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W N e

Abstract: Climate warming and air pollution are atmospheric environmental problems that have
aroused broad concern worldwide. Greenhouse gas emissions are the main cause of global warming.
In addition to reducing carbon emissions, increasing carbon sink capacity and improving environ-
mental quality are essential for building green and low-carbon enterprises under carbon peak and
carbon neutrality goals. Currently, the research on the methods and application of carbon sink
capacity assessment in coal mining enterprises is limited. Given this, this study estimated the carbon
absorption, carbon storage, and net ecosystem productivity of a typical coal mining area in Taiyuan
City, China, and compared the characteristics and applicability of the three methods. The results
showed the following: (1) The total carbon absorption (carbon sink) of the mining area in 2021
was 117.39 t, the primary source of which is forest land. (2) The total carbon storage in the mining
area in 2021 was 29,561.96 t. From different land use types, the carbon storage in the mining area
mainly came from forest land (27,867.73 t); from the perspective of carbon pool, soil carbon storage
(21,970.96 t) had the most significant contribution to the carbon storage of mining areas. (3) The net
ecosystem productivity of the mining area in 2021 was 781.97 g/(m?-a), indicating that the ecosystem
of the mining area was a carbon sink. (4) The three estimation methods differed in the current
case. The estimation method for carbon absorption is the simplest, and the results are the most
intuitive. The estimation method for net ecosystem productivity is the most complex. The carbon sink
estimation via carbon storage needs to collect two years of data. Enterprises should assess the carbon
sink capacity of mining areas based on existing conditions and data. This study proposes methods
for estimating carbon sink capacity in mining areas, which have positive practical significance for the
low-carbon green development of coal mine enterprises.

Keywords: coal mining; carbon sink capacity; estimation method; Taiyuan

1. Introduction

Coal mining can release large amounts of methane (CHy). Fuel consumption and coal
gangue stacking processes in mining areas can also release carbon monoxide (CO), carbon
dioxide (CO,), and sulfur dioxide (SO,). CHy and CO, are significant contributors to global
warming. Global warming can cause various adverse climate and environmental changes,
threatening human production and development. In addition, coal mining also affects the
pattern and function of ecosystems to varying degrees. Under the goal of carbon peak
and carbon neutrality, industrial development is moving toward green and low-carbon
methods. Coal mining enterprises” green and low-carbon development has included
carbon reduction, carbon sink elevation, and green mine construction [1]. For enterprises,
in addjition to utilizing efficient methods of reducing carbon emissions, elevating the carbon
sink capacity of mining areas is also vital for achieving carbon neutrality goals and building
green and low-carbon coal mining areas [2].
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Carbon sink capacity refers to the ability of a coal mine (vegetation and soil) to absorb
and store CO,, which is a crucial factor in determining its efficiency and the sustainability
of carbon neutralization. Constructing green mines involves a lot of carbon sink calculation
research. After understanding the current situation of carbon sink capacity in mining areas,
enterprises can reasonably formulate plant and land types for greening and reclamation,
which is of great significance for enhancing the carbon sink capacity of mining areas,
achieving the low-carbon development of enterprises, and ecological protection. Therefore,
coal mining production enterprises hope to use simple and effective carbon sink accounting
methods to evaluate their carbon sink capacity. They also provide data support for building
green and low-carbon mining area evaluation indicators by accumulating years of research
data related to carbon sinks. However, there is still limited research on calculating and
analyzing carbon sinks in mining areas [1].

Numerous scholars have conducted research on carbon sinks in mining areas from
different perspectives, such as estimating carbon sinks using carbon absorption coeffi-
cients [3-5], quantitatively assessing carbon storage in mining areas [6-10], estimating the
net primary productivity (NPP) of vegetation [11,12], constructing an ecological carbon
sink system in coal mining areas [13], ecological restoration and emission reduction in
mining areas [14], and so on. Net ecosystem productivity (NEP), considering NPP and soil
microbial respiration (Ry,), is an essential indicator for quantitatively describing regional
carbon sources/sinks objectively [15,16].

Coal mining can cause damage to the ecological environment of mining areas, such
as surface subsidence, the loss of arable land, and vegetation regression, which can lead
to a sharp decline in the carbon sink function of the mining area ecosystem [17]. Accurate
carbon sink data can be obtained promptly through carbon sink accounting. Based on
carbon sink data, enterprises can further conduct ecological construction and enhance
the carbon sink capacity of mining areas. Carbon absorption, carbon storage, and NEP
are indicators for quantifying the carbon sink capacity of mining areas. However, the
applicability of various methods for assessing the ability to absorb carbon in mining areas
has not yet been studied comprehensively.

Shanxi is a major coal-producing province in China, with many coal production
enterprises. This study estimated the carbon sink capacity of a typical mining area in
Taiyuan of Shanxi province based on carbon absorption, carbon storage, and NEP methods.
Also, this study discussed the applicability of three estimation methods in mining areas.
It provided positive strategies for elevating the carbon sinks of mining areas, which can
be a reference for evaluating carbon sink capacity in similar mining areas. It positively
influences the construction of green and low-carbon mining areas.

2. Materials and Methods
2.1. Study Area

This study selected a specific underground coal mine in Wanbailin District, Taiyuan
City, Shanxi Province (Figure 1). The mining area is 235.36 hm?, with high terrain in the
south, low terrain in the north, and a small water area. The mining area belongs to a
temperate continental semi-arid climate, with an average annual temperature of 10.39 °C
and an average yearly precipitation of 470.70 mm. The research area has abundant coal
resources. The coal production of this coal mine in 2021 was 415,500 t. The enterprise’s
revenue reached RMB 127.39 million in 2021 by selling coal inside and outside the province.
However, the coal mining process will damage the ecological environment of the mining
area and then affect the carbon sink capacity of the mining area.
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Figure 1. Schematic of the study area.

2.2. Data Source and Processing
2.2.1. Data Source

We used the data to estimate the carbon sink capacity of the mining area in this study.
These data include land use and meteorological information from the report on coal mines
(Coal Resource Development and Utilization, Mine Environmental Protection, and Land
Reclamation Plan) in 2021. Meteorological data were on the average annual temperature

and

precipitation.

2.2.2. Data Processing
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The land use types in mining areas are classified according to China’s national standard
(Land Use Status Classification, https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=
224BF9DA69F053DA22AC758 AAAADEEAA (accessed on 21 May 2024)) (Table 1). It is
mainly divided into cultivated land, forest land, grassland, land for mining and industry,
residential areas, transportation, water area, some land for water conservation facilities,
and other land. Among them, land for mining and industry, land for residential areas, and
land for transportation all belong to construction land.

Table 1. Land use types in coal mining areas.

Land Use Type Arajligf)o 21 Notes
Cultivated land 5.66
Forest land 201.75
Grassland 0 Undivided in 2021
Land for mining and industry 7.16
Land for residential area 7.76 Belonging to construction land
Land for transportation 3.89
Watigigiij:i;agii{%e‘gater 0.35 Abbreviated as water area
Other land 8.79
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There are differences in land use types in different periods of mining areas. For
example, the land use type of coal mine in 2013 was grassland, but there was no division
in 2021. This study added grassland based on the land use types in the mining area in
2021 and calculated this area as 0. It can comprehensively obtain the land use types of the
mining area and avoid the lack of carbon absorption coefficient and carbon density data
when calculating its future carbon sink capacity.

By comparing existing research, this study provides the following explanation for
construction land and water areas: land for mining and industry, land for residential areas,
and land for transportation all belong to the “three categories” of construction land in the
Land Management Law of the People’s Republic of China. Water area and land for water
conservancy facilities are abbreviated as water area.

Based on collected land use and meteorological data, three carbon sinks (carbon
absorption, carbon storage, and NEP) were calculated using the formula below.

2.3. Using Carbon Absorption Coefficient to Estimate Carbon Absorption

By referring to relevant research on land use carbon sources/sinks at home and abroad,
the estimation of carbon sources/sinks in mining areas was based on land use area [3,5].
The carbon absorption was calculated using the carbon absorption coefficient, which means
that the annual absorption of a specific land use type was obtained by multiplying the area
of that part by the corresponding carbon absorption coefficient.

This study focused on quantifying the carbon sink of land use in mining areas and
estimated the carbon absorption of cultivated land, forest land, grassland, water area, and
other land. We used the total carbon absorption of mining areas to represent the carbon
sink of mining areas and accumulated the carbon absorption of different land use types.
The formula is as follows:

G=Y.,C=Y. AxH, 1)

where C; is the total amount of carbon absorption in the mining area (t); C; is the carbon
absorption of the i-th type of land use (t); and A; is the area of the i-th type of land use
(hm?). The carbon absorption coefficient (H;) refers to vegetation’s ability per unit land
cover area to absorb carbon dioxide through photosynthesis, usually expressed as the
amount of absorbed carbon dioxide (t) per the area of vegetation (hm?). In this study, H;
is the carbon absorption coefficient of the i-th type of land use (t/hm?), whose values of
different land use types are from the existing literature [3,5,18-21]; n is the number of land
use types, and in the process of calculating carbon absorption, this study identified 5 types
of land use, that is, n is 5.
The results of carbon absorption are shown in Table 2.

Table 2. Carbon absorption coefficients of different land types.

Carbon Absorption Coefficient

Land Use Type (t/hm?) Source

Cultivated land 0.007 An et al. [3]
Forest land 0.581 Cao and Cui. [19]; Zhang et al. [21]
Grassland 0.021 Zhan et al. [5]; Zhang et al. [21]
Water area 0.253 Cao and Cui. [19]; Zhang et al. [21]; Zhong et al. [18]
Other land 0.005 Han et al. [20]; Zhang et al. [21]; Zhong et al. [18]

2.4. Using Carbon Density to Estimate Carbon Storage
2.4.1. Estimation of Carbon Storage

This study refers to the carbon storage module in the Integrated Valuation of Ecosystem
Services and Trade-offs (InVEST) model to estimate the carbon storage of mining areas [22].
The mining area ecosystem can be divided into four primary carbon pools as follows:
aboveground biomass carbon pool, underground biomass carbon pool, soil carbon pool,
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and dead organic carbon pool. The carbon storage of a specific land use type is obtained by
multiplying the area of that part with its corresponding carbon density. Then, the carbon
storage of each land use type is summed up to obtain the total carbon storage of the mining
area. The formula is as follows:

Ci'totul = Ci‘above + Ci‘below + Ci‘soil + Ci’deud (2)

Crotal = Z?:l Citotal X Aj ®3)

where C;_y, is the carbon density of the i-th type of land use (t/ hm?); Ci_spove is the above-
ground carbon density of the i-th type of land use (t/hm?); C;_p0 is the underground
carbon density of the i-th type of land use (t/ hm?); C;_,; is the soil carbon density of the
i-th type of land use (t/hm?); C;_,,4 is the carbon density of dead organic matter in the
i-th type of land use (t/hm?); C;y, is the total amount of carbon storage in the mining area
(1); A; is the area of the i-th type of land use (hm?); and n is the number of land use types.
In the process of calculating carbon storage, this study identified eight types of land use,
namely, nis 8.

2.4.2. Selection and Calibration of Carbon Density

Appropriate carbon density data are crucial for estimating carbon storage in mining
areas. Due to the lack of measured data in the study area, this study referred to the research
results of Zhang et al. [23], Liu et al. [7], Wang et al. [24], Zhang et al. [25], Fan. [26],
Sun. [27], Wang et al. [28], and Xu et al. [10] and selected the carbon density data used in
the surrounding areas and other mining areas of the study area. The preliminary selected
carbon density can be found in the Supplementary Materials.

The carbon density in different regions also needs to consider the influence of temper-
ature and precipitation. The average annual temperature and precipitation significantly
impact biomass carbon density, and the effect of temperature on soil carbon density can be
ignored (correction formula can be found in Fu et al. [9]). The corrected carbon density is
shown in Table 3. The carbon density of dead organic matter refers to the research results
of Liu et al. [7], and 1/10 of the aboveground carbon density is taken as the carbon density
of dead organic matter.

Table 3. Corrected carbon density.

Land Use Type Aboveground Carbon Underground Carbon Soil Carbon Density Carbon Density of Dead
Density (t/hm?) Density (t/hm?) (t/hm?) Organic Matter (t/hm?)
Cultivated land 1.65 0.32 87.09 0.16
Forest land 28.67 5.98 100.61 2.87
Grassland 3.35 2.10 78.84 0.33
Land f.or mining and 0.03 0 61.55 0
industry
Land for residential area 0 0 50.07 0
Land for transportation 0 0 47.77 0
Water area 0.02 0 0 0
Other land 0.81 0.14 18.76 0.08

2.5. Using NPP to Estimate NEP
2.5.1. Estimation of NPP

First, the estimation of NPP in this study was based on the Miami model [29], which
has the following equation:

NPPr = 3000/ (1 + ¢! ¥19-0-11T) )

NPPy = 3000 (1 — e~ 0000664k ) (5)

where T is the average annual temperature (°C); R is the average annual precipitation
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(mm); NPPr is the net primary productivity of vegetation calculated based on the average
annual temperature [g/(m?-a)]; and NPPy is the net primary productivity of vegetation
calculated based on the average annual precipitation [g/(m?-a)].

Then, according to Liebig’s law of the minimum, the minimum values of NPPt and
NPPg are selected as the net primary productivity of vegetation in the mining area.

2.5.2. Estimation of NEP

Research has shown that NEP can be calculated as the difference between NPP and
Ry, [30]. When NEP > 0, it indicates that the carbon fixed by vegetation is more than
the carbon emitted by soil microbial respiration, and the ecosystem behaves as a carbon
sink. Conversely, it is a carbon source. Ry was estimated using the soil respiration model
established by Pei et al. [31]. The calculation formulas for NEP and Ry, are as follows:

NEP = NPP — Ry, (6)
Ry, = 0.22 x (e<0-0913T> +1n(0.3145R + 1)) x 30 x 46.5% 7)

where the units of NEP, NPP, and Ry, are g/(m?-a); T is the average annual temperature
(°C); and R is the average annual precipitation (mm).

3. Results
3.1. Carbon Absorption in Mining Areas

The total carbon absorption in the mining area is 117.39 t (Table 4), among which the
total carbon absorption of forest land is 117.22 t, accounting for 99.86% of the total carbon
absorption in the mining area. Among various land use types in mining areas, forest land is
the main carbon sink, and the carbon absorption effect of forest land is the most significant.
In addition, due to the large proportion of forest land in the total mining area, the carbon
absorption coefficient of forest land is higher than that of other types.

Table 4. Estimation results of carbon absorption in the mining area in 2021.

Land Use Type Cultivated Land Forest Land Grassland Water Area  Other Land
Carbon absorption (t) 0.04 117.22 0 0.09 0.04

3.2. Carbon Storage in Mining Areas

The total carbon storage in the mining area is shown in Table 5. There are significant
differences in carbon storage among different land use types, with forest land accounting
for 94.27% of the total carbon storage in the mining area. Soil carbon storage in mining
areas (21,970.96 t) > aboveground carbon storage (5800.85 t) > underground carbon storage
(1209.51 t) > dead organic matter carbon storage (580.63 t). From the perspective of the
carbon pool, the soil carbon storage in the mining area is the largest, accounting for 74.32%
of the total carbon storage in the mining area. Soil carbon storage is the primary source of
carbon storage in mining areas.

Table 5. Estimation results of carbon storage in the mining area in 2021.

Land Use Type Aboveground Underground Soil Carbon Dead Organic Matter Total Carbon
Carbon Storage (t) Carbon Storage (t) Storage (t) Carbon Storage (t) Storage (t)
Cultivated land 9.34 1.81 492.93 0.91 504.99
Forest land 5784.17 1206.47 20,298.07 579.02 27,867.73
Grassland 0 0 0 0 0
Land for mining and industry 0.21 0 440.70 0 44091
Land for residential area 0 0 388.54 0 388.54
Land for transportation 0 0 185.83 0 185.83
Water area 0.01 0 0 0 0.01
Other land 7.12 1.23 164.90 0.70 173.95
Mining area 5800.85 1209.51 21,970.96 580.63 29,561.96
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3.3. NEP Estimation in Mining Areas

According to Formulas (4)—(7), the NPP and Rj, of the mining area in 2021 were
calculated as 805.25 g/(m?-a) and 23.28 g/(m?-a), respectively, and the NEP value in the
mining area was 781.97 g/(m?-a).

4. Discussion
4.1. Discussion on Estimation Results and Their Methods
4.1.1. Discussion on Carbon Absorption and Its Estimation Methods

The method for calculating carbon absorption in this study is based on existing
research and has a certain degree of reliability. However, this method still has some
shortcomings. For cultivated land, the presence of crops is reflected in the carbon sink.
Still, the carbon sink effect is insignificant, and the carbon absorption coefficient is taken as
0.007 t/hm? [3]. Some consider arable land a carbon source, with a carbon emission
coefficient of 0.497 t/hm? [21]. There is a dispute over carbon sources and sinks in grassland
and water areas. Due to the focus of this study on the carbon sink capacity of mining areas,
various land use types are considered carbon sinks.

The carbon absorption and storage estimation methods show that selecting the carbon
absorption coefficient and density is critical. Currently, there is no unified carbon absorption
coefficient, leading to uncertainty in estimating carbon sinks. As discussed earlier on carbon
absorption and its estimation methods, the results of this study are still reliable.

Based on remote sensing image data from different study periods, the researchers
can also obtain the spatiotemporal distribution characteristics of carbon sources/sinks
in the study area. It is an important direction for the further study of carbon sinks in
mining areas.

4.1.2. Discussion on Carbon Storage and Its Estimation Methods

By estimating the changes in carbon storage over different periods, the carbon sink of
the study area can be obtained [32-34]. However, based on the enterprise’s existing data,
this study only estimated the carbon storage of the mining area in 2021. It did not obtain
the carbon sink of the mining area in 2021. Liu et al. [7] found that carbon storage in mining
areas can reflect their carbon sink function, and it is clear that carbon storage in mining
areas is a vital means for achieving the goal of carbon neutrality. Therefore, the carbon
storage obtained in this study also has positive implications for mining areas.

The calculation of carbon storage based on the InVEST model has certain limitations.
The only factor affecting carbon storage in this model is land use change, ignoring the
impact of interannual changes in carbon density [35]. Using the In'VEST model to estimate
carbon storage has been applied to the ecosystem of mining areas [10], demonstrating its
applicability in estimating carbon storage in mining areas. The InVEST model focuses
on the estimation and variation of carbon storage itself [7], and this study only uses the
calculation principle of this model to obtain the carbon storage of mining areas. Due to
land use data limitations, this study could not analyze the changes in carbon storage in
mining areas. If land use data can be based on the remote sensing image data of mining
areas, the research results of this model can be more comprehensive.

4.1.3. Discussion on NPP and Its Estimation Methods

NEP reflects the annual carbon change stored in the ecosystem of the mining area
(vegetation and mineral soil), indicating whether the ecosystem is a carbon sink or a carbon
source, concerning the atmosphere. A positive value for NEP shows that an area is a carbon
sink, whereas a negative value displays a carbon source. Estimating NEP values can assess
the carbon sink capacity in the coal mining area. Increasing NEP might be an efficient way
to improve eco-environmental quality and neutralize carbon in the mining ecosystem. It
will promote the green and low-carbon development of coal mining enterprises.

Currently, the methods for verifying NPP include comparing it with measured values,
research results from others, and remote sensing data [36]. Due to the difficulty in obtaining
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measured values and remote sensing data, this study adopts the method of verifying others’
research results.

Taiyuan is a resource-based province (based on coal) in the central region of China
with severe air pollution characteristics. The basin topography of these areas is also not
conducive to the diffusion of pollutants. Taiyuan has a north temperate continental climate,
with an average annual rainfall of 456 mm and an average yearly temperature of 9.5 °C.
This is close to the current coal mining areas (Table 6). In this study area, The Miami model
used in this study to estimate NPP is a climate model, and the estimated NPP is also known
as potential NPP. In Table 6, the estimated NPPr in this study is close to the results of
Wuzhong City and Zhongning County in Ningxia Province, China, as these areas have
similar temperatures. The NPP value is similar to the results of Guyuan City and Longde
County in Ningxia due to similar precipitation. According to Liebig’s law of the minimum,
the NPP value of the mining area is 805.25 g/(m?-a). The NPP estimated using the Miami
model in this study is reliable. The coal production of this coal mine in 2021 was 415,500 t,
along with CH4 and CO, emissions. Elevating the carbon sink capacity will help achieve
green and low-carbon development in the coal mining areas, while understanding carbon
sink capacity is vital for taking positive measurements.

Table 6. Research results of this study and NPP results of Zhang et al. [37].

Study Area T R NPPy NPPr
This study 10.39 470.70 1441.09 805.25
Wuzhong City 10.19 189.45 1423.53 353.02
Zhongning County 10.15 196.89 1419.51 365.69
Guyuan City 7.12 439.30 1156.51 754.81
Longde County 5.76 500.11 1043.70 843.23

Note: T represents average annual temperature, R represents average annual precipitation, NPPt represents NPP
calculated based on average annual temperature, and NPPR represents NPP calculated based on average annual
precipitation. Their units are, in order, °C, mm, g/ (m?-a), and g/ (m?-a).

The Carnegie-Ames—Stanford approach (CASA) model is a common method for
estimating NPP. This study summarized some research results of others using the CASA
model, as shown in Table 7. The CASA model requires more basic data compared to the
Miami model. In Table 7, the NPP estimated using the Miami model [805.25 g/ (m?-a)] is
more than two times that of the CASA model [about 300 g/ (m?2-a)]. Cai et al. [38] found
that the NPP simulated by the CASA model is higher than that of the Miami model, and
the research results of the CASA model are more accurate. Sun et al. [39] found that the
estimated results (potential NPP) based on climate models are 2—4 times higher than those
based on other models. These are consistent with the results of this study. To make the
estimated NPP more accurate, the CASA model can be used for future in-depth research.

Table 7. Results of this study and others using the CASA model on NPP.

Estimation Results of NPP

Study Area [g/(m?-a)] Study Time (Year) Method Source
This study 805.25 2021 Miami model
Fenhe River Basin 291.57 From 2000 to 2015 CASA model Tian et al. [40]
Shanxi Province 273.67 From 2000 to 2019 CASA model Suetal. [41]
Loess Plateau 300.74 From 2001 to 2019 CASA model Song et al. [42]
Lvliang contiguous poverty areas 241.24-331.70 From 2000 to 2018 CASA model Sun et al. [43]

4.1.4. Discussion on Ry,, NEP, and Their Estimation Methods

In addition to using monthly average temperature and precipitation, researchers also
use the average annual temperature and precipitation to calculate Ry,. Based on annual
meteorological data, Wang. [44] estimated that the average R}, of the Xizang grassland
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ecosystem from 2000 to 2014 was 17.59 g/(m?-a). This study’s method of estimating Ry,
using annual meteorological data proves feasible.

The estimation results of NEP are influenced by NPP and Ry, [30]. Chen [15] estimated
NPP in the western Sichuan Plateau based on the CASA model and Ry, based on the soil
respiration model, thereby estimating NEP in the region. This result is significant for
studying the carbon sink capacity and ecological environment governance in the western
Sichuan Plateau. Wang et al. [36] studied the NEP of the Yellow River Basin based on the
CASA model and soil respiration model, which provides a reference basis for achieving
the goal of carbon neutrality in the Yellow River Basin. In future research, studying the
NPP of mining areas based on the CASA model can make the estimation results of NEP
more accurate and have a more critical reference value for enhancing the carbon sink of
mining areas.

4.2. Evaluation of Methods for Estimating Carbon Sink Capacity in Mining Areas

The degree of difficulty of application for different methods for assessing carbon sink
capacity varies. Based on enterprise land use and meteorological data, this study provided
three methods for estimating carbon sink capacity in mining areas (Table 8). The three
methods have various advantages and disadvantages. The carbon absorption method is
relatively simple and requires fewer data. The carbon storage method requires relatively
more data, and the difficulty of estimation will correspondingly increase. Although the
NEP method is complex, quantifying carbon sink is more objective and requires relatively
fewer data. Estimating the carbon sink with the change data of carbon storage (based on
carbon density) for two years is necessary. Under the situation of carbon reduction and
increase, enterprises must assess carbon sink capacity according to their actual situation.
This study provides carbon sink assessment methods for different enterprises, enabling
enterprises to find suitable methods for carbon sink estimation, and has positive practical
significance for improving carbon sink in mining areas.

Table 8. Evaluation of methods for estimating carbon sink capacity in mining areas.

Main Estimation

Index Units Methods Advantage Disadvantage Notes
The product of . The carbon absorption Carbon absorption is
. . The simplest S
Carbon absorption t carbon absorption coefficient is not yet also known as a
. method s .
coefficient and area unified carbon sink.
The InVEST model
ignores the influence of
interannual changes in Carbon sink refers to
The product of . : . .
. The method is carbon density; the increase in
Carbon storage t carbon density and . .
area relatively simple at least two years of carbon storage over
carbon storage data are two years.
required to obtain carbon
sink capacity.
Affected b y NPP and Ry NEP with a positive
2 . The most complex calculation results, the
NEP g/(m*-a) NPP minus Ry, S value represents
method estimation accuracy of -
. - carbon sink.
NPP is relatively low.

Applying and optimizing the estimation method and data of carbon sink capacity in
mining areas can make research results more accurate, which is of great significance for
enterprises in implementing carbon neutrality goals. Thus, coal enterprises should choose
the proper carbon sink estimation method in mining areas, improve carbon absorption
accuracy, and strengthen the research on carbon absorption coefficient. Expanding the
carbon sink estimation data in mining areas is necessary. Combining existing datasets
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and improving ground survey data within the mining area can enhance the accuracy of
enterprises’ carbon sink estimation.

4.3. Novelty and Limitations for Estimating Carbon Sink Capacity in Mining Areas

This study provides three feasible methods for assessing carbon sinks in coal mining
areas. This study only recommends NEP as an evaluation index for quantifying carbon
sink capacity in mining areas. As far as we know, this study adopts NEP for the first time
to quantify carbon sinks in mining areas, which is of great significance for enterprises to
improve carbon sinks.

There are some limitations to estimating carbon sink capacity in mining areas.

(1) Since the enterprise’s land use and meteorological data are only one year old, this
study failed to analyze the carbon sink capacity of the mining area in different periods.
The enterprise urgently needs to strengthen land use and meteorological data collection.
Liu [45] used land use, meteorological, and NPP datasets to study NPP on the Loess Plateau.
Therefore, future research efforts could try to use the existing datasets.

(2) According to the estimation methods of carbon absorption and carbon storage, it is
necessary to select the carbon absorption coefficient and density separately for their estima-
tion. Currently, there is no unified carbon absorption coefficient, leading to uncertainty in
estimating carbon sinks [46]. As discussed earlier on carbon absorption and its estimation
methods, the results of this study are still reliable. This study corrected for carbon density
but did not consider the differences in carbon sink capacity among vegetation types and
ages (such as differences in carbon sink capacity among vegetation types and ages) [10].
Subsequent research can subdivide vegetation types and conduct field measurements to
improve the accuracy of carbon storage calculations.

(3) Since the composition and structure of geological formations can vary widely,
it may affect the ability to store CO, securely. Some formations may leak stored CO,
over time, reducing their effectiveness as a long-term carbon sink. In addition, there
is uncertainty about how long the stored CO, will remain stable. Leakage over time
could undermine the effectiveness of coal mines as a carbon sink. Thus, considering
this effect may significantly improve the reliability and effectiveness of the assessment of
carbon storage.

4.4. Countermeasures for Coal Mining Enterprises to Stabilize Carbon Sinks in Mining Areas

In recent years, countries have explored coping strategies to deal with global warming
caused by the increase in greenhouse gases. China is striving to achieve the goal of carbon
peak and carbon neutrality. Reducing carbon and increasing carbon sink are important
topics of concern to enterprises at present. Providing countermeasures for coal mining
enterprises to stabilize the carbon sink in mining areas is conducive to enterprises’ green
and low-carbon transformation and development.

(1) Adapting to local conditions and improving carbon sinks for different land use
types are beneficial. Coal mining enterprises may enhance the carbon sink capacity of
vegetation in mining areas from the perspective of planting areas and selecting proper
plants to increase carbon sink. Enterprises may improve the carbon sink of this area
through vegetation restoration. Regarding vegetation selection, selecting plant species that
are suitable for growing in the local climate and soil environment and have high carbon
sink capacity is practical.

(2) Strengthening ecological construction in mining areas is essential. To reduce the
damage of coal mining to the carbon sequestration capacity of mining areas, coal min-
ing enterprises should integrate the concept of carbon neutrality into the environmental
governance process in mining areas. Enterprises should focus on planning and design,
restoring the ecology, and improving carbon sink capacity for land that needs to be re-
claimed. Planting plants and constructing protective forests in the available land and
reclaimed areas of the mining area can improve the ecological environment of the mining
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area, thereby increasing carbon sinks, enhancing carbon storage capacity, and protecting the
ecological environment.

(3) Applying and improving methods are suitable for estimating carbon sink capacity.
Coal mining enterprises should choose the appropriate method of the carbon sink estima-
tion proposed in this study to calculate the carbon sink effect in the mining area. They
should also consider expanding the scope of carbon sink calculation by adding different
types of land (including land that needs to be reclaimed) and other vegetation carbon sinks.

(4) Monitoring and collecting carbon sink data in mining areas helps determine the
carbon sink capacity. Coal mining enterprises need to monitor the vegetation and soil in
the mining area year by year, collect data information on the dynamic changes in enterprise
carbon sinks, and lay a foundation for improving carbon sinks. Under the right conditions,
enterprises can achieve economic benefits in the carbon emissions trading market through
the Carbon sink afforestation projects.

(5) Carrying out carbon sink management can enhance the increasing carbon sink
work. Coal mining enterprises should combine carbon sinks with carbon emissions and
performance evaluation. Enterprises will improve their awareness of carbon emission
reduction and carbon sinks and establish a set of indicators and operational methods
suitable for the operation and management of carbon reduction and carbon sinks.

5. Conclusions

This study selected a coal mine in Shanxi Province, China, and evaluated carbon
sink capacity using three methods (carbon absorption, carbon storage, and NEP). The
total carbon absorption of the mining area in 2021 was 117.39 t, with forest land being
the main carbon sink in the mining area. The total carbon storage capacity of the mining
area in 2021 was 29,561.96 t. From different land use types, the carbon storage in mining
areas mainly comes from forest land (27,867.73 t). The NEP of the mining area in 2021 is
781.97 g/(m?-a), indicating that the ecosystem of the mining area is a carbon sink. Each
indicator can reflect the carbon sink capacity of mining areas. The carbon absorption
method is relatively simple, while the NEP method is complex. The carbon storage method
falls in between the others. We proposed that NEP is a potential indicator for assessing the
capacity of mining area carbon sinks.
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