Based on the basic data, the amount
of methane pumped under different extraction modes in each gas-endowed subzone of
Shanxi Province and the amount of gas pumped from mines with different coal mine gas
levels were regionally summarized and discussed.
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3.2.1. Accounting for Methane Emissions in Different Monitoring Modes for Partition

Based on the limitations of coal seams and their physical properties, coalbed gas
resources and their potential, coalbed gas extraction conditions, and topographical con-
ditions, two modes, namely underground extraction and surface extraction, were used
to calculate the methane emissions in different regions of Shanxi Province. The results
are shown in Figure 3, and it can be seen that the methane emissions in Shanxi Province
are mainly emitted through surface extraction mode, with an emission volume of about
3.087 billion cubic meters, accounting for approximately 64% of the total methane emissions.
However, the methane emissions from underground also reached 1.485 billion cubic meters,
accounting for about 36% of the total methane emissions. At the same time, there are
significant differences in methane emissions in different regions. According to Figure 3a, it
is found that 80% of the methane extraction in Shanxi Province comes from Region I, and
the methane extraction volumes of Region II and III “contribute” 7.9% and 9.5% of the total
extraction volume, respectively. Due to the smaller number of high-gas outburst mines
in Region IV and V, there are relatively fewer mines to be extracted, resulting in a smaller
extraction volume.
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Figure 3. (a) Emission and (b) proportion of the amount of gas pumped by different drainage modes.

According to different criteria, methane emissions were calculated in different regions,
and the main sources of methane emissions varied in different regions. Figure 3 shows
that in Regions I, II, III, and IV, methane extraction is mainly from surface pumping, while
in Region V, methane extraction is mainly from underground pumping. During the data
aggregation process, it was found that the amount of methane extraction varies significantly
for the same mine under different pumping modes. In contrast, the total methane extraction
remains relatively stable. The size of methane emission from underground and surface
pumping systems in different mines is related to the choice of pumping mode mentioned
above. The total methane emission is not directly related to the choice of pumping mode.
The emission varies with the change in extraction volume and methane extraction effi-
ciency. The methane extraction volume of each mine is determined based on the methane
concentration in the mine air to ensure safe coal production.

3.2.2. Accounting for Methane Emissions in Different Categories of Mining Areas

Based on the classification of different types of underground coal mines, the methane
emission and average concentration in different mining areas were investigated, as shown
in Figure 4a. It can be seen that the methane extraction in high-gas mines in Shanxi is
not significantly different from the extraction in coal and gas outburst mines, accounting
for 52.6% and 47.4% of the total methane extraction, respectively. The average methane
concentration in high-gas mines and coal and gas outburst mines in Shanxi is 10.68% and
22.52%, respectively. These data are significant for estimating the net methane emissions
in mining areas. In terms of the average methane emission concentration in each region,
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the methane emission concentration in high-gas mines is significantly lower than in coal
and gas outburst mines. The methane emission concentration in Region I and III of coal
and gas outburst mines is equivalent to twice that of high-gas mines.
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Figure 4. (a) Emission and (b) concentration of methane drainage in different grades of gas mines.

The emission and concentration of methane extracted from high-gas mines and coal
and gas outburst mines in each region are shown in Figure 4b. From the figure, it can be
seen that there is a significant difference in methane extraction between high-gas mines
and coal and gas outburst mines in each region. Since no coal and gas outburst mines
exist in Regions IV and V, the methane extraction from coal and gas outburst mines is
0. The methane extraction from high-gas mines in Regions II and III is higher than that
from coal and gas outburst mines, possibly because these regions have fewer coal and gas
outburst mines and no high-gas zones. Although the number of high-gas mines in Region I
is significantly higher than that of coal and gas outburst mines, it is equivalent to four times
the number of coal and gas outburst mines. However, the methane extraction from coal
and gas outburst mines in this region is higher than that from high-gas mines, accounting
for approximately 54.1% of the total extraction in this region. This is possibly due to the
coverage of the Yangquan-Jincheng high-gas zone in this region and the higher methane
content in the mined coal seam, which requires a large amount of methane extraction to
ensure mine safety and production.

According to the summary of net methane emission and average emission concentra-
tion in Figure 4, the net methane emissions and distribution of net methane emissions from
classified mines in each region are shown in Figure 5. The figure shows that Region I still
has the highest net methane emissions among the five regions, significantly higher than the
other four regions, contributing 84% of the total net methane emissions in the province. In
terms of net methane emissions in Shanxi Province, the net methane emissions from coal
and gas outburst mines are significantly higher than those from high-gas mines, accounting
for about 64% of the total net methane emissions. In comparison, the net methane emissions
from high-gas mines only account for 36%. The main reason for the higher net methane
emissions from coal and gas outburst mines is the higher average emission concentration
(reaching 23%). In the future, methane control and emission reduction can start with
improving the utilization rate of methane extraction from coal and gas outburst mines.
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Figure 5. Summary of net methane drainage from mines by region and category.

3.3. Characteristics and Emission Factor Correction of Methane Emissions from Coal Mines

In the face of specific measured data, the specific methane emissions from coal mines
can be obtained through source aggregation. However, obtaining monitoring data from
various emission sources is difficult, and there are many issues, such as the lack of mon-
itoring devices at emission sources. A feasible method for quantifying underground
coal mine methane emissions is to use the factor method. By multiplying the regionally
calculated raw coal production with the aggregated methane emission factor for the region,
an estimated amount of coal mine methane emissions can be obtained.

3.3.1. Estimation of Methane Emissions from Key Group Coal Mines

The six major coal mining groups in Shanxi Province were selected in the methane
occurrence bands [, II, II, and V, and Formulas (1)—(3) were used to estimate their methane
emissions, as shown in Table 3. The trends of methane emissions are shown in Figure 6.
From the perspective of coal production, the overall coal production of these groups shows
an increasing trend. In contrast, the overall methane emission factors of the coal mines vary,
but the changes are relatively small. The coal production of the three groups in Region I
is significantly higher than that of the other coal mining groups. On the level of methane
emission factors, the overall methane emission factors of groups 1, 2, and 5 are increasing,
the emission factors of group 4 remain unchanged, and the emission factors of groups 3 and
6 are decreasing. The methane emission factor of group 4 is the highest among the six groups
and significantly higher than the other five groups. The methane emission factors of the
three groups in Region I are not high compared to the other six groups. From the perspective
of methane emissions, it can be seen from the graph and table that the overall methane
emissions of the six major coal mining groups are increasing. Among them, the methane
emissions of the three groups in Region I are higher than the other three groups due to their
significantly higher coal production. Although the methane emission factors of groups 4 to
6 are relatively high, the methane emissions are relatively low compared to groups 1 to 3
due to their low coal production. Therefore, large coal mining groups in Shanxi should take
the corresponding responsibility for methane control and emission reduction. Based on the
large coal production base, the methane drainage and ventilation rate should be gradually
increased to reduce the methane emission factor and control methane emissions. In the
subsequent quantitative process of setting methane emission control targets in Shanxi,
it is recommended to conduct demonstration studies on methane emissions from key
coal mining groups in Shanxi, first to develop specific methane recovery and utilization
targets for coal mines and then to quantify emission reduction targets. It can be seen
that quantifying methane emissions from specific coal mining groups is conducive to the
scientific formulation of policies and regulations for methane emission reduction in the
coal industry.
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Table 3. Table of estimated values of methane emissions from coal mines of the six coal mine groups.

Annual Output of Coal Mine Methane Methane Emission
Serial Number Partition Year Coal Emission Factor from Coal Mines
(Mt) (m3/v) (m?3)

2010 32.0 17.00 0.544 x 10°
1 I 2015 36.0 19.37 0.697 x 107
2010 41.6 15.13 0.629 x 10°
2 I 2015 71.6 15.93 1.141 x 10°
2010 50.9 22.97 1.169 x 10°
3 I 2015 55.3 22.33 1.235 x 10°
2010 2.6 81.32 0.211 x 10°
4 1 2015 8.0 81.32 0.651 x 10°
2010 21.9 17.79 0.390 x 10°
5 I 2015 23.2 19.42 0.451 x 10°
2010 7.2 31.92 0.230 x 10°
6 v 2015 8.2 31.54 0.259 x 107
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Figure 6. Trend chart of methane emissions in six major coal mine groups.

3.3.2. Key Coal Mine Offline Methane Emission Monitoring

Offline field surveys were conducted on nine coal mines (seven high-gas mines and
two coal and gas outburst mines). The basic information of the surveyed coal mines is
shown in Table 4. For this study, three mines in the Lu’an mining area in Region I and
one mine in the Liliu mining area in Region II were selected as examples for the quantitative
analysis of methane emissions from coal mines. As many samples as possible were cho-
sen from mines with methane outburst zones, with at least a high-gas mine methane
grade, and mines where methane extraction is conducted, with good continuity and
higher accuracy of mining monitoring data. The following data were collected from
each coal mine: methane extraction and coal production plans, including methane extrac-
tion utilization rate (%), methane emission concentration (%), monthly coal production
(t), actual mining days per month (d), ventilation air volume of each ventilation shaft
(m3/min), and methane concentration in ventilation air (%). The underground methane
emissions from coal mines mainly come from the mine’s ventilation system and extraction
system; thus, the following text will provide a specific quantitative analysis of methane
extraction and ventilation.
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Table 4. List of survey coal mine information.
. . . Number of
Coal Mine Serial Corresponding C.;as Gas Grade Ventilating Shafts in Date of Investigation
Number Occurrence Zoning .
the Coal Mine
A I High gas 3
B I High gas 1
C I High gas 4
D I High gas 3 July to September 2020
E I High gas 3
F I High gas 3
G I Coal and gas outburst 1
H II High gas 1 January to April 2021
I \% Coal and gas outburst 3
Coalbed Methane Extraction
The methane extraction, utilization, and emissions from mines A, B, C, and G are
summarized in Table 5. Among the four mines, mine A has the highest methane extraction
volume. Although its utilization rate is also the highest, the emitted methane volume
is still considerable, with an average release of 45.70 m3/min and an average methane
concentration of 20.77%. Approximately 4.99 million m>/y of pure methane is estimated to
be emitted into the atmosphere annually. Mine B has a relatively lower methane extraction
volume compared to the other mines, and its methane utilization rate is slightly below
the average for Shanxi Province, at 44.3%. The average methane concentration in its
emissions is 14.45%. The estimated annual methane emissions into the atmosphere are
approximately 2.36 million m3/y. Mine C has the lowest methane utilization rate compared
to the other mines, significantly lower than the average for Shanxi Province.
Table 5. Table of coal mine gas utilization and emission in A, B, C, and G coal mines.
Name Time Methane Extraction Methane Methane Drainage Utilization Ratio
Quantity (m3/min) Utilization (m?3) Quantity (m3/min) (%)
2020/7 155.63 5.08 x 106 41.83 73.12
A 2020/8 160.42 5.11 x 10° 45.95 71.36
2020/9 163.43 4.93 x 10° 49.31 69.83
B 2020/9 55.26 1.05 x 106 31.02 43.86
2020/7 79.90 1.24 x 10° 52.17 34.71
C 2020/8 79.89 1.23 x 10° 52.39 34.42
2020/9 79.84 1.20 x 10° 52.13 34.71
2021/2 48.92 1.38 x 106 14.76 30.17
G 2021/3 50.10 1.40 x 10° 18.67 37.27
2021/4 52.26 1.08 x 10° 25.52 48.83

Consequently, it has the highest methane emissions, with an average release of
52.23 m3/min and an average methane concentration of 16.48%. The estimated methane
emissions into the atmosphere are approximately 4.52 million m3/y. Mine G has the low-
est methane emissions among the four mines, with an average release of 19.65 m3/min and
an average methane concentration of 13.03%. The estimated methane emissions into the
atmosphere are approximately 1.35 million m3/y.

Methane Emission from Ventilation System

Mine A has three operating ventilation shafts, and the ventilation rates and methane
concentrations of the three shafts are shown in Figure 7. According to the trend of
ventilation rates and methane concentrations in the figure, it can be seen that when
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the methane concentration is high, the ventilation rate will increase accordingly to en-
sure that the methane concentration is maintained at a relatively low and stable level.
Although the methane concentrations of the three ventilation shafts in mine A are all chang-
ing, the overall VAM concentration remains relatively stable. From July to September 2020,
the VAM concentration varied between 0.23% and 0.34% (with an average concentration
of 0.26%), and the average flow rate of methane in the ventilation air was 93.45 m3/min.
Shaft C has a relatively higher VAM concentration and a larger ventilation rate. The esti-
mated annual methane emissions directly into the atmosphere are about 49.11 million m?/y.
Compared to shaft C, shafts A and B have lower VAM concentrations and ventilation rates.
The VAM concentration range of shaft A is between 0.10% and 0.13% (with an average
concentration of 0.12%), and the average flow rate of methane in the ventilation air is
35.77 m3/min. The VAM concentration of shaft B ranges from 0.10% to 0.12% (with an
average concentration of 0.11%), and the average flow rate of methane in the ventilation air
is 32.71 m3 /min. The estimated annual methane emissions directly into the atmosphere for
shafts A and B are 18.8 million m3/y and 17.19 million m?/y, respectively. Based on the
data collected for three months, the total methane emissions from mine A to the atmosphere
are estimated to be approximately 85.11 million m?/y.
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Figure 7. Air volume and CHy concentration in (a) ventilation shaft a, (b) ventilation shaft b and
(c) ventilation shaft ¢ in coal mine A.

The ventilation shaft of mine B is in operation, and there is only one, located in the
west of the mine. According to Figure 8, it can be inferred that the air volume of the
ventilation shaft in mine B is significantly smaller than that of mine A, suggesting that
the methane content in the coal seam being extracted in mine B is relatively low. From
July to September 2020, the VAM concentration in the west shaft ranged from 0.26% to
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0.28%, with an average concentration of 0.29%. The average pure methane flow rate is
23.10 m3/min. Mine B is estimated to emit approximately 12.14 million m3/ y of VAM into
the atmosphere.
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Figure 8. Air volume and CHy concentration in west ventilation shaft in coal mine B.

Mine C has four ventilation shafts, and the methane flow rate and concentration of the
four ventilation shafts are shown in Figure 9. From July to September 2020, the methane
concentration in the four ventilation shafts remained relatively stable with small fluctua-
tions, and the methane flow rate gradually decreased from July to September. From July
to September 2020, the VAM concentration in ventilation shaft D ranged from 0.128% to
0.130% (with an average concentration of 0.129%), and the average VAM flow rate was
39.304 m3/min. As shown in the figure below, the methane concentration and methane
flow rate of ventilation shaft E showed a consistent trend. The average VAM concentra-
tion in ventilation shaft E was 0.107%, ranging from 0.105% to 0.112%, and the average
VAM flow rate in the ventilation air was 15.634 m>®/min. Ventilation shafts F and G had
lower methane concentrations than ventilation shafts D and E. The VAM concentration in
ventilation shaft F remained relatively stable at 0.065%, and the average pure methane flow
rate in the ventilation air was 6.123 m3/min. The VAM concentration in ventilation shaft G
also remained relatively stable at 0.067%, and the average pure methane flow rate in the
ventilation air was 7.937 m3/min. The estimated methane emissions directly released into
the atmosphere from the four ventilation shafts in C mine C are approximately 20.66 million,
8.22 million, 3.22 million, and 4.17 million m3/year, totaling 36.27 million m3/year.

Mine G is a coal and gas outburst mine with only one operating ventilation shaft.
Compared to mine C, the total methane emitted by the G mine’s ventilation air is relatively
low. Figure 10 shows the trend of methane emissions and methane concentration variations
is quite consistent. From February to April 2021, the VAM concentration in the ventilation
air ranged from 0.12% to 0.18%, with an average concentration of 0.15%. The average
pure methane flow rate is 24.07 m3/min. The G mine is estimated to emit approximately
12.65 million m3/y of VAM into the atmosphere.
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Figure 9. Air volume and CH, concentration in (a) ventilation shaft a, (b) ventilation shaft b,
(c) ventilation shaft ¢ and (d) ventilation shaft d in coal mine C.
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Figure 10. Air volume and CHy4 concentration in ventilation shaft in coal mine G.

The total amount of methane extracted and released to the atmosphere from the
four coal mines was summarized with a methane density of 0.675 kg/ m3. Mine A emits
approximately 60,800 tons of pure methane annually into the atmosphere, equivalent to
1.52 million tons per year of carbon dioxide equivalents. Mine B releases around 9800 tons
of methane annually, equivalent to 0.25 million tons of carbon dioxide equivalents per year.
Mine C emits approximately 27,500 tons of methane annually, equivalent to 0.69 million tons
of carbon dioxide equivalents per year. Mine G releases about 9500 tons of methane
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annually, equivalent to 0.24 million tons of carbon dioxide equivalents per year. It is
evident that when converted to carbon dioxide equivalents, methane emissions have a
relatively high global warming potential. Therefore, efforts should be made to increase the
utilization of methane recovery in coal mines. Additionally, controlling non-carbon dioxide
greenhouse gases such as methane has the advantages of low emission reduction costs, fast
response speed, and significant synergistic benefits. Reducing methane emissions from
coal mines is significant in mitigating climate change.

3.3.3. Key Coal Mine Methane Emissions Factor Correction

This study investigated nine mines, with mines A-E from the Lu’an mining area, mine
F from the Jincheng mining area, mines G and I from the Liuliuhua mining area, and mine
H from the Huozhou mining area. Mines A-F are located in Region I. Mines G and I are
located in Region II. Mine H is located in Region V. Based on the calculation method of
coal mine methane emission factors, specific methane emission factors for certain coal mines
were calculated using the collected offline measured data, as shown in Table 6.

Table 6. Summary of methane emission factors for surveyed coal mines.

Coal Mine

A B C D E F G H I

Methane emission factor

(m®/t)

11.24 19.62 7.27 20.82 11.88 12.30 6.84 2.55 24.86

The results of calculating the coal mine methane emission factors are shown in
Table 7 using Formulas (2)—(4). It can be observed that there is a relatively significant
change before and after the correction. Calculating the coal mine methane emission fac-
tors using the corrected formula facilitates a more accurate estimation of underground
coal mine methane emissions. It also allows for the determination of the specific con-
tribution of underground coal mine methane emissions, which provides a reference for
formulating industry-wide methane control and emission reduction policies.

Table 7. Summary of revised methane emission factors for surveyed coal mines.

Coal Mine

A B C D E F G H I

Methane emission factor

(m®/t)

9.31 8.82 4.16 14.59 8.04 8.98 4.29 2.01 12.24

3.4. Prediction of Coal Mine Methane Emissions

Numerous factors affect the methane emission factor of coal mines. The coal mining
type, underground geological structure, and coal quality generally do not vary significantly
in the short term for a specific mine. However, the methane emission factor variation in
coal mines depends more on the depth of coal seam burial, mining methods, and methane
utilization technology. Through previous scholars’ research on the calculated methane
emission factor data of Shanxi coal mines, the Metabolic GM(1, 1) model was used to predict
the methane emission factors of Shanxi Province coal mines from 2016 to 2025 [25-27].
According to the official website of the National Bureau of Statistics, the coal production in
Shanxi Province in 2018 was 893.4 million tons. Using an approximate formula for the coal
production factor, the 2018 coal mine methane emission factor is roughly 8.955 m3/t. Based
on these data, adjustments were made to the prediction of the GM(1, 1) model for metabolic
analysis, and the results are shown in Table 8. The table shows that the methane emission
factor of Shanxi coal mines is steadily increasing in the coming years. There are multiple
factors that affect methane emission factors in coal mines, and the interaction between
these factors is complex, making accurate prediction difficult. Based on the analysis of the
factors influencing methane emission factors in coal mines, as coal production continues
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to increase and mining depths continue to deepen, this leads to an increase in methane
emissions per ton of coal extracted.

Table 8. Prediction and revised results of coal mine methane emission factors in Shanxi.

Year

2016

2017 2018 2019 2020 2021 2022 2023 2024 2025

Emission factor

(m3/t)

8.529

8.605 8.621 8.658 8.653 8.704 8.717 8.742 8.765 8.795

Revised emission

factor (m3/1)

8.859

8.938 8.955 8.993 8.988 9.041 9.055 9.081 9.104 9.136

In order to further predict the methane emissions from coal mines in Shanxi Province,
the trend of coal production over time was forecasted based on the collected coal production
data from 2016 to 2020 in Shanxi Province. Considering the linear characteristics of the time
series data of coal production and based on previous studies and fitting accuracy, a linear
fitting model was selected to establish the prediction model for coal production in Shanxi
Province. The fitting graph of coal production and the corresponding error are shown in
Figure 11. It can be seen from the graph that the fitting equation for coal production is
Y =0.633X — 1268.15, with an error within 3%, indicating that the linear model has a good
fitting effect. Based on the established linear fitting model, the coal production from 2016
to 2025 was predicted, and the coal production forecast graph is shown in Figure 11c. It
can be seen from the graph that the growth rate of coal production from 2019 to 2020 is
twice that of the period from 2016 to 2018. At the same time, according to the prediction
results, the average growth rate of coal production in Shanxi Province is 4.85%, and coal
production is predicted to reach 1.347 billion tons in 2025.

According to the linear regression prediction model for raw coal production and
the GM (1, 1) metabolic model for methane emission factor in coal mines, a predic-
tion model for methane emission in coal mines is established, which can estimate and
predict the methane emission in Shanxi Province by multiplying the predicted values of
the two models using the method of raw coal production. According to the results of the
prediction model and the methane emission in coal mines in Shanxi Province from 2016 to
2025, as shown in Table 9, the total methane emissions in coal mines will reach 9.6 billion m3
in 2020, equivalent to 6.38 Tg (assuming a density of 0.675 kg/m?). By 2025, the methane
emissions in coal mines will reach 12.3 billion m3, which is equivalent to 8.43 Tg, and
a large amount of methane will be emitted into the atmosphere, wasting resources and
accelerating the process of global warming. Figure 12 shows the predicted methane emis-
sions and uncertainty analysis of coal mines in Shanxi Province, from which it can be seen
that methane emissions and methane growth rate increase year by year. Monte Carlo model
calculations show that methane emissions conform to a normal distribution, indicating that
the calculation method has some accuracy.

Table 9. Table of estimated and predicted methane emissions from coal mines in Shanxi.

Year

Estimated Value Predicted Value

2016

2017 2018 2019 2020 2021 2022 2023 2024 2025

Emissions

(Tg)

4.77

5.19

5.58 6.00 6.38 6.80 7.20 7.61 8.02 8.43
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the predicted values) from coal mines in Shanxi Province.

4. Conclusions

This study combines the geological laws of methane and divides the region based on
the methane geological map of Shanxi Province. The methane emissions from coal mines
in the province are analyzed and calculated by region and dimension. The formula model
for methane emission factors in coal mines is modified and supplemented, and the methane
emissions from key coal mines are calculated. At the same time, based on the regional
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emission factor and the original coal production method, a prediction model is established
to predict methane emissions from coal mines in Shanxi Province. The results show that
the number of high-gas and coal and gas outburst mines in Region I of Shanxi Province is
significantly higher than in other regions, and the coal seam predicted reserve abundance
is also the highest. Methane extraction is mainly emitted through surface extraction,
and the magnitude of the total methane extraction is not directly related to the choice
of extraction method. There is not much difference in methane extraction between high-
gas mines and coal and gas outburst mines in Shanxi, but at the average concentration level
of methane extraction, coal and gas outburst mines are twice as high as high-gas mines,
with average concentrations of methane extraction of 22.52% and 10.68%, respectively.
The methane emission from coal and gas outburst mines accounts for about 64% of the
total net methane emission, while high-gas mines account for 36%. The predicted methane
emission factor from Shanxi coal mines has increased from 8.859 m?/t in 2016 to 9.136 m?/t
in 2025. Based on the development trend in recent years, the methane emission factor
from Shanxi coal mines is expected to maintain steady growth in the next five years, and
the methane emission from Shanxi coal mines will reach 8.43 Tg in 2025. Because of
the characteristics of methane emissions, technological innovation should be encouraged,
and research on the use of low-concentration coal mine methane should be supported
through industrial funds, science and technology special funds, and other means to improve
scientific research inputs; enterprises should be encouraged to generate coal mine methane
power for self-consumption, and preferential policies should be implemented to reduce the
cost of energy saving and emission reduction; local standards for methane emission control
in the coal industry should be designated, and the target of methane emission reduction in
the coal mines should be quantitatively defined; finally, the monitoring system for methane
emission by enterprises should be improved, and an inventory of the data of methane
emission in the energy industry should be set up.
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