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Coal is China’s main source of energy, and its production causes a certain degree of air,
water, and land resource pollution. Therefore, it is necessary to compare environmental
pollution caused by different mining methods. When mining underground coal resources,
different mining methods have different levels of environmental impacts. To identify the
mining method with the least environmental impact, different mining methods were
evaluated by means of a life cycle assessment using Simapro 9.0.0 software. The
Ecoinvent v3 database was used to provide background data, and the results were
calculated using the Eco-indicator99 method. The findings show that for a 20 m coal
column, respiratory inorganics were identified as the dominant impact category based on
normalized results, followed by fossil fuels, carcinogens, and climate change. The
contribution analysis indicated that electricity and coal mining are fundamental in
contributing to these significant impact categories and should be of particular concern.
According to the sensitivity analysis, reducing mining activities and increasing extraction
efficiency and use are the primary responses to addressing environmental pollution,
followed by reducing environmental pollution caused by electricity and steel
production. In addition, a summary comparison of the single scores of different mining
methods suggests that the environmental burden of pillarless mining is the lowest, and as
the width of the coal pillar gradually increases, its single score shows a trend of increasing
and then decreasing. Therefore, the single score of non-pillar mining is the lowest
compared to that of other mining methods and can be the optimal mining method.
This study can provide a scientific basis for the selection of green mining and underground
coal resource mining methods.

Keywords: life cycle assessment, coal production, optimal mining method, environmental impact, green mining

1 INTRODUCTION

Coal mining processes in the world’s major coal-producing countries are distinctive, with the
negative environmental impacts caused by resource consumption and waste emissions varying
among mining methods. Therefore, it is essential to choose an optimal mining method that makes
the best use of resources and reduces the environmental burden. In recent years, the national demand
for green and high quality industrial development has led researchers to focus on the safe and
efficient production of coal. Reducing the environmental impact of the mining industry has also
received increasing attention.

Frontiers in Earth Science | www.frontiersin.org 1

May 2022 | Volume 10 | Article 879082


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.879082&domain=pdf&date_stamp=2022-05-30
https://www.frontiersin.org/articles/10.3389/feart.2022.879082/full
https://www.frontiersin.org/articles/10.3389/feart.2022.879082/full
https://www.frontiersin.org/articles/10.3389/feart.2022.879082/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhqyin@aust.edu.cn
https://orcid.org/0000-0002-6934-2493
https://orcid.org/0000-0001-5881-8989
https://orcid.org/0000-0003-2890-6536
https://orcid.org/0000-0003-3713-3088
https://orcid.org/0000-0002-6459-6865
https://doi.org/10.3389/feart.2022.879082
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.879082

Wu et al.

Coal will remain China’s primary energy source in the
future. For a long time, coal mining in China has generally
adopted the longwall mining technology system of digging the
return roadway in advance at both ends of the return workings
and leaving sections of coal pillars to protect the roadway
(Zhen et al., 2019). The emergence of pillarless mining
technology has initiated an essential change in coal mining
technology in response to the low coal extraction and high
roadway boring rates of the traditional pillar retention. This
technology is achieved by mining coal while maintaining the
original return roadway and retaining it for continued use in
the next section of the workings, without leaving section guard
coal pillars, thereby resulting in pillarless mining. Evaluating
these two mining processes using different methods has
received national and international research interest.
Dubinski and Turek (2007) argued that the absolute safety
and efficiency of production should be considered while
minimizing its negative impact on the environment.
Therefore, it is important to establish a management system
that aims to prevent pollution and comply with environmental
protection laws. A key requirement of environmental
management is the continuous assessment of environmental
activities (Stas et al., 2015). Currently, coal mining impact
assessments focus on some of the most critical impacts caused
by the processes involved (Burchart-Korol et al., 2016).
Methane emissions into the atmosphere, drainage, and
mining waste are important negative environmental impacts
of coal mining (Kugiel, 2010), and methane is one of the most
significant natural hazards of underground coal mining
operations (Krause and Krzemien, 2013; Krause and
Smolinski, 2013; Turek, 2010). Drainage 1is another
important environmental impact of underground coal
mining. In addition to natural water inflow, water supplied
to the mine for processing is also essential (Jonek-Kowalska
and Turek, 2013; Pluta and Dulewski, 2006). Furthermore, the
disposal of mining waste requires the consideration of multiple
environmental and economic aspects (Kowalska, 2014).

Life cycle assessment (LCA) is known as the cradle-to-grave
approach to environmental assessment (Ma et al., 2010; Zhu,
2004) and is one of the most standardized methods for
estimating the environmental burden associated with certain
products. The Society of Environmental Toxicology and
Chemistry (SETAC, 1993; Fava et al., 1993) defined LCA as
a process of objectively evaluating the environmental impact of
products, processes, and activities by identifying and
quantifying energy and material use and the resulting
environmental waste emissions. It evaluates the impact of
energy and materials used on the environment by
identifying and quantifying the resulting environmental
waste emissions to find ways to improve them. The
International Organization for Standardization (ISO 14040,
2006) defines LCA as one of the branches of system evaluation
that analyzes environmental impacts in three main areas,
namely, resource consumption, ecological health, and
human health. While these studies have addressed the direct
environmental impacts of mining activities, their methods did
not indicate the indirect impacts on their inputs and outputs.

Life Cycle Assessment

Compared to environmental impact assessment or
environmental auditing, LCA is superior because it
broadens the boundaries of the system to include the loads
or impacts of a product or process throughout its lifetime
rather than only the emissions and waste generated by the
manufacturing process (Yingshun, 2009). LCA is an
environmental assessment method that quantifies the
consumption of natural resources and emissions of
pollutants during the production phase of a product and
also assesses the process of making raw materials and
analyzes the disposal of the product as waste at a later stage
(Blengini et al., 2012). Previous studies have used LCA for iron
ore, uranium, gold, copper, and aluminum (Ferreira and Leite,
2015; Haque and Norgate, 2014; Awuah-Offei et al., 2008;
Spitzley and Tolle, 2004), as well as copper, nickel, and zinc
(Suppen et al., 2006) for mineral extraction and processing.
However, as each mineral corresponds to specific geological,
mining, and processing conditions, the environmental impact
of extracting each mineral product differs and, therefore,
requires a specific individual analysis (Norgate and Haque,
2010). Awuah-Offei and Adekpedjou (2011) provided an
overview of the applications, challenges, and current
applications of LCA in the mining industry; lack of
awareness and tools to perform LCA; definition of different
functional units; and difficulty in the scope of the purpose of
the analysis and selection of environmental impact categories
(Awuah-Offei and Adekpedjou, 2011). Durucan et al. (2006)
developed an LCA model of mining that incorporated mine
production, processing, waste treatment and disposal,
rehabilitation, and aftercare into an LCA framework, a tool
that enabled an integrated representation of mining systems.
Burchart-Korol et al. (2016) developed a model that combined
SimaPro software with the Intergovernmental Panel on
Climate Change and ReCiPe methods to assess impact
categories, such as greenhouse gas emissions, human health,
ecosystems, and resources. Tao et al. (2021) conducted a LCA
of a typical coal mine in China, which identified the main
impact categories of the mine and key processes contributing
to the main impact categories.

The studies described above have led to many useful
conclusions, and the LCA standard approach, based on ISO
14044, reveals that impact categories vary depending on the
mining process (Mahmud et al., 2018; Farjana et al., 2018; ISO
14040, 2006). In summary, there remains a lack of research on the
LCA of underground coal mining processes for different mining
methods; thus, an optimal mining method has not yet been
identified.

2 MATERIALS AND METHODS

2.1 Life Cycle Assessment Method

The LCA methodology is a tool for assessing the
environmental consequences of a product or an entire
activity throughout its life. A complete LCA consists of four
integral components, namely determination of purpose and
scope, inventory analysis, impact assessment, and life cycle
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interpretation. LCA includes the following: identification and
quantification of energy and resource use and environmental
emissions to air, water, and land; characterization of
technology quality and quantity; evaluation of the
consequences of environmental impact analysis; and
assessment of opportunities for environmental burden
reduction and implementation. In this study, LCA was
analyzed using SimaPro software, an internationally
recognized database containing a large amount of data such
as the Ecoinvent database and the input-output database,
which is directly connected to the Eco-indicator 99 and
ReCiPe Midpoint databases and contains well-known LCA
calculation methods such as Eco-indicator 99 and ReCiPe
Midpoint. The database provides a rich background of data,
and the calculation methods are more efficient and accurate for
quantitative calculations. Therefore, this software is widely
used in the life cycle inventory assessment (LCIA) of
coal mines.

In this study, quantitative calculations were performed
using the Eco-indicator99 method, reflecting the direct and
indirect environmental impacts of different mining methods.
In this method, the inventory results were grouped into 11
impact categories, namely respiratory organics, respiratory
inorganics, climate change, radiation, ozone layer,
ecotoxicity, acidification/eutrophication, land use, minerals,
and fossil fuels. When life cycle inventories of different mining
methods are assigned to these impact categories, the results of
the characterization analysis can reflect the relative
contribution of each of these processes to the impact
category. A normalized analysis reflects the specific value of
each input unit in the overall environmental impact and allows
for a comparison between different life cycles. Consequently,
both aspects provide a clear picture of the environmental
impacts of the different mining methods (Figure 1).

2.2 Functional Unit and System Boundary
Before an LCA evaluation, selecting functional units and
delineating system boundaries are essential steps. The

Life Cycle Assessment

selection of functional units is ultimately used to compare
and analyze the LCA results and provide an accurate
quantitative reference for the inputs and outputs of the
relevant processes that have been investigated (ISO 14040,
2006). The main role of the functional units is to provide a
uniform measure of input and output in a mathematical
sense, providing a frame of reference for the relevant
inputs and outputs to ensure comparability of the LCA
results. With reference to the measurement size of the data
in the Ecoinvent database, this study used the mining of 1 kg
of coal as a functional unit; thus, all inputs and outputs were
based on the mining of 1 kg of coal. The study was divided
into two mining methods, namely non-pillar (reserved coal
pillar width of 0 m) and reserved coal pillar mining, where the
reserved coal pillar width was 5, 10, 20, and 25 m. All the input
and output units were determined, and the environmental
impacts caused by different mining methods in coal mining
were evaluated.

There are complex subsystems interconnected with a
production system and interconnected as subsystems with
other production systems, making it is very difficult to
identify all the interconnected inputs and outputs. Figure 2
shows the system boundary, which includes three subsystems,
with the production of materials and energy within the system
boundary and the production of equipment and maintenance
of equipment not included within the boundary.

2.3 Life Cycle Inventory Analysis

The life cycle inventory (LCI) is the basis for LCIA and for
improving and optimizing engineering practices. The
inventory analysis is an iterative process. Production data
and waste emissions from coal with different mining methods
are monitored. Where information is insufficient, data are
supplemented by referencing government planning
documents and literature, in addition to background
information on production materials and energy sources
provided by the Ecoinvent database. All the data were
measured in functional units of 1kg of coal mining. The

Collecting data

The software is enriched
with the Ecoinvent
database

‘ Eco-indicator99 me hod

The calculation method
used in this study

‘ Calculation results ‘

Draw conclusions ‘

Reaching a final conclusion

FIGURE 1 | Life cycle assessment flow chart.
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LCI is given in Table 1, where the data on material
production, energy consumption, and direct emissions are
calculated on a functional unit basis.

Daily production parameters, operating procedures, and direct
emissions are the main sources of field data, which are monitored by
specialist departments studying coal mines. Data, including those on
steel and wood, were derived from operating procedures and
emissions from direct emissions, in addition to raw data such as

electricity and sulfur dioxide, which were referred from existing
research in China (Tao et al, 2021). The Ecoinvent database is
one of the most advanced life-cycle inventory databases, covering
basic data from China and other countries and providing background
data on the production of energy and raw materials (Ecoinvent
Center, 2015).

The LCI is the collection of the data required at each stage
of the life cycle and calculation of the data collected. The

TABLE 1 | Life cycle inventory (Values were presented per functional unit).

Substance Unit Amount (0 m)
Product Coal kg 1
Raw materials Steel kg 6.506E-03
Wood m? 1.684E-06
Water kg 3.599E-01
Groundwater m® 2.261E-03
Gas m? 1.105E-02
Oxygen kg 9.336E-03
Occupation m2a 1.628E-02
Explosive kg 2.205E-05
Energy consumption Electricity kWh 3.351E-02
Diesel MJ 1.743E-02
Heat MJ 8.735E-02
Emissions to air Carbon dioxide kg 1.074E-02
Carbon monoxide kg 1.889E-04
Methane kg 1.084E-02
Nitrogen oxides kg 6.439E-05
Particulates <2.5 pm kg 2.303E-06
Particulates >10 ym kg 9.159E-05
Particulates >2.5,and<10 pm kg 1.207E-06
Sulfur dioxide kg 2.432E-05
Water m? 2.190E-02
Emissions to water Chloride kg 1.295E-02
Sulfur kg 4.330E-03
Water, CN m? 3.938E-04
Emissions to soil Silicon kg 1.640E-04
Sulfur kg 5.331E-05

Amount (5 m) Amount (10 m) Amount (20 m) Amount (25 m)

1 1 1 1

7.299E-03 7.132E-03 6.880E-03 6.753E-03
2.092E-06 2.050E-06 1.977E-06 1.940E-06
4.106E-01 4.007E-01 3.859E-01 3.785E-01
2.5681E-03 2.521E-03 2.428E-03 2.381E-03
1.266E-02 1.237E-02 1.194E-02 1.171E-02
1.068E-02 1.084E-02 9.963E-03 9.771E-03
1.770E-02 1.731E-02 1.669E-02 1.637E-02
3.920E-02 3.826E-02 3.686E-02 3.616E-02
2.255E-02 2.202E-02 2.123E-02 2.083E-02
9.804E-02 9.582E-02 9.240E-02 9.069E-02
1.268E-02 1.261E-02 1.256E-02 1.253E-02
2.183E-04 2.171E-04 2.164E-04 2.168E-04
1.217E-02 1.193E-02 1.163E-02 1.133E-02
7.288E-05 7.250E-05 7.224E-05 7.204E-05
2.741E-06 2.727E-06 2.717E-06 2.710E-06
1.046E-04 1.041E-04 1.087E-04 1.034E-04
1.471E-06 1.463E-06 1.458E-06 1.454E-06
2.951E-05 2.936E-05 2.925E-05 2.917E-05
2.541E-02 2.528E-02 2.519E-02 2.512E-02
1.621E-02 1.612E-02 1.606E-02 1.602E-02
5.002E-03 4.976E-03 4.958E-03 4.945E-03
4.612E-04 4.588E-04 4.571E-04 4.559E-04
1.919E-04 1.909E-04 1.902E-04 1.897E-04
6.183E-05 6.150E-05 6.128E-05 6.111E-056
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TABLE 2 | Life cycle impact assessment results (characterized resullts).

Life Cycle Assessment

Impact category

Impacts on human health
Carcinogens
Respiratory organics
Respiratory inorganics
Climate change
Radiation
Ozone layer

Damage to ecosystem
Ecotoxicity
Acidification/Eutrophication
Land use

Natural resources depletion
Minerals
Fossil fuels

Unit

DALY
DALY
DALY
DALY
DALY
DALY

PAF x m? x yr
PDF x m? x yr
PDF x m? x yr

MJ surplus
MJ surplus

Om

7.710E-08
1.939E-10
8.914E-07
7.885E-08
2.025E-11
1.604E-12

2.953E-02
4.736E-03
1.420E-02

1.854E-03
1.373E-01

5m 10m 20m 25m
8.961E-08 8.748E-08 8.429E-08 8.270E-08
2171E-10 2.126E-10 2.054E-10 2.017E-10
1.040E-06 1.016E-06 9.789E-07 9.605E-07
8.979E-08 8.792E-08 8.496E-08 8.348E-08
2.322E-11 2.268E-11 2.187E-11 2.147E-11
1.860E-12 1.816E-12 1.7561E-12 1.719E-12
3.378E-02 3.299E-02 3.180E-02 3.121E-02
5.446E-03 5.324E-03 5.145E-03 5.055E-03
1.647E-02 1.610E-02 1.553E-02 1.523E-02
2.078E-03 2.030E-03 1.958E-03 1.922E-03
1.591E-01 1.553E-01 1.497E-01 1.469E-01

collection process is the most labor-intensive part of the
process. It involves not only the production of the
materials and energy required for the different mining
methods, materials, and energy consumed in various
processes, but also the collection and calculation of data
on various waste emissions.

3 RESULTS

3.1 Characterized Results

The LCIA directly reflects the environmental relevance of all
inputs and outputs. In this study, the environmental impact
results were classified into 11 impact categories according to
the Eco-indicator99 method and included carcinogens,
respiratory organics, and respiratory inorganics. The
parameters involved in the LCI, such as material
production, energy consumption, and waste emissions,
were assigned to these impact categories in the SimaPro
software calculations to obtain the LCIA results.

m Coal mining ™ Steel = Wood mHeat mDiesel = Electricity m Water
100% - -— wm T —
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FIGURE 3 | Characterized results of LCIA taking 20 m coal pillar as an
example.

In the Eco-indicator99 method, normalization and weighting
were performed in levels within the damage categories. The three
damage categories were as follows:

1. HH, human health (unit: DALY = disability-adjusted life
years, which means different disabilities caused by diseases
are weighted).

2. EQ, ecosystem quality (unit: PDF x m” x yr; PDF = Potentially
Disappeared Fraction of plant species).

3. R, Resources (unit: MJ surplus energy and additional energy
requirement to compensate for lower future ore grade).

Table 2 provides the LCIA results, from which the potential
impact of each impact category can be understood. For example,
the impact values for carcinogens were 7.710E-08, 8.961E-08,
8.748E-08, 8.429E-08, and 8.270E-08 DALY for mining methods
at 0, 5, 10, 15, 20, and 25 m coal pillar widths, respectively.

In the characterized results, all impact categories were counted
at 100% to provide a more intuitive analysis of the proportion of
each process in each impact category. However, the results of this

®0m m5m = 10m m20m m25m
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FIGURE 4 | Characterized results of LCIA (overall comparison).
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FIGURE 5 | Normalized results of LCIA taking 20 m coal pillar as an
example.

study do not allow for an intuitive identification of which impact
category or process has the greatest impact on the overall
environment. Only which unit or process contributes the most
to a particular impact category can be observed. Using a 20 m coal
pillar as an example, Figure 3 shows the characterized results for
each unit or process in the coal mining process. Figure 4 shows
the characterized results for coal mining at pillar widths of
0-25m.

All units or processes contribute in some way to each of the
11 impact categories, and the share of each unit in particular
impact categories is clearly demonstrated in Figure 3. For
example, electricity was found to make a substantial
contribution to the impact of carcinogens, followed by steel.
Pollution is not only related to direct emissions but also to the
production of materials and energy at the previous level. In this
way, the magnitude of the contribution of the impact units or
processes in each of the 11 impact categories could be
visualized. The contributions of the impact categories,
impact units, and systems for the remaining coal pillar
width mining processes were similar to those for the 20 m
pillar width mining process; therefore, they were not
repeated here.

The 11 impact types of coal mining at five coal pillar
widths were compared centrally (Figure 4), with the most
severe mining method for each impact type being counted at
100% in the comparison process. The impact of the remaining
mining methods on each impact type was compared
according to the most severe mining method. The
environmental impact of each mining method could only
be compared for one impact type, but it was seen that the
environmental impact of pillarless mining is the lowest for
each impact type, and therefore, the overall environmental
contribution of pillarless mining is also the lowest. Based on
this method, Figure 4 shows a comparison of the
characterized results for coal mining at 0-25m pillar

100% ® Preparation system ® Pillar mining system = Face mining system
0
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FIGURE 6 | Characterized results of LCIA (three interacting
subsystems).

widths, with each influence category increasing and then
decreasing as the width of the coal column increases. The
5m coal pillar mining method led the way for each impact
type, and therefore, had the greatest overall environmental
impact, followed by the 10, 20, and 25 m pillar width mining
methods. The overall environmental impact of pillarless
mining was the lowest. The proportion of respiratory
organic impacts for each mining method was the highest
compared to the other impact types in coal-free pillar mining,
mainly because of organic particulate matter generated by
blasting during the coal-free pillar mining process.
Conversely, the 5m coal pillar mining process had the
highest impact of each category, mainly because the pillar
was so small that it no longer had the capacity to carry the
overlying rock seam. It required a large amount of steel,
electricity, and wood to support the material in order to
reach the carrying capacity of the mining and consumed a
large amount of energy and material. As the width of the coal
column increased, the ability to carry the overlying rock seam
gradually increased, requiring less ancillary support material
and energy, and the contribution to the environment from
producing the corresponding energy and material gradually
decreased, showing a gradual decrease in the contribution to
the environment in each impact type.

3.2 Normalized Results

In the characterized results, it was not possible to directly
observe the extent to which each impact category contributes
to the overall impact. Therefore, a further standardized
analysis was required, in which the contribution of each
impact category to the overall process can be quantified and
the magnitude of the contribution of the impact categories can
be visually analyzed and compared. As an example of coal
mining with a 20 m coal pillar width, respiratory inorganics
caused the greatest environmental burden in the coal mining
process, followed by fossil fuels, carcinogens, and climate
change (Figure 5).
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3.3 Contribution Analysis
3.3.1 Contributions of Subsystems

A contribution analysis plays an important role in an uncertainty
analysis, where all contributions of individual processes are
superimposed on the results of the contribution analysis
calculation. By focusing on these processes, it is possible to
reduce negative environmental impacts by identifying the
production processes that play an important role in evaluating
the results. Using a 20 m coal pillar width as an example, Figure 6
shows the characterized results of the three interacting
subsystems in the coal mining process.

The results showed that the three subsystems are responsible
for most of the carcinogen, respiratory organic, respiratory
inorganic, climate change, radiation, ozone layer, ecotoxicity,
acidification/eutrophication, land use, mineral, and fossil fuel
effects (Figure 6). The face mining system was responsible for the
majority of these 11 impact categories and for a substantial
proportion of all the impact categories. This mining system
accounted for a substantial proportion of all impact categories
and 98.5% of the impact in carcinogens, indicating that the face
mining system is the largest contributor to each impact category
of the three subsystems. In contrast to the face mining system, the
preparation and pillar mining systems had a smaller
environmental burden and contributed to all 11 impact
categories.

3.3.2 Contributions of Processes

Respiratory inorganics, fossil fuels, and carcinogens were found
to be the most significant impact categories (Figure 5), in
addition to climate change, which has received much attention

in recent years. Therefore, the categories described above were
identified as key categories. In the analysis, the key processes
affecting the key categories could not be accurately captured, and
therefore, a process contribution analysis was conducted within
the system boundary. The process contribution analysis was used
to identify the critical processes within the main impact categories
so that improvements can be made to reduce negative
environmental impacts effectively (Figure 7).

According to the process contribution results (Figure 7),
electricity was the leading cause of respiratory inorganics,
fossil fuels, and carcinogens, accounting for 94.9%, 60.8%, and
84.9%, respectively. The waste generated from coal-fueled
thermal power generation, whose production process uses
fuels, was the leading cause of respiratory inorganic, fossil fuel,
and carcinogen impacts. The main contributor to climate change
was coal mining, which is caused by large amounts of polluting
gases such as CO, and methane emitted into the air through the
ventilation process.

4 DISCUSSION
4.1 Uncertainty Analysis

An uncertainty analysis examines how uncertainty in the input
data affects the results of the model and helps to understand the
importance of the data source or model. The dataset was drawn
from the field, literature, and databases and then averaged
together to create a combined dataset; therefore, it was
necessary to conduct an uncertainty analysis to ensure its
accuracy. The uncertainty analysis was conducted using
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TABLE 3 | Uncertainty analysis results based on the Eco-indicator99 method.

Impact category Unit
Carcinogens DALY
Respiratory organics DALY
Respiratory inorganics DALY
Climate change DALY
Radiation DALY
Ozone layer DALY
Ecotoxicity PAF x m? x yr
Acidification/Eutrophication PDF x m? x yr
Land use PDF x m? x yr
Minerals MJ surplus
Fossil fuels MJ surplus
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FIGURE 8 | Uncertainty analysis results using the Eco-indicator99
method.

Simapro 9.0.0 software. The input data were analyzed using the
uncertainty analysis method in the Eco-indicator99 method with
a 95% confidence level and displaying the mean, median, and
standard deviation. The uncertainty results using a 20 m coal
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FIGURE 9 | Sensitivity analysis results of key processes.
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Mean Median SD
7.89E-08 5.50E-08 1.12E-07
2.06E-10 1.99E-10 2.51E-11
9.85E-07 8.48E-07 5.28E-07
8.50E-08 8.48E-08 2.14E-09
2.17E-11 1.87E-11 1.24E-11
1.74E-12 1.64E-12 5.86E-13

0.031 0.030 0.006

0.005 0.005 0.001

0.0155 0.0154 0.0002

0.0019 0.0018 0.0003

0.149 0.148 0.0175

column and calculated using the Eco-indicator99 method are
displayed in Table 3 and Figure 8.

For the 20 m coal pillar mining process, the results based on
Table 3 show no significant change in the significant impact
categories of carcinogens, respiratory inorganics, fossil fuels, and
climate change. Figure 8 shows the results of the Eco-indicator99
based method for the 20 m coal column mining process, with the
marked categories being carcinogens, radiation, and respiratory
inorganics. By comparing the uncertainty of carcinogens with the
other impact types, followed by radiation and respiratory
inorganics, the uncertainty results for the remaining impact
types were found to be low and have high stability compared
to the uncertainty results for these three impact categories. For
low uncertainty data, there is a high degree of stability, whereas
for high uncertainty data, double-checking is required to ensure
the accuracy of the data and provide a reference for future related
studies.

4.2 Sensitivity Analysis

A sensitivity analysis can provide a basis for scientific decisions to
reduce environmental burden. This is an indication of how
changes in individual parameters and parameter sets affect the
final results; that is, the importance or sensitivity of a parameter
to the overall model can be determined by analyzing the impact of
a change in the parameter when all other parameters are constant.
The sensitivity analysis was conducted using Simapro 9.0.0
software, and the results were calculated using the Eco-
indicator99 method. The results of the sensitivity analysis were
calculated using the software and the methods described above.
The sensitivity analysis was conducted for crucial impact
categories and key processes based on functional units,
reducing the input data for each key process by 5% and
observing changes in the contribution of key impact
categories. Taking 20m coal pillar mining as an example,
Figure 9 shows the sensitivity analysis results for the key
processes.

The graph (Figure 9) demonstrated that that a 5% reduction
in coal mining can provide significant environmental benefits for
all impact categories, such as carcinogens, respiratory organics,
respiratory inorganics, and climate change, with the rates of
change being 5.03%, 4.70%, 5.04%, and 4.78%, respectively.
The sensitivity of the coal mining process was high and
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particularly important because changes in coal mining have a
greater impact on all impact types. When electricity consumption
was reduced by 5%, the rates of change for respiratory inorganics,
carcinogens, acidification/eutrophication, fossil fuels, and climate
change were 4.75%, 4.25%, 4.01%, 3.04%, and 1.52%, respectively.
Therefore, changes in electricity consumption have a greater
impact on the important impact types and a higher sensitivity
and are crucial for the important impact categories. When steel
consumption was reduced by 5%, the rate of change was 4.94%,
2.77%, and 2.30% for the minerals, radiation, and ozone layer
categories, respectively, with some sensitivity and importance for
some of these impact categories.

Based on the results of the sensitivity analysis, to adopt
scientific countermeasures for reducing the burden on the
environment, the first step is to minimize the mining of coal
resources. Coal mining has a greater burden on the environment,
and scientific methods should be adopted to use clean energy as
much as possible and improve the efficiency of the mining and
utilization of coal. The consumption of electricity also has a
significant impact on the environment; therefore, we should try to
use less burdensome methods of power generation, such as wind
power and water power generation, and improve the efficiency of
electricity use. Finally, steel consumption damages the
environment, and it is necessary to reduce the environmental
impact of the steel production process and improve its efficiency.

4.3 Interpretation

With rapid economic development, environmental issues have
become key global topics. As one of the primary energy sources,
the production and consumption of coal has caused substantial
environmental pollution. As different production methods are
used, their impacts on the environment vary. This study
investigated the environmental impact of underground coal
resources under different mining methods and identified the
production method with the least burden on the environment
and, consequently, the optimal mining method.

The life cycle evaluation process is similar to different coal
pillar mining methods, and this study used the mining method
with a 20 m coal pillar left in place as an example of a life cycle
evaluation of its production process. The characterization results
(Figure 3) provide an understanding of the extent of each process
for each of the 11 impact categories and the share of each unitina
particular impact type is also shown. For example, electricity
makes the largest contribution to the impact of carcinogens,
followed by steel. The results of the characterization of all coal
pillar widths were compared (Figure 4), which initially concluded
that the no-pillar mining method has the least environmental
burden. A standardized analysis was then used to quantify the
degree of impact of each impact category on the overall
environment, with respiratory inorganics, carcinogens, and
fossil fuels being the most dominant impact categories. With
an understanding of the main impact categories, a contribution
analysis was conducted to identify the face mining system as the
subsystem with the greatest environmental burden through the
contributions of subsystems and processes. The main processes
affecting the main categories of impact were identified, with the
main processes affecting respiratory inorganics being, for
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FIGURE 10 | Comparison of the single score for different mining
methods.

example, electricity. This analysis explains the main impact
categories and processes and provides a basis for scientific
decisions to reduce the environmental burden. However, to
verify the accuracy of the data and provide a solid scientific
strategy, uncertainty and sensitivity analyses were conducted. The
sensitivity analysis results showed that a 5% reduction in the
input data for the main impact processes would result in a greater
environmental benefit. Therefore, with the mining method of
leaving a 20 m coal pillar as an example, based on the above
analysis, the mining method without a coal pillar was considered
to have the least negative impact on the environment.
Consequently, it was initially concluded that the mining
method without a coal pillar is the optimal mining method.
Respiratory inorganics, carcinogens, and fossil fuels were the
most important impact types, and after determining the main
impact, the main impact types were identified. The face mining
system was the subsystem with the greatest environmental
burden. Mining, electricity, and steel were considered to have
high sensitivity or importance.

The main objective of this study was to determine the optimal
extraction method. Using the 20 m coal pillar mining method as
an example, the main categories of influence and processes
affecting the mining method were recognized through
characterized, normalized, and contribution analyses. The
influence of respiratory inorganics had a greater weighting
under the non-pillar mining method (Figure 4), mainly
because of the blasting technique used in the non-pillar
mining process, which generates more organic particles. The
LCA process for the other mining methods is similar to the
20 m column mining method, and there is little difference in the
primary impact categories and processes. The single score value
for the mining method without coal pillars, that is, 0 m pillar
width, was the smallest (Figure 10). Combined with the results of
the characterization comparison, it is clear that mining without
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coal pillars has the lowest level of environmental impact, and
therefore, mining without coal pillars is determined to be the
optimal mining method. The final single score summary
comparison shows that as the width of the coal pillar
increases, the degree of negative environmental impact
increases and then decreases. As the width of the pillar
continues to increase to a certain width, the recovery methods
used because of its increased carrying capacity change and the
materials and energy used are reduced accordingly, making the
mining process less environmentally burdensome. It is predicted
that as the width of the pillar increases to a width equal to that of
the working face, the mining method will be equivalent to
pillarless mining, and the level of negative environmental
impact will approach that of pillarless mining (Figure 10).

5 CONCLUSION

This study used LCA to select the optimal mining method for
different coal pillar widths. A list of input and output stream data,
with 1 kg of coal mined as a functional unit, was created using the
SimaPro software and Ecoinvent database, and impact analyses
were evaluated based on the list analysis. The Eco-indicator 99
method was used to assign the input and output data in the LCI to
11 different environmental impact types. Characterized,
normalized, and contribution analyses were conducted using a
20 m coal pillar width mining method as an example. To verify
the accuracy of the data and scientific decisions, an uncertainty
analysis and summary comparison of the single scores of the
different mining methods were conducted to obtain the optimal
mining method and the environmental impact variations
between the different mining methods. The following
conclusions were obtained.

(1) Through characterized and normalized analyses, the degree
of impact of each process on 11 impact types was obtained. It
is tentatively concluded that mining without coal pillars has
the lowest negative impact on the environment, and using the
mining method with a 20 m pillar width as an example, it was
found that respiratory inorganics, carcinogens, and fossil
fuels are the most dominant impact types. The
contribution analysis shows that the face mining system
has the greatest environmental burden. The main
influencing  processes  for  respiratory  inorganics,
carcinogens, and fossil fuels is electricity, accounting for
94.9%, 60.8%, and 84.9%, respectively. The main process
influencing climate change is coal mining, which accounted
for 62.9% of the total.

Uncertainty and sensitivity analyses were used to verify the
accuracy of the data and provide accurate scientific decisions.

2
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