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Abstract: Coal mine closure processes are being carried out in the European Union due to the current
energy transition. The use of coal-fired power plants has been significantly reduced in recent years.
Because of the significant financial outlays, processes of rationalization and minimization of the mine
liquidation cost should be carried out. In this paper, a statistical analysis of the liquidation processes
in hard coal mines in Poland was carried out. A new tool was developed in order to optimize the
mine liquidation costs. The mine liquidation process can be divided into ten different processes,
which have been analyzed in detail in this research work. The method of the assessment of the
amount of estimated liquidation costs described is based on the analysis of the total liquidation cost.
The presented method of signaling deviations of the costs of the liquidation of the mining plant
from the average value is a useful tool in the process approach to the issues connected with the
restructuring of post-industrial property. The presented cost assessment procedure may facilitate the
monitoring of conducted activities in terms of rationalization and minimization of the costs incurred.
Finally, the proposed method for assessing the cost of mine liquidation is understandable, simple,
and easy to use for applications in preliminary design works and on-going engineering works.

Keywords: mine closure; process management; restructuring of mining enterprises; coal mine liqui-
dation

1. Introduction

The reduction in greenhouse gas emissions in the European Union by 2050 implies
the cutting of electricity production at coal-fired power plants, and therefore the coal
mines need to be closed. Grmela et al. [1] analyzed the process of mine liquidation as an
environmental, economic, and legal problem. Harat el al. [2] studied the economic and
environmental aspects of the liquidation of coal mines. Jewartowski et al. [3] determined the
optimal time of coal mine liquidation given the necessity of bearing the costs of post-mining
reclamation. Batrancea et al. [4] carried out an econometric approach on production, costs,
and profit in Romanian coal mining enterprises. Dvořáček et al. [5] developed research
about the choice of the technical liquidation of underground mine workings. They analyzed
the mining legislation in the mine liquidation processes in the Czech Republic. Janusz
et al. [6] investigated the changes in hydrogeological conditions in the area of liquidated
hard coal mines in the north-eastern part of Upper Silesia Coal Basin (Poland). They
concluded that the groundwater inflow into the analyzed area was reduced by 43%. The
socioeconomic impacts of mine closure were analyzed by Rao and Pathak [7]. Other
researchers also analyzed the mine liquidation processes and the socioeconomic impacts of
mine closure [8–12]. Salom et al. [13] carried out a critical review of environmental impacts
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and constraints to rehabilitation in closed and abandoned mines in Namibia. Barabash
et al. [14] analyzed the technical and economic aspects of the coal mine closure based on
the geo-mechanical component assessment in Ukraine. The economic and financial aspects
of mine closure were investigated by Kahn et al. [15]. Some research works about the
optimization of mine closure processes and the impact of mine closure and its associated
cost on life of mine planning were carried out [16–21].

In addition, some alternatives can be applied in closed mines to use the disused
mining infrastructure. Underground pumped-storage hydropower (UPSH) plants can
be built using the underground space as lower reservoir [22–25]. Menendez et al. [26]
carried out a research work about closed mines in Spain as energy storage systems. In
addition, abandoned mines can be also used as subsurface reservoirs of compressed air
energy storage (CAES) systems [27–29]. The ambient air would be stored at high pressures
in the drifts. In the Polish hard coal mining industry restructuring actions are realized. A
rational reduction in costs of the mining industry may be based on the liquidation of mines
that are considered as permanently unprofitable. The liquidation of the mine is regulated
in the Polish legislation. According to the legislation on geology and mines, in the event of
liquidation of the mining plant, in a whole or in a part, the entrepreneur is obliged to:

• Secure or liquidate mining excavations and mining equipment, installations, and
facilities.

• Secure the unused part of the mineral deposit.
• Secure the neighboring mineral deposits.
• Take the necessary measures to protect the excavations of neighboring mining plants.
• Take the necessary measures to protect the environment and reclaim the land after

mining activities.

Since 2000, SRK S.A. mining company, as the legal successor to the previous mining ex-
ploitation, has been managing the assets of the restructured hard coal mines. Eight branches
of SRK S.A. are involved in the liquidation and protection of mining excavations in liq-
uidated coal mines. The branch of SRK S.A. called Central Mine Dewatering Plant is
responsible for securing the neighboring mines by pumping water out of the liquidated
mining plants. The supervision and management of post-industrial property in the liq-
uidated mines is carried out by Branches of SRK S.A. called Hard Coal Mines in Total
Liquidation and Housing Resource Administration.

During the mine’s existence, we can distinguish the period of the mine construction
and the period of the mining deposit; however, the natural and inseparable element is
the liquidation of the mining plant. The lack of cost management support instruments
may make it difficult to improve the efficiency of liquidation. Although the average cost
of the mine liquidation is around EUR 150 million, the scientific research concerning the
rationalization and efficiency improvement of liquidation processes is very scarce [7,8].

In this paper, a statistical analysis of the liquidation processes in hard coal mines in
Poland was carried out. The proposed evaluation method of the amount of estimated
liquidation costs described is based on the analysis of the total liquidation cost according
to the SRK experience. The presented research is a continuation of research on the tools
that support the cost management of liquidation processes. The presented method of
assessing the correctness of the estimation of liquidation costs may affect the effectiveness
and efficiency of a mining enterprise that liquidates coal mines.

2. Materials and Methods

The process management system in SRK S.A. requires the modernization of the
available tools for assessing the course of the liquidation processes and the proposal of
new ones. An additional research aim is to identify research areas and problems related to
the rationalization and effectiveness of the liquidation processes that require analysis and
solutions. The aim was achieved in two stages (Table 1). The research plan was carried out
on the basis of the analysis of the Updated Mining Plant Closure Programs for 17 examples
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of mine liquidation or their separate parts. The analysis refers to the period from 2015
to 2023.

Table 1. Research methods and the results of their use in particular stages of research.

Research
Stage Research Methods Results of the Use of Research Methods

I
-Analysis
-Synthesis
-Direct interview

-A statistical analysis of the cost liquidation process.
-A modification of data form.
-An actualization of proposed evaluation method.

II
-Direct interview
-Analysis
-Synthesis

-A verification of reached results.
-A modification of the evaluation method of the course
of liquidation processes.
-An indication of research areas and problems.

In the first stage, the mine liquidation costs were analyzed and compared to the expe-
rience of SRK S.A. in the liquidation of coal mines in Poland. Moreover, the documentation
concerning the conducted and ongoing restructuring processes in liquidated mines was
analyzed. The results of the analysis made it possible to propose a method to optimize
the cost management of the liquidation processes. During this stage, a direct interview
was conducted with experts, concerning the technical problems of the liquidation pro-
cesses, their correctness, and suggestions for possible changes in the liquidation practice.
Interviews with people who manage the liquidation of analyzed branches dispelled the
most important doubts and explained most of the cases of deviations from the established
procedures. On this basis, it can be concluded that the performed liquidation process is
correct and compliant with the ‘mining and construction art’ and that the activities that
has been undertaken so far may constitute the basis for the development of the method for
assessing the correctness of cost estimation of mine liquidation processes. The updated
method was used in the second stage of the research.

In the second stage, basic statistical analysis of the liquidation processes in SRK S.A.
was carried out. The encountered problems were explained with experts. The correct
operation of the proposed liquidation process assessment tool was carried out in two
stages. In the first stage, the software’s reaction to the assigned cases of hypothetical new
branches of SRK S.A. was assessed. In the second stage, the same cases were also presented
to experts in practice managing the liquidation of coal mines. The research identified areas
and research problems that need to be solved.

The research was carried out on the basis of the updated mine closure programs
containing data on the performed and currently conducted mine liquidation processes. The
liquidation of coal mines is financially accounted for by 10 component processes (Figure 1).
SRK S.A. mining company has been conducting the liquidation of coal mines since 2000
and according to the updated programs for the liquidation of coal mines, it should be
completed by the end of 2023 [7,8]. The liquidation of the mine is carried out in accordance
with several models depending on the scope of the liquidation and the target model of the
restructured mining plant. SRK S.A. may carry out the liquidation of the complete mine or
its ineffective part. Due to the target model, the liquidation is carried out with the pumping
station so as to protect the neighboring active coal mines or as complete when protection
of neighboring mines is not required (Figure 1). In practice, the difference between the
models focuses on the first 3 processes. In Figure 1, processes 1, 2, and 3 marked in lighter
colors relate to the complete liquidation of the mine, while their darker version reflects the
course of the process when the pumping station is left. In the case of leaving the pumping
station, the part of the shafts and underground workings are not liquidated. They are being
transferred to the Central Mine Dewatering plant that will protect the neighboring mines
and the land surface against water hazards. It has not been necessary to liquidate a marked
part of the mine, leaving the pumping station so far, which means that SRK S.A. liquidates
mines only in 3 variants.
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Figure 1. Mine liquidation processes in SRK S.A. Source: Data from SRK S.A.

3. Results

The publication presents a statistical analysis of six cases of completely liquidated
coal mines. In order to increase the credibility of the research results, the mines that are
currently liquidated and grouped administratively in eight branches of SRK S.A. were also
subjected to the statistical analysis. To facilitate the analysis, these branches were divided
into component mines. Thanks to that another group of 11 liquidation cases were obtained,
which gives a total of 17 examples. In order not to disclose the sensitive data of SRK S.A.,
the liquidated mines were given working names in accordance with the decreasing cost
of their liquidation, presented as a fraction expressed as a percentage of the total cost of
liquidation of all 17 coal mines (Table 2). Inflation and changes in labor costs have resulted
in incomparability of costs in different years; therefore, a proprietary correction coefficient
developed on the basis of data from the Central Statistical Office was used. The liquidation
cost converted into the realities of the first quarter of 2021 was analyzed.

Table 2. The costs of liquidated branches of SRK S.A. subjected to statistical analysis.

Branch B1 B2 B3 B4 B5 B6 B7 B8 B9

16.16% 12.75% 10.27% 9.98% 8.94% 6.93% 6.19% 5.88% 5.43%

Branch B10 B11 B12 B13 B14 B15 B16 B17
4.30% 3.00% 2.78% 2.24% 1.88% 1.62% 1.34% 0.32%

The liquidation of the mine is always a single case, which results in different costs
(Figure 2). Figure 2 shows the numbers of subsequent liquidation processes on the horizon-
tal axis, and the vertical axis shows the percentage of expenditures of individual branches
for each of the processes. Cost differences result from the scale of the project. Higher
liquidation costs depend on the number of maintained and liquidated facilities. The costs
of other processes are in most cases a derivative of running the main processes (1, 2, and 4).
This aspect of the liquidation cost structure requires deeper analysis and further research.
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The state budget has allocated or will allocate more than EUR 1 billion to the liq-
uidation of the analyzed branches, so even a small percentage reduction in the cost of
liquidation means measurable financial benefits. Most of component processes of the
liquidation of coal mines have potential for optimization and rationalization. The variation
of the size of liquidation costs was analyzed using the compliance factor according to the
Equation (1).

V =
s
x
·100 (1)

where
V is the compliance coefficient, s is the standard deviation, and x is the arithmetic

average. The standard deviation is estimation by applying Equation (2). xi is the successive
characteristics of the population, N is the number of observations in the population and µ
is the expected value.

σ =

√
∑N

i=1(xi − µ)2

N
(2)

If the coefficient of variation is in the range of 0–20%, then the diversity of the pop-
ulation is small, when it is in the range of 20–40%, it proves the average diversity of the
population, and in the range of 40–60% it is highly differentiated. When the coefficient of
variation exceeds 60%, it means a great diversity of the population.

The coefficient of variation of components of costs of liquidation processes of the
entire research group amounted to 119.41%, which proves a very high variability of re-
sults. It has been found that this indicator is not reliable. Underground coal mines are
liquidated according to three liquidation models, and this causes costs replacement in
various component liquidation processes. Increasing the outlays in one process may reduce
the capital intensity of another. For this reason, a better indicator of the differentiation
of analyzed examples of liquidation is the analysis of the coefficient of differentiation of
the total expenditures on the branch liquidation (CV), which, for all liquidated branches,
amounted to 75.92% (Table 3).
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Table 3. The analysis of the branches of SRK S.A. as a one group.

Branches Included in the Group. All

CV The coefficient of variation of total liquidation costs 75.92%
MA The coefficient of variation in multi-criteria analysis 153.89%

Average CV 75.92% Average CV and MA 114.91%

In order to increase cost consistency, it was proposed to divide the liquidated mines
according to their total liquidation costs. As shown in Table 4, the division into 4 groups of
branches was proposed—Large Branches (LB), Medium Larger Branches (MLB), Medium
Smaller Branches (MSB), and Small Branches (SB).

Table 4. The analysis of the branches of SRK S.A. as a one group.

Branches LB
(above 9%)

MLB
(from 6% to 9%)

MSB
(from 3% to 6%)

SB
(to 3%)Cost

CV 23.29% 19.4% 27.62% 49.66%
MA 6.66% 9.75% 39.17% 104.85%

Average CV 29.67% Average CV and MA 35.05%

The proposed division significantly improved the coefficient of variability of the
liquidation costs of branches in groups (Table 5). The average coefficient of variation was
29.67%. In individual groups, the amount of liquidation costs was actually satisfactory,
except from the group of Small Branches (SB), and therefore the sorting criteria ought to be
changed again.

Table 5. Multi-criteria analysis of liquidation processes costs “costs minimization”.

Branches LB
(to 1.0)

MLB
(1.0 to 2.5)

MSB
(2.5 to 4.0)

SB
(above 4.0)

CV 55.2% 28.90% 47.06% 89.83%
MA 51.81% 15.98% 11.86% 32.55%

Average CV 55.25% Average CV and MA 41.65%

In the next stage of the research, the branches were sorted according to the indicator
obtained in the multi-criteria analysis of the costs of the components of the liquidation
processes. This indicator shows the distance of the analyzed branch from the hypotheti-
cal branch with the most optimal parameters from the examined group of 17 branches.
In the applied transformation, the analyzed parameters should be classified into groups
according to their nature. In this method, the analyzed parameters were divided into
“stimulant”—the increase in value of which is perceived positively, “destimulant”—the
increase in value of which is perceived negatively, and “nominant”—the increase in
value is perceived positively or negatively. In the examined example, all tested param-
eters are costs for which the increase is perceived negatively; therefore, the costs are
assigned as the character of the “destimulant”. In the multi-criteria analysis, each of
the examined parameters is assigned as the weight that influences the overall result.
In this case, it was assumed that each of the examined costs is equally significant and
all costs were given a factor of one. Moreover, it was also found that further research
will require assigning an appropriate weight to each of the costs. However, this will
not affect the principle of operation of the method of the estimation of mining plant
liquidation costs.

The applied transformation quotient method eliminates the problem of possible
difference between the units of the analyzed parameters and the absolute size of the
numbers describing individual parameters by locating the obtained values of individual
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parameters as a dimensionless number in the range from 0 to 1. The value of the liquida-
tion cost of a branch in the multi-criteria analysis for all the “destimulant” features, and
assuming that the weights for all costs are equal to one, can be calculated according to
the Equation (3):

FCj min =
10

∑
i=1

hi min

hij
(3)

where FCj min is the liquidation cost of the branch “j” in a multi-criteria approach, i is the
number of the mine liquidation component process, j is the number of analyzed branch,
hi min the lowest cost value in the process “i”, and hij is the liquidation cost in the process
“i” for the branch “j”.

Sorting branches according to the multi-criteria “cost minimization” gave much worse
results than the previous sorting according to the amount of the total liquidation cost. The
average coefficient of cost variation was as high as 55.25% (Table 5).

For checking purposes, calculations were made where the costs were treated as
“stimulants” and the branches were sorted according to the “cost maximization”. This
method of sorting revealed the optimal variant of grouping branches. When all parameters
are “stimulants” and assuming that the weights for all costs are equal to one, the multi-
criteria evaluation using the quotient transformation is (4):

FCj max =
10

∑
i=1

hij

hi max
(4)

where FCj max is the liquidation cost of the branch “j” in a multi-criteria approach, i is the
number of the mine liquidation component process, j is the number of analyzed branch,
hi max the highest cost value in the process “i”, and hij is the liquidation cost in the process
“i” for the branch “j”.

In the proposed division into four groups (Table 6), the average coefficient of
variation is 28.89% and only the group of Small Branches differs significantly from the
other groups. It was found that B17 differs from the rest of the group of Small Branches
(SB) by more than three times of the amount of standard deviation. Because of that fact
a Micro Branch (Micro B) was created as an additional fifth group that includes only
one branch. After the exclusion of Branch 17 from the group of Small Branches (SB),
the average coefficient of variability of the costs of the liquidation of branches in the
analyzed groups decreased to 21.99%. On the basis of the conducted analysis, it was
found that when selecting the method of sorting branches, the average coefficient of
variation of total costs and the average coefficient of variation of the multi-criteria value
of costs, calculated as the average value of these values, should be taken into account.
This allows for the combination of optimization of costs and the structure of these costs.
The calculated average variation index for the previous divisions confirmed that the
optimal variant of the division is the division into five groups in accordance with the
“cost maximization” (Table 7).

Table 6. Multi-criteria analysis of liquidation processes costs “costs maximization”.

Branches LB
(above 4.0)

MLB
(1.25 to 4.0)

MSB
(1.25 to2.5)

SB
(to 1.25)

CV 21.43% 22.15% 22.62% 49.35%
MA 1.41% 13.38% 19.16% 100.96%

Average CV 28.89% Average CV and MA 32.07%
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Table 7. Multi-criteria analysis “costs maximization” (5 groups).

Branches LB
(above 4.0)

MLB
(1.25 to 4.0)

MSB
(1.25 to 2.5)

SB
(0.6 to 1.25)

Micro B
(to 0.6)

CV 21.43% 22.15% 22.62% 21.75%
MA 1.41% 13.38% 19.16% 14.07%

Average CV 21.99% Average CV and MA 17.76%

On the basis of the obtained division into reference groups of values, a tool for the
assessment of the amount of mine liquidation expenditures was proposed. The method
signals deviations in the amount of costs for the total cost and the cost division into
individual component processes. Figure 3 presents the idea of the assessment method
against the entire population of analyzed liquidation examples. Most of the costs are outside
the zone of acceptable values (white field between the green and red lines), and therefore
the division into reference groups was made. The range of acceptable values results from
the coefficient of variation established by the user, for which the standard deviation is
calculated. The lower limit (green line) is determined by the mean value decreased by the
calculated standard deviation, and the upper limit (red line) is determined by the mean
value increased by the same value (Figure 3). So as to illustrate the method, it was assumed
that the acceptable deviation would result from the adopted variability index equal to 20%.
This is the upper limit for a high match population.
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4. Discussion

In the proposed method, the potential user enters the estimated liquidation costs for
individual liquidation processes (fields marked as bright green in Figure 4) and enters the
value of the coefficient of variation for each of the processes and for the total liquidation
cost (fields marked pink). The software immediately informs in which reference group the
analyzed case is. The blue field displays the name of the reference group (Figure 4). In this
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column, the obtained costs are compared to the average for each process and for the total
liquidation cost in this reference group. When the entered cost exceeds the upper limit of
the acceptable value, the field and digits turn into red. When the cost is below the lower
limit of the acceptable value, the field and digits turn into green. Additionally, when the
entered cost significantly (by more than three standard deviations) exceeds the lower or
upper limit, the adjacent field turns into red. It was also proposed to signal the field in
yellow, so as to take into account the fact of not incurring costs in a given process. The
signaling of the deviation from the average value does not have to mean an error. Any
deviation may result from the specificity of the liquidated branch and it is a place for the
user’s decision. For comparison, the costs entered by the user are analyzed in the same way
for the entire population of the liquidated coal mines, which may additionally reassure the
designer to the correctness of the estimated liquidation costs.
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Figure 4. Screenshot of the liquidation costs assessment tool.

Currently, there are no actions that are going to provide negotiations so as to take
over next branches to liquidate. Therefore, in order to verify the proposed method, a
hypothetical takeover of four branches with working names: B18, B19, B20, and B21 was
proposed. The first of the proposed branch is B18 with the value of component costs
equal to twice of the liquidation costs of B2, with the highest cost in terms of multi-criteria
attempt. The estimated cost of liquidation of B18 amounted to as much as 25.51% of the
total costs incurred by SRK S.A. for the liquidation of analyzed 17 coal mines. B19 is another
branch with the estimated amount of liquidation costs (1.64% of the total cost) equal to
the minimum values for the group of Medium Larger Branches (MLB). B20 is a branch
with costs equal to the average costs for the group of Medium Smaller Branches (3.36% of
the total cost). The last of the hypothetical branches is B21 of which the liquidation costs
were assumed as random values from the group of Medium Larger Branches (MLB), which
amounted to 8.07% of the total cost.

As expected, B18 was analyzed in its upper part in the group of Large Branches (LB),
in the case of four processes caused the signaling of exceeding the mean value, and in the
comparison group, as many as six processes (Figure 5). Such reaction of the method was
expected because the cost of liquidation of such a branch could be extremely high. In the
case of process 3 (securing the neighboring mines) and process 5 (land reclamation), the
software signaled an underestimation of expenses for the branch of this size. The prototype
of the analyzed B18, branch B2 in this respect incurs extremely low expenditures.
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Figure 5. Assessment of the hypothetical branch B18 with twice value of the liquidation cost of
branch B2.

The second of the analyzed branch is called B19. Despite the fact that the data was
collected from the group of Medium Smaller Branches (MSB), it is qualified for the group
of Small Branches (SB) in its central part (Figure 6). The method showed that processes 7
and 8 are below the average in this reference range, with the cost of process 8 only slightly
above the upper limit of the limit. Process 2 showed a slight underestimation, while process
6 was well below the average. Figure 7 shows the analysis of the hypothetical branch B20
with average values of the liquidation costs of Medium Smaller Branches (MSB).
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The analysis of costs of B20 also resulted in the expected reaction of the method. In this
case, all the fields of liquidation components costs remained unresponsive to the method
(Table 6), which was a reaction to the analysis of the reference example.

The biggest challenge for the methodology of assessment of liquidation costs was
the analysis of the last case of B21 (Table 7), which was characterized by costs randomly
selected from the group of Medium Larger Branches (MLB). This branch was situated
in the upper zone of its reference group. The difficulty in assessing such a “creation”
results from a very unbalanced cost structure. Some of them come from the group of more
capital-intensive branches, and some from much less, so the amount of costs incurred and
the arrangement of the colors of the fields in different colors may be a bit confusing for a
practitioner dealing with the liquidation of mines. Figure 8 indicates the assessment of the
hypothetical branch B21 with random values of the liquidation costs of Medium Larger
Branches (MLB).
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Figure 8. Assessment of the hypothetical branch B21 with random values of the liquidation cost of
Medium Larger Branches (MLB).

In this case, the method procedure worked properly and the signaling of deviations
from the mean value is in line with the experts’ opinion. In the second stage of the tool
verification, the evaluation of the same variants by practitioners was convergent and the
method of response was accepted.

5. Conclusions

Coal mine closure processes are being carried out in the European Union due to the
current energy transition. A new economic tool has been developed to analyze the coal
mine liquidation costs. The proposed method of the assessment of estimated cost of the
mine liquidation can be used as a reference point for detailed analysis and multi-criteria
cost planning. The system of accounting for the costs of liquidation component processes is
typical for SRK S.A. In addition, with some modifications the proposed methodology can
also be applied by another entity dealing with liquidation. The presented cost assessment
procedure may facilitate the monitoring of conducted activities in terms of rationalization
and minimization of the costs incurred. The proposed tool may be one of the compo-
nents introducing the process approach in the field of effective liquidation of coal mines,
which is particularly important in a situation where the scientific literature in this area is
extremely scarce.

In order to protect the sensitive data at work, the actual costs incurred have been
converted into a fraction of the total costs of liquidation. A similar analysis was carried out
for the value expressed in money and converted to the total cost of the process, as well as
to the maximum cost of liquidation of the branch. Due to the volume of the work, these
results have not been included. The same results were obtained in all cases, which may
prove the correctness of the proposed method.
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Finally, the proposed method for assessing the cost of mine liquidation is understand-
able, simple, and easy to use for applications in preliminary design works and ongoing
engineering works.
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28. Lutyński, M. An overview of potential benefits and limitations of Compressed Air Energy Storage in abandoned coal mines. IOP
Conf. Ser. Mater. Sci. Eng. 2017, 268, 012006. [CrossRef]

29. Álvarez de Prado, L.; Menéndez, J.; Bernardo-Sánchez, A.; Galdo, M.; Loredo, J.; Fernández-Oro, J.M. Thermodynamic analysis of
Compressed Air Energy Storage (CAES) reservoirs in abandoned mines using different sealing layers. Appl. Sci. 2021, 11, 2573.
[CrossRef]

http://doi.org/10.1007/s10040-016-1413-z
http://doi.org/10.1016/j.rser.2019.04.007
http://doi.org/10.1016/j.tust.2019.103117
http://doi.org/10.3390/app10175853
http://doi.org/10.1016/j.renene.2018.09.042
http://doi.org/10.1016/j.est.2020.101882
http://doi.org/10.1088/1757-899X/268/1/012006
http://doi.org/10.3390/app11062573

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

