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Abstract: Mine closure is associated with many negative impacts on society and the environment. If these effects are not rationally addressed,
they would pose risks of mine closure. Thus, a risk management method is needed to mitigate these adverse impacts and address mine-closure
issues. An integral framework for mine-closure risk management that includes risk assessment and risk treatment was proposed. Given the
fuzziness and randomness of the transformation between qualitative and quantitative knowledge in the risk assessment process, a novel risk as-
sessment method based on the cloud model was presented, which fully considers the uncertainty in risks themselves and in the reasoning pro-
cess. Closed mine reutilization is an effective risk treatment option in response to the identified high risks, but it requires selecting optimal reut-
ilization strategies for the successful implementation of the reuse plan. To this end, a hybrid semi-quantitative decision method is proposed to
optimize decision-making. The results of a case study showed that this risk management methodology can help budget planning for risk treat-

ment and provide an instructional framework to effectively reduce the negative effects of closed mines.

Keywords: mine closure; risk assessment; risk treatment; cloud model; risk matrix

1. Introduction

A common misconception is that mine closure means the
end of mining operations and abandonment without any risk
[1]. However, long-term maintenance and monitoring of
derelict mines are far from over. Mining enterprises still need
to address various social and environmental impacts to mitig-
ate the unwanted outcomes that occur in closed mines, such
as ensuring that the staff and mining area residents receive
compensation and settlement [2-3], restoring a viable eco-
system that is healthy and safe [4], and handling the assets
and liabilities reasonably [5]. Immature mine-closure man-
agement greatly increases the possibility and consequence of
adverse effects associated with such closures, thereby caus-
ing numerous risks of potential mine closure [6].

Mine closure results from various reasons. Mine closure
caused by resource depletion is defined as mature closure,
whereas that precipitated by economic, social, or policy reas-
ons is called premature closure [7]. Compared with the
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former type, the latter would result in more serious negative
effects due to uncontrollability. Particularly in resource-rich
countries with weak governmental management and imma-
ture mine-closure plans, premature closure leads to multiple
crises, such as breakdowns of local and regional public health
and livelihoods, destruction of the natural environment, and a
sharp decline in local finance [5,8]. These crises could
worsen and become much more common with a prolonged
period of mine closure, and some of the potential and emer-
ging dangers are long-term and even fatal. Therefore, risk
management for mine closure should be examined seriously
[9].

With rigorous initiatives of “mine closure and production
reduction campaign” implemented in China, a large number
of coal mines prematurely closed in a short time (from 87000
in 1995 to approximately 5800 in 2018) [10-11]. As the coal
mining method in China is still dominated by underground
mining (accounting for 90% of production), the closed coal
mines mainly comprise underground ones. Unfortunately, at
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the present stage, China still has neither effective regulatory
policies for mine-closure management nor operational risk
management methodologies for reference [12—13]. A large
number of closed mines without supervision have been aban-
doned, posing an excessive economic burden to the country
and society [14]. Many coal mines were closed without ad-
equate preparation, resulting in unknown disasters and limit-
ations for future use [15]. With this problem, setting up an in-
tegrated mine-closure risk (MCR) management system to
guide the reduction of potential negative effects of closing
mines has become an urgent problem to solve. This study
uses closed underground coal mines (hereafter referred to as
“closed mines” or “mine closure”) as the research object to
investigate risk management.

The MCR management system comprises risk assessment
and risk treatment [16—17]. The purpose of this system is to
mitigate the impacts of closed mines and offset the increased
environmental and social costs. MCR assessment aims to
identify the critical risks associated with mine closure by
evaluation outcomes. Considering that effective risk assess-
ment is the precondition for targeted reutilization pattern im-
plementation, we need to accurately determine the signific-
ant risks. Thus, selecting a scientific and practical assess-
ment method is a very important research topic in risk man-
agement. As MCR assessment inevitably involves pervasive
uncertainty and imprecision, such as fuzziness and random-
ness, which appear in the probability or consequence evalu-
ation of a hazard event, accurately determining the risk levels
is difficult [18]. A number of assessment methods have been
proposed for risk-level determination, such as fuzzy exten-
ded analytic hierarchy process, which Koulinas et al. [19] ad-
opted to assess safety risk in worksites; the evaluation model
based on set pair analysis that Chong ef al. [20] implemented
for assessing occupational hazards in coal mines; the fuzzy
synthetic evaluation method that Akter et al. [21] applied to
evaluate the vulnerability of climate-related hazards; and the
risk assessment model combining neural networks and a ge-
netic algorithm that Kaeeni et al. [22] provided for assessing
derailment accident risk. Although these methods have made
progress in the reasoning of risk-level determination, they
still have the unresolved problem of how to incorporate the
randomness and fuzziness of indicators when assessing risk
levels. Due to the shortage of data and uncertainty of risks,
these models only considered fuzziness or randomness in as-
sessment, causing deviation between evaluation results and
practical situation. Moreover, using a single value in these
methods to represent the level of risk does not adequately re-
flect the fuzziness and randomness of risk factors. Consider-
ing that risk has two dimensions (often referred to as the
probability and consequence of hazard events), the risk mat-
rix approach (RMA), which combines the probability and
consequence of a hazard event, is an essential tool for risk as-
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sessment [23-24]. Nevertheless, this method faces two
prominent problems that are yet unresolved and seriously af-
fect the credibility of the results. First is that this method clas-
sifies risk grades by quantitative calculation, which belongs
to the hard division without considering the fuzziness of the
boundary. The other one is that this method determines the
risk level according to the risk matrix table, failing to render a
scientific and reasonable uncertain reasoning mechanism.
Moreover, as evaluators are accustomed to using natural lan-
guage rather than numerical methods when expressing the
probability of occurrence and severity of consequences of
risk events, the RMA method cannot effectively solve the
problem of the fuzziness of the natural language description
and randomness of the occurrence of events [25]. Con-
sequently, an essential task is searching for a novel method
that can solve the uncertain knowledge representation and
present a clear reasoning mechanism.

The cloud model proposed by Li et al. [26] is an uncer-
tainty analysis model based on fuzzy set theory and probabil-
ity theory. It adopts membership degree to describe fuzziness
and uses event occurrence probability to express its random-
ness, which provides an effective tool in transforming
between natural language and quantitative expressions [18].
Currently, the cloud model has been applied in many aspects.
Guo et al. [25] proposed a risk assessment method based on
cloud model theory and applied it to the risk assessment of
natural gas pipelines, which verifies the feasibility and ra-
tionality of the cloud model for risk assessment. Wu et al.
[27] employed the cloud model in the risk assessment of
drought hazards, and Zhang et al. [28] assessed the risk of
adjacent buildings in tunneling environments based on the
cloud model, greatly enhancing the robustness of the cloud
model in risk assessment. Therefore, this paper proposes an
improved risk matrix based on the cloud model (IRMCM)
method to assess MCR.

Risk treatment is the second step in risk management. It
aims to provide effective treatment strategies for the identi-
fied risks [29]. Compared with the reactionary monitoring
and control of closed mine risks, closed mine reutilization
(CMR) has been recognized as the most proactive measure
for risk action because it not only modifies mine-closure
problems but also brings economic benefits for companies
and communities [30]. CMR is an important aspect of clean-
er coal production practices because it can fully tap the po-
tential and vitality of idle resources, save social costs, minim-
ize closure and post-closure costs, and provide employment
opportunities for the unemployed [31]. As the recovery
budget of abandoned mines is limited, it needs to determine
which reutilization strategy is best for treating the critical
risks [32]. In general, deciding on optimal reutilization op-
tions involves multiple complex environmental and socio-
economic factors and mine conditions [33-34]. In this con-
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text, multi-criteria decision-making (MCDM) method is the
most common approach to solve decision problems [35-36].

Various MCDM methods are known, such as analytic
hierarchy process (AHP) [19,32], technique for order prefer-
ence by similarity to ideal solution (TOPSIS) [36], prefer-
ence ranking organization method for enrichment evaluation
[37], grey correlation method [38], and rank sum ratio [39].
Compared with other methods, the TOPSIS method can
make the most use of the original data information and accur-
ately depict the gaps among all the evaluation schemes. In
addition, this method has other advantages, such as no strict
limit on the number of indicators and a simple calculation
process. In decision-making problems, the indicators’
weights are commonly determined by the AHP method [40].
However, for frameworks with a large number of indicators,
the weight determination by traditional AHP involves a relat-
ively large amount of computation in judgment matrix con-
sistency testing. Therefore, the AHP method should be im-
proved to enhance its performance in weight determination.
This study used the scale expansion instead of pairwise com-
parison to improve the judgment matrix construction (called
the TAHP method) [38], which can avoid coincidence exam-
ination and define the weighing scientifically. Combining the
TAHP and TOPSIS methods, this study presented a hybrid
semi-quantitative decision method to provide a quantitative
and transparent process for optimal ordering of the reutiliza-
tion patterns.

To illustrate the functionality of the proposed risk man-
agement methodology in terms of closed mine impact reduc-
tion, this study took a typical suburban closed mine named
Muchengjian coal mine as the research object. The main is-
sues addressed in this study can be summarized as follows:
(1) how to establish an organized MCR framework and a
CMR suitability analysis indicators system, (2) how to
achieve robust and visual assessment results on the MCR,
and (3) how to select the optimal reutilization options for re-
sponding to the critical risks. The rest of this paper is organ-
ized as follows. Section 2 introduces the methodologies of
the risk assessment and risk treatment. Section 3 provides a
case study for verifying the proposed methods. Section 4
presents the results and discussion. Section 5 provides the
conclusions and policy implications.

2. Methodology
2.1. General framework for this study

A complete MCR management approach includes three
steps: risk identification, risk assessment, and risk treatment.
Risk identification involves three tasks. The first is to de-
termine the mine-closure hazard events and assess the prob-
ability and consequences of such events through an expert
group. The composition of an expert team directly affects the

quality of risk assessment, so the most relevant decision-
makers with mine memory and different interests have to be
selected. The second step is to apply the IRMCM method to
determine the magnitude of risks and identify the critical
risks. In the third step, the two-level IAHP is employed to
calculate the weights of the attributes of the CMR suitability
analysis framework and then input these weights into the
TOPSIS method to select the targeted reutilization patterns.
These reutilization patterns are regarded as the best ways to
deal with the high risks assessed in the second step. The fun-
damental framework of this study is summarized in Fig. 1.

2.2. Risk assessment

2.2.1. Mine closure risk classification

Identifying the major adverse events related to mine clos-
ure and judging the likelihood and consequences of each
event are the prerequisites for risk assessment. The legacy is-
sues associated with closed mines are usually complex be-
cause each mine has its own unique natural conditions.
Therefore, the risk list of a closed mine should be obtained by
a questionnaire survey on the negative effects of mine clos-
ure. The questionnaires should be completed by an expert
group involving mining companies, governments, stakehold-
ers, and communities [41]. The MCR classification has been
extensively researched in various studies such as
[5,6,8,14,16-17], among which the research results by
Laurence [6] are the most widely acknowledged in applica-
tion. In this study, an MCR list was commenced with a liter-
ature review and then supplemented and perfected by an ex-
pert group. The final MCR types in this study are shown in
Table 1. The risk categorization was summarized as technic-
al, health and safety, environmental, community, and legal
and financial risks.

2.2.2. Improved risk matrix based on cloud model (IRM-
CM)

The risk matrix method requires a team of the most relev-

ant decision-makers to quantify the probability and con-
sequences of each risk. Then, the magnitude of risks can be
determined by the risk matrix. The expression of this ap-
proach is shown as follows:
R=PxC )
where R represents the risk, P indicates the probability of the
risk occurring, and C indicates the consequences of the risk
occurring.

This equation does not show a multiplication representa-
tion of P and C, but indicates a combined relationship
between the probability and consequences of a risk. Based on
the risk matrix method proposed by Garvey and Lansdowne
[42], this study constructed a risk assessment matrix, as
shown in Table 2. In this matrix, the risk levels are defined as
L II, IIL, IV, and V. The levels of probability are divided into

“almost certain,” “likely,” “possible,” “unlikely,” and “rare”
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Fig. 1.

and the severity of consequences are classified into five cat-
egories: “catastrophic,” “major,” “moderate,” “minor,” and
“Insignificant,” as demonstrated in Table 3. The values for
each level of R, P, and C were assigned according to [43].
On the basis of RMA, the cloud model was applied to im-
prove the traditional risk matrix methods. Compared with the
RMA method, the cloud model can realize the soft classifica-
tion of concept level, which effectively integrates the fuzzi-
ness, randomness, and relevance of qualitative concepts. On
this basis, the uncertainty reasoning mechanism is estab-
lished to overcome the limitations as ignoring uncertainty in
the process of assessment. As the most widely used model,
the normal cloud model applies three numerical features,
namely, expectation (Ey), entropy (E,), and super entropy
(H.) to implement the transformation between qualitative
concepts and quantitative descriptions. The definition of each
parameter and the algorithm of the forward cloud generator
are based on [44],and operating the forward cloud re-
peatedly can generate a cloud figure. For example, the cloud
parameters are (0.5, 0.1, and 0.02), and the corresponding
cloud figure is shown in Fig. 2. To illustrate the randomness
of the risk grade value, we operated the forward cloud gener-
ator 3000 times on MATLAB software. In this figure, the
value 0.5 represents the expectation and its variation range is

EEINT3 EEINT3

e Verifying the proposed approach
e Conclusion

Research framework for the study.

(0.2-0.8) based on the “3E, criterion,” which means that the
assessment result is a range and not a single numeric value
[18]. The span of the cloud image reflects the fuzziness of the
level and cloud image thickness manifests the randomness.
The procedures of the IRMCM method are as follows
[18,25]:

Step 1: Grading R, P, and C by cloud model to achieve
soft partition of index boundary.

According to the risk matrix method, R, P, and C are di-
vided into five grades, and each grade corresponds to a nu-
merical range, as shown in Table 3. As the boundary value of
the adjacent level is fuzzy, this classification belongs to a
“hard division.” The cloud model can achieve a “soft divi-
sion” of five levels with three cloud parameters, as shown in
Table 4. The normal cloud figures of R, P, and C are shown
in Fig. 3.

Step 2: Construction of reasoning rule base.

Rules are the basis of inference in the process of uncertain
reasoning. In this study, the two-condition rule is constructed
by P and C. The inference rule can be expressed by natural
language as R;;: if P; and C}, then R;;; i, j, k = 1-5, where R;;
is the qualitative rule and represents the evaluation level of
the risk when the risk probability level is P; and the risk oc-
currence consequence level is C;. In this study, the rule base
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Table 1. Classification of MCR
Risk type No. Events llustration
TR, Mine-closure plan No existing mine-closure plan or only an old mine-closure plan existed before
mine-closure
TR, Remediation progress Reclamation activities or abandoned mine reutilization progress slowly
Technical TR Shortage of a professional Lack of professional or expert personnel for mine-closure treatment imposes
3 team for mine closure risks on the project
. The closed mine data are incomplete or untrue, resulting in difficulties in
TR4 Documentation . . B
implementing the subsequent reutilization process
HR, Falling into unsealed or Injuries due to person or animal falling into the closed mines
unfenced mine shaft
HR, Subsidence Safety problems caused by subsidence (residential building deformation and
road damage)
HRj; Toxic gas emission Toxic gas emission causing safety problems
Health and safety Probl i
HR, roviemolmine water Accumulation of closed mine drainage induces geological disaster in mining area
accumulation
HR; Gangue hill failure Gangue hill collapse caused by rainstorm erosion damage to homes and
agricultural lands
HR¢ Toxic elements in water Toxic elements released into the surrounding water resources cause diseases
ER; Acid drainage Contamination of water caused by acid drainage
ER, Soil contamination Destruction of soil fertility caused by heavy metal pollution
. ER; Degradation of water quality Water pollution due to mine effluent
Environmental - — p
ER, Dewatering Decline in groundwater level caused by extraction
ERs Air pollution Air pollution due to greenhouse gas emission and dust suspended by the wind
ERg Aesthetic values Destruction of natural landscape caused by mining activities
CR Employees’ compensation Problems due to workers’ insurance and long-term labor contracts (retraining
L' claim and relocation)
Damage to income of Economic depression because of the closure of mining-related industries and
CRZ . . .
C it residents around the mine high local unemployment
ommuni : - - — - — -
Y Cr. Conflict between residents ~ Residents’ dissatisfaction due to lack of fair distribution of wealth in the
3 and mine owners community
Impact on mining area . . . ..
CRy attraction Negative effects on attracting capital and labor of mining town
. Problems caused by non-compliance with relevant laws (regulations of mine-
LR, Regulatory compliance : - . .
closure policy and environmental protection policy)
LR Financial provisioning for Failure to finance reclamation activities during mining operations or
If:egal ?Tid 2 rehabilitation inaccurate estimation of reclamation cost
inancia : :
LR; Financial risk for employees Problems caused by unpaid wages
LR, Financial risk for Problems due to unpaid taxes and royalties
government
Table 2. Risk assessment matrix
Probability level Consequence level
robability feve Insignificant Minor Moderate Major Catastrophic
Rare I I I I I
Unlikely I I I I v
Moderate I I I v A\
Likely I I v v v
Almost certain 1I v v v A\

is constructed according to the risk matrix table (as shown in
Table 2). The antecedent and action of a rule are qualitative
concepts described in natural language; P and C are input
variables and C is output variable. Table 3 shows that the
probability P and consequence C are divided into five grades;

therefore, 25 rules can be constructed according to the com-
bination principle. These 25 rules form the reasoning rule
base with double conditions (as shown in Eq. (2)). In the pro-
cess of risk grade reasoning, each rule needs successively
calculation to complete the uncertain reasoning.
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Table 3. Levels of quantitative description of risk, probability and consequence
Risk level Risk scale Probability Probability scale Consequence Consequence scale
I 1 Rare 0-0.1 Insignificant 0-1
II 2 Unlikely 0.1-0.4 Minor 1-2
11 3 Moderate 0.4-0.6 Moderate 2-3
v 4 Likely 0.6-0.9 Major 34
A" 5 Almost certain 0.9-1.0 Catastrophic 4-5
1.0
0.8
R
2 06F
2
5 04l
20
0.2
O + 1 S 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Expected
Fig.2. MCR level description by normal cloud model.
R = (Rsxs) = expert. This study selected four experts to form an expert
I I O O 1 group and set each expert with an equal weight of 0.25.
g” 2‘2 " 215 I I I I v @) Thereafter, the calculation processes of uncertainty infer-
) 21 ) 22 o 25 =1 III I I1v Vv ence by the normal cloud are as follows:
Ry Ry - Rss om i v v v (1) Generating two-dimensional (2D) random numbers.

Im imw v Iiv v

Step 3: Uncertainty reasoning based on cloud model.

Based on the expert group decision, the probability and
consequence of MCR are evaluated and scored based on
Table 3. Then, the probability cloud model P (Ep, Eyp, Hep)
and consequence cloud model C (Ey., E,, H..) should be ex-
amined according to Table 4. Finally, the final cloud model
of the probability and consequence of the risk should be syn-
thesized by the evaluation results of all experts with the
weighted average method as interpreted in Eq. (3):
oy HH e N o ®
where x, is the final value of probability, x. indicates the fi-
nal value of consequences, and 4, refers to the weight of each

Based on Eq. (4), a 2D random value (x,, x.) is generated,
which conforms to a 2D normal distribution; for each evalu-
ation rule in the rule base, Eq. (5) is used to generate a ran-
dom value (E,p;, En;), which also conforms to a 2D normal
distribution.

(xp, x.) = NORMINV[Rand (), (Eyp, Exc), (Enp, Enc)]  (4)

(Enpis Enci) = NORMINV[Rand (), (Enp, Enc), (Hep, Hee)]
&)

(2) Calculating membership matrix p.

The results of Egs. (4) and (5) are substituted in Eq. (6) to
obtain the corresponding membership values under the con-
dition that the pre-input condition of each rule is (x,, x.). As
25 rules exist in the rule base, 25 membership values are gen-
erated, thereby forming the membership matrix . The ele-

Table 4. Normal cloud parameter of P, C, and R levels

Variable Parameter 1 11 111 v A\
E, 1 2 3 4 5
R E, 0.33 0.33 0.33 0.33 0.33
H, 0.02 0.02 0.02 0.02 0.02
E, 0.05 0.25 0.5 0.75 0.95
P E, 0.04 0.13 0.08 0.13 0.04
H, 0.02 0.02 0.02 0.02 0.02
E, 0.5 1.5 2.5 3.5 4.5
C E, 0.42 0.42 0.42 0.42 0.42
H, 0.02 0.05 0.05 0.05 0.02
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Fig. 3. Normal cloud figure of (a) P, (b) C, and (c) R. Green represents I, blue represents II, yellow represents 111, magenta repres-

ents IV, and red represents V.

ments values y; (i = 1,2, ...,25) in the matrix can be calcu-
lated as:
()C - Ex i)2 (xc - Exci)2
Mi = €Xp |:_( L pz + 2
2(Enpi) 2(Enci)

(3) Calculating cloud droplets (v, ;).
This step involves taking the maximum y; and second-

(6)

maximum g, from the matrix g and then adopting Eq. (7) to

generate the one-dimensional (1D) normal random values
E , of the grade cloud model with maximum and next-max-
imum correspondence rules. Thereafter, Eq. (8) is used to
calculate four y values inversely under the condition of yj,
U, and EI'IR, so we can obtain four groups (v, 1), (Y12, 11),
(21, 12), (V225 H2)-

Elx = NORMINV(Rand (), Enr, Heg) (7)
where E\r is the entropy of risk, E is the expectation of
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risk, and H represents the super entropy of risk.

_@—_W]
2EL)

(4) Constructing a virtual cloud.

The two closest cloud droplets, for example, (v, &) and
(21, u2) are selected to construct a virtual cloud concept by
the geometric methods. The numerical characteristics
(Ex, E,) of the virtual cloud are calculated using Eq. (9) and
(10), and the super entropy is 0. The virtual cloud is con-
sidered as the cloud model for the final evaluation risk-level
(R), where the expectation Ey can be regarded as the final
evaluation level of the risk event.

Yiy=2Inpy +y, /-2Iny,

H[:exp[ ,i=1,2 (8)

Ei= )
\/—ZIHIUZ + \/—211'1/.11
_ [y1 = yal (10)
U 20, + A—2Ing,
2.3. Risk treatment

2.3.1. Determination of reutilization modes

Risk treatment means that certain effective strategies are
adopted to eliminate or mitigate the unaccepted hazard events
that have been identified in the risk assessment. CMR, as a
proactive measure, refers to the integration of idle resources
such as underground space, land, surplus resources, culture,
and other resources through engineering and biological
measures to make them available [45-48]. However, reusing
these coal mines is difficult because of serious deformation of
underground spaces and many disasters such as mine water
and gas accumulation. As these mines are too expensive to
rehabilitate for reuse, they are no longer considered for reutil-
ization. A review of hundreds of articles and examples has
revealed that closed mines can be reused for various pur-
poses, such as constructing entertainment centers [49], en-
ergy storage (pumping storage, wind, and compressed air)
[50], abandoned mine methane extraction [51], geothermal
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energy recovery [52], renewable energy production [53], and
underground storage [54—55]. Based on the review of differ-
ent CMR options, the reutilization modes can be divided into
six categories with 19 sub-patterns, as shown in Fig. 4. Each
reutilization pattern corresponds to multiple MCRs, which
have potential conflicts in terms of the suitability and effect-
iveness of risk management. Notably, not all 19 reutilization
patterns are feasible in a closed mine. The initial reutilization
patterns should be determined by comprehensively evaluat-
ing the mine conditions, natural and geological conditions,
and socio-economic factors. To simplify and facilitate re-
search, we can confirm the seven reutilization alternatives
from Fig. 4 for the present study cases with research on the
surrounding CMR situation and expert consultation.
2.3.2. Restricted condition identification of closed risk mine
(CMR) patterns

The selection of an optimal reutilization pattern in-
volves various internal and external restricted conditions of
a closed mine. However, a large number of indicators on
the survey forms may be confusing. Therefore, an integ-
rated indicator system that involves the most important cri-
teria should be established to identify the suitability of
CMR. At present, the existing studies on suitability evalu-
ation mainly focus on mined land [34,45,56]. Papers that
directly take closed mines as research objects and provide a
general analytical framework for reutilization pattern selec-
tion have not been found. As mining land is an important
mine-closure legacy resource, its reclamation suitability
evaluation shares many of the same economic, social, and
environmental restriction factors with the whole idle re-
source cycle of closed mines. The main difference lies in
the mine and technical conditions. According to the suitab-
ility analytical framework of mining land reclamation in
the literature [16,41,46], this study identified the most im-
portant restricted factors related to CMR pattern selection
and grouped them into five aspects with 17 sub-attributes,
as shown in Table 5. The economic factors refer to the most

Classification of CMR

l
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Fig. 4. Classification of reutilization modes of closed mines.
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important cost and benefit attributes related to the econom-
ic characteristics of the CMR modes. The social factors in-
dicate the positive impacts and public acceptance in the
process of CMR suitability analysis. The landscape and en-
vironmental factors comprise criteria related to the posit-
ive effects and environmental acceptability of CMR on
landscape and environment. The technical factors mean the
constraints that affect the reutilization mode selection. Fi-
nally, the mine factors refer to constraints from mine char-
acteristics, which include the size of the mine, surrounding
geological conditions, and hydrological conditions.

2.3.3. Ranking of CMR patterns

This paper adopted the IAHP-TOPSIS method to obtain
the potential CMR pattern preference order based on the
CMR restricted conditions framework (Table 5). The proced-
ure of IAHP weighting can be seen in section 2.3.4, and the
steps of the TOPSIS method are as follows:

Step 1: Constructing the decision matrix A4.

As shown in Eq. (11), the elements are derived from the
experts scoring of these restricted conditions (Table 5). Due
to the low quantification of some social and technical factors,
this study used a 1-9 scale defined by Saaty and Tran to as-
sign scores of the restricted conditions, where 1 indicates the
lowest and 9 is the highest condition of each indicator to pat-

terns [57].
k k k
ay ap o 4y
k k k
Ak= a21 a22 a2j (11)
a  a~ ak

Lo d
where £ refers to the number of experts, i can be interpreted
as the i-th alternative, and j indicates the j-th constraint. In

this study, k = 1,2,3,4;i=1,2, ...,7;j=1,2, ...,17.

Step 2: Creating the normalized decision matrix.

This step involves normalizing matrix 4 to acquire matrix
Z*, where the elements Zf.‘j are obtained based on Eq. (12):
k

a..
Zi= ——Y __ (For benefit attribute)
n k 2
Vi
1/dk (12)
Zk=—— _ (For cost attribute)

n 2
k
V2 (1/4)
Step 3: Obtaining the weighted normalized decision matrix.
Creating a weighted decision matrix Z*', where its ele-

ments Z,; are calculated by Eq. (13):
Z,;=W;xZ (13)
In Eq. (13), W; is denoted as the weight of constraint j, and
j=12,...,17.
Step 4: Acquiring positive and negative ideal solutions.

This step involves calculating the positive and negative
ideal solutions according to Eq. (14) and (15):

2= A 2 = ez =10, 07

(14)

Y AN VAR /Y /) = {mjnzf;f- lj=1,2, ...,17}
(15)

Step 5: Determining distances of ideal point and negative
ideal point.

This step involves calculating the distances (S) from the
ideal point and negative ideal by Eq. (16) and (17):

Table 5. Decision-making constraints in CMR

Criteria layer Index layer Cost Benefit Weight

Capital cost £, \ — 0.1017

. Maintenance cost £, \ — 0.1281
Economic factors (£) Potential of investment absorption £ — \ 0.0388
Creating income for local £y — \ 0.0307

Employment opportunities S; — \ 0.0228

Consistency with local concerns and needs S, — \/ 0.1291

Social factors (S) Changes in livelihood quality S5 — \/ 0.0114
Public participation S, — \ 0.0457

Conformity with government policy Ss — \ 0.0646

. Environmental acceptability L, — \ 0.1152

Landscape and environmental factors (L) Landscape quality improvement L, o N 0.0634
Availability of reutilization techniques 7 — N 0.0373

Technical factors (7) Distance to nearest water supply 75 — v 0.0913
Market availability T3 — v 0.0218

Surrounding geology M, — N 0.0535

Mine factors (M) Hydrology of surface and groundwater M, — \/ 0.0268
Size M — \/ 0.0178

Note: The “V” is used to indicate the confirmation of these indicators’ attributes.
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Sk = \ i(z;j—p)z (16)

Sk = \ >\(z,-z-) (17)

J

Step 6: Acquiring group decision results of ideal point and
negative ideal point.

Aggregating each individual separation measure is con-
ducted based on Eq. (18) to acquire group decision results:

{ SF=(SE DY X (SF,2)0 x - X (S k)

1

18
S7= (S5, DY X (8%,2)" x x (S5, k)t (1%

where Ay, refers to the weight of each expert, which is equal to
0.25 in this study.

Step 7: Calculating and ranking the relative proximity C;
based on Eq. (19):

Si
C= s (19

where 0<C<1,i=1,2,---,7.
2.3.4. Weighting constraints with an improved AHP
The improvement of consistency of the comparison mat-

1 I3t hit itz
1
— 1 t it
" 2 213
1 1
— — 1 I
Lt 15)
1 1 1
R = PN = 1
ity his I3
1 1 1 1
Ly ilyp Dz clyo Byl Uls 1o
hiyerty-r Dzl Byl lals ol
n n
=
W= —— 21
n n n
)y [1 rij

where w; is the weight value of the i-th indicator by an indi-
vidual expert, and r;; is the value of the preference of the i-th
compared with the j-th element.

As the weight determination is performed by a group of
experts, it is needed to aggregate each individual judgment in
group decision-making. The weighted geometric average
method is the most common method to aggregate all experts’
judgment matrixes into one judgment matrix. The element in
the final judgment matrix A (Eq. (11)) can be calculated as
Eq. (22):
a;j= (aij, D" X (a5, 2)" X+ X (a;, 1) (22)
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rix is a difficult problem in the AHP. The improved AHP
(IAHP) adopts scale-extending to construct the judgment
matrix, causing the adjusted judgment matrix to have a satis-
factory consistency. The basic idea of the IAHP is to com-
pare the importance of indicators in the same hierarchy and
rank them as a sequence according to the expert preferences,
and then calculate the value of other elements according to
the importance transitivity of each indicator to obtain the
judgment matrix. The judgment matrix constructed in this
way has consistency and does not require a consistency test.
The method is commenced by ranking all the criteria layer
indicators according to the order of their importance, which is
based on an individual expert’s judgment. The acquired in-
dicator sequence is defined as x; > x, > x; > --* > x,, where the
importance of the adjacent index is quantitatively described
according to Saaty and train’s nine-point scale [57]. The
judgment matrix R' constructed by the IAHP can be seen in
Eq. (20). Thus, based on this, the indicators’ weight can be
calculated by Eq. (21). After performing the criteria layer in-
dicators’ weight calculation, the same algorithm was adopted
to calculate each indicator weight in the index layer. The fi-
nal step is to multiply the weights of the criteria layer and in-
dex layer to acquire the global weights of all the constraints.

Lyt
Ltz b,
K17 |
tals -ty (20)
Li-1
1

where & indicates the number of experts, (a;;,k) is the matrix
element of the k-th expert, and A; represents the weight of
each expert. When the weights of experts are the same as
0.25, Eq. (22) can be simplified as Eq. (23):

aji= \/(a,-j,1)><(a,-j,2)><---><(a,~j,17) (23)

3. Study area and data sources
3.1. Background

To verify the feasibility and correctness of the novel risk
management method, we selected the Muchengjian coal
mine, a closed mine in the Beijing west mining area, as the
study object. The terrain of Beijing west mining area is com-
plicated and the elevation difference is great. The mine shares
the advantages of superior geographical location and well de-
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veloped transportation networks. The Muchengjian mine is a
simple hydrogeological mine and the relative gas emission
volume of the mine is 2.73 m*/min, which is a low-gas mine.
The average solar radiation in this region is 5763.82 MJ/m’.
It is the largest coal mine in the Beijing west mining area with
an annual capacity of 1.7 x 10° t and more than 7400 employ-
ees before shutting down. It has provided more than 70 x 10°
t of coal resources for the country and the remaining re-
sources can still be mined for nearly 60 years. However, ac-
cording to the government provisions “Reduction Coal Over-
capacity Implementation Plan in Beijing”, all the coal mines
in Beijing west mining area should be closed by 2020. In
2018, the Muchengjian coal mine was completely closed,
leaving many socio-economic problems. After many years of
mining activities, a gangue of nearly 1.2 x 10° m has been
formed in the mine site. The gangue not only occupies the
land but also causes different impacts on the surrounding en-
vironment. At present, the closed Muchengjian coal mine
actively nurtures new economic growth points, such as eco-
logical agriculture, aquaculture, and tourism.

3.2. Data sources

The recognition and preference of experts play a critical
role in risk management considering the incomplete know-
ledge historical statistical data and limitations of expert com-
petence. In this study, the expert team consists of the four
most relevant stakeholders: (1) manager of the mining com-
pany, (2) government representative (official of National En-

ergy Administration), (3) environment protection agency
representative, and (4) community representative, to fully
consider various professional competencies and roles of
those involved in mine closure. Although these experts rep-
resent a small sample without statistical significance, this fea-
ture is not a fatal flaw in group decision-making because the
aim of the survey is to identify all significant risks from key
persons. Considering the difficulty of comparing the level of
competence of experts, this study sets the weight of each ex-
pert as equal to 0.25.

4. Results and discussion
4.1. CMR assessment of study area

According to the IRMCM method, the outcomes of risk
assessment were obtained in Table 6. As shown in the first
column in Table 6, the risk levels were reflected by cloud
parameters, where the expectation value represents the most
likely level and the entropy shows the uncertainty of the risk
level range. Fig. 5 shows the cloud figure of each risk grade,
intuitively reflecting the expectation grade and fluctuation
range of the risk level. Therefore, Table 6 and Fig. 5 can fully
show the fuzziness and randomness of risk assessment. This
method proposes a simple, efficient, and visual new model
for resolving the uncertainty of a CMR control system.

As shown in the second column in Table 6, the risk-level
determination based on IRMCM is a range. The risk whose

Table 6. Results of MCR by IRMCM and RMA

Risk IRMCM Level ranges Level distribution ©>0.5 Level determination (« >0.5) RMA
TR, 4.7558, 0.0978, 0 4.46-5.05 A% 4.64-4.87 v v
TR, 1.6683, 0.0612, 0 1.48-1.85 I 1.60-1.74 I II
TR; 2.6119,0.2126,0 1.97-3.25 IL 11, IV 2.36-2.86 111 111
TRy 1.8855, 02269, 0 1.20-2.57 IL 1T 1.62-2.15 II 1
HR, 1.5552,0.1735,0 1.03-2.08 II, 11 1.35-1.76 I I
HR, 2.6818, 0.1470, 0 2.24-3.12 L v 2.51-2.85 111 111
HR; 2.5618, 0.1000, 0 2.26-2.86 I 2.44-2.68 111 /11T
HR, 4.3832,0.1304, 0 3.95-4.73 v,V 4.18-4.49 v v
HRs 2.3789,0.1299, 0 1.99-2.77 11, III 2.23-2.53 111 111
HRq 3.5237,0.1547,0 3.05-4.00 11AY 3.34-3.71 v 111
ER, 3.2971, 0.1330,0 2.90-3.70 1L vV 3.14-3.45 v v
ER, 1.6354, 0.1064, 0 1.31-1.95 I 1.51-1.76 I I
ER; 2.3754, 0.1356, 0 1.97-2.78 I, 11 2.22-2.54 111 I
ER4 3.5832,0.1105,0 3.25-391 v 3.45-3.71 v v
ERs 3.0000, 0.2753, 0 2.17-3.83 1L 1v 2.68-3.32 111 111
ER¢ 4.6276, 0.1380, 0 4.21-5.04 v 4.34-4.47 v v
CR, 4.7471,0.1124,0 4.41-5.08 v 4.61-4.88 v v
CR, 3.5715,0.1752,0 3.05-4.10 v,V 3.37-3.78 v v
CR; 3.6172,0.1830,0 3.074.17 v,V 3.40-3.83 v v
CRy 3.2360, 0.1159,0 2.89-3.58 1L v 3.10-3.37 v v
LR, 2.5651,0.2957,0 1.68-3.45 11, 11, TV 2.22-291 111 111
LR, 3.9499, 0.2839, 0 3.10-4.80 v,V 3.62-4.28 v v
LR; 2.5526,0.2294, 0 1.86-3.24 1L 111, IV 2.29-2.82 11 11
LRy 2.2295,0.1031, 0 1.92-2.54 11, 111 2.11-2.35 111 11

Note: The levels of risks are indicated by the depth of shade.
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Fig. 5. Level range of all risks assessed using normal cloud
model. The “average” value represents the expectation of each
risk level. The range of error is determined based on the “3E,
criterion”.

level fluctuates within a range of one grade is called high cer-
tainty risk, including TR,, TR,, HR3, ER,, ERy, ER,, and CR,
indicating that the decision-makers have a high degree of cer-
tainty in these risk judgments. An analysis of these high cer-
tainty risks shows that most of them are at the high level (V),
which reflects that the decision-makers have certain cogni-
tion of the critical risk identification. The risk whose level
fluctuates within two grades is called low uncertain risk in-
volving TRy, HR,, HR,, HRy, HRs, HR, ER;, ER;, ER;s, CR,,
CR;, CRy, LR,, and LR,. The risk level, which could be fluc-
tuated more than two grades, is defined as the most uncertain
risk, containing TR;, LR;, and LR;. The determination of
these uncertain risk levels needs to elevate the degree of
membership, indicated by w;, i=1,2, ...,25 in Eq. (6), to
narrow the confidence interval. In this study, the evaluation
levels of each risk were determined when the membership
degree was greater than 0.5 (u; > 0.5), and the results are
shown in the third column of Table 6. The consistency rate of
risk grade assessed by IRMCM and RMA results was 66.7%
(in the same color) when the membership degree was greater
than 0.5. Regarding the risks with inconsistent grades in the
two methods, the grades determined by IRMCM were a
grade higher than those determined by RMA, indicating that
the evaluation results of IRMCM were cautious and conser-
vative in practical application. Thus, we can recognize that
the results of risk matrix evaluation are not entirely plausible.
Especially for engineering with potentially high risks, under-
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estimation of these risk levels may lead to incorrect decision-
making [56].

The grades of TR, HR;, ER;, and CR, in the last column
of Table 6 were difficult, judging by the traditional risk mat-
rix method. In comparison, these risk grades can be effect-
ively determined by IRMCM under the condition of mem-
bership degree greater than 0.5, which illustrates that the
IRMCM method has a stronger applicability for the determ-
ination of potential higher-level risk events.

From the analysis of the grade distribution (y; > 0.5), it
can be found that TR, HR,, ER,, and CR; were in the highest
risk grade (V), and HR¢, ER;, ER,, CR,, CR;, CR,, and LR,
were in the higher risk grade (IV). These risks were mainly
related to society (community and health) and the environ-
ment, indicating that the main sources of MCR were derived
from environmental pollution and regional economic shocks.
As shown in Table 6, the high-level risks (V, IV) ratio in the
Muchengjian closed coal mine is 46%; thus, this entirce MCR
level was considered at a high level and should receive spe-
cial attention. Due to the different risk levels of mine closure,
it is meaningful to determine which closed mine should re-
ceive intervention given the circumstances of the large num-
ber of abandoned mines in China and the recovery budget re-
strictions. The MCR assessment by the proposed method not
only assists in identifying the harmful effects of mining
activities but also providing guidance for selecting the prior-
ity for mines recovery.

4.2. CMR treatment in the study area

The outcomes of CMR pattern preference order are
demonstrated in Table 7. The table shows that ecological
tourism was considered the best reutilization mode for the
Muchengjian coal mine. As the high-level risks were mainly
in the environmental and social aspects, this reutilization
mode not only strengthens environmental protection (ER,,
ER¢) and improves the health and safety conditions (HR,,
HR¢) but also increases local income (CR, and CRy) and
solves the problem of unemployment (CR; and CR,) relative
to other reutilization patterns. Therefore, this reutilization
pattern was the best choice for treating the significant identi-
fied risks.

According to the “Beijing City Overall Plan (2016—
2035)”, the function orientation of the Mentougou district is a

Table 7. Priorities of CMR patterns by IAHP-TOPSIS method

1D Mode Pattern Description N Si- G Ranking
1 F Solar power plant F, 0.0766 0.0561 0.4227 4

2 D Landfill D, 0.1077 0.0292 0.2135 7

3 C Entertainment center Cy, Cy, Cs 0.0562 0.0892 0.6134 2

4 D Real estate Ds 0.0910 0.0421 0.3163 6

5 A Ecological tourism A, 0.0208 0.1115 0.8429 1

6 D/E Commercial use Dy, E, 0.0806 0.0500 0.3828 5

7 A Agriculture A 0.0556 0.0879 0.6127 3

Note: The classifications of reutilization patterns in Table 7 are based on the reutilization modes listed in Fig. 4.
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key ecological conservation area [58]. As shown in the refer-
ence [58], the Muchengjian mine is located in the ecological
conservation area but not within the scope of the planned
construction region. That is, all the reutilization types should
be consistent with the construction of the ecological conser-
vation function. As this mining area is a restricted develop-
ment zone (located in the ecological conservation base), it is
not suitable for industrial construction (which can improve
regional revenues). However, the critical risks CR,—CRy
(mainly about the residents’ economic demands and regional
development) are high. Thus, the core problem in this area is
to balance the economy’s sustainable development with eco-
logical construction after mine closure. That is, the key point
of risk treatment is to resolve the contradiction between en-
vironmental protection and local economic development.
Therefore, it is important to find a reutilization way that not
only protects the ecological environment but also makes full
use of the advantages of the surrounding ecological domin-
ance and cultural resources to meet the needs of economic
and social development. Compared with other reutilization
patterns, ecological tourism is the best form of combining
economic benefits and ecological benefits. In addition, it
provides the opportunity to perfect the compensation mech-
anism of forestry ecological benefits in China. According to
“Implementation Opinions on Accelerating the Transforma-
tion and Development of the Western Region” published by
the Beijing government, authorities began to draft plans for a
new Jingxi, with ecological tourism as its pillar industry.
Based on the preceding analysis, the result that ecological
tourism is the best option was verified clearly and authoritat-
ively.

The As and A; are ecological development patterns based
on ecological conservation area construction. The difference
in these reutilization options’ preference order may be re-
lated to economic benefits. In addition, the nearest water re-
source supply indicator also plays an important role in re-
stricting agriculture development because it has a higher re-
quirement for water sources than other alternatives. In fact,
this region has experimented with growing plants such as
cherry trees and other drought-tolerant crops, which can im-
prove the ecology and increase community income. In addi-
tion, based on the Transformation and Upgrading Plan of
JINGMEI Group (TUPJMG, 2017), the Muchengjian coal
mine will be built into a ski industrial park (A,) that integ-
rates ski equipment research and development, ski training,
ski leisure, and tourism (A;), which demonstrates that this de-
cision method is effective.

The weights of indicators fully express the preferences of
decision-makers. Fig. 6 shows that the weights of economic
factors accounted for a large proportion (30%) followed by
social indicators (27%) in the total weight, reflecting that de-
cision-makers pay more attention to economic costs and so-
cial benefits in the decision of CMR modes. The reasons are

that the uncontrollability of economic indicators plays a de-
cisive role in reutilization project demonstration. The social
concerns are also critical in determining the CMR pattern be-
cause the alternative must meet the local demand and be ac-
cepted by society.

0.14

0.12

Weights

MR e

EE,EsE; S S, 8 8, S Ly L, T\ T, T; My M, M,
Indicators

Fig. 6. Global weights based on IAHP.

5. Conclusions and implication

(1) When determining risk levels, the traditional risk mat-
rix method does not consider the ambiguity and uncertainty
of the boundary and lacks a scientific and reasonable uncer-
tainty reasoning mechanism, which seriously affects the ac-
curacy of risk assessment. This study developed a novel risk
assessment approach based on a cloud model to manage
MCR. Compared with other risk assessment methods, the
proposed method comprehensively considered the uncertain-
ties of risk grading by clouding the risk probability and con-
sequences, thereby realizing soft classification of the level of
risk events. Combined with expert group decision-making,
this method effectively integrates the fuzziness and random-
ness of qualitative concepts, which achieves the transforma-
tion between quantitative description and qualitative concept.
On this basis, this study deduces the uncertainty reasoning
process based on constructing a rule base, making the evalu-
ation results more reliable and intuitive. This study employs
three normal cloud parameters to characterize the risk levels
instead of using a single indicator to represent the results of
risk assessment in the traditional risk assessment methods.
This approach greatly improves the robustness of the risk as-
sessment by comprehensively considering the center value
and fuzziness and randomness of the evaluation results. This
study provides a simple and effective new method for the
quantitative analysis of MCRs, which is helpful for man-
agers to determine the key points of risk control and realize
economic and reasonable risk management according to the
results of the cloud model of risk level. Therefore, the most
important theoretical contribution of this study is a proposed
universally accepted risk assessment method.
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(2) This study employed the IAHP-TOPSIS method to
acquire a preference ranking list of CMR patterns, which
provides a hybrid multidimensional decision-making meth-
od for responding to the significant risks involved in closed
mines. Compared with other methods, TOPSIS fully utilizes
the original data information and accurately reflects gaps
among all the evaluation schemes. The improved AHP
avoids the coincidence examination and adjustment of the
judgment matrix, simplifies the calculation, and defines the
weighing scientifically and properly. The results of this
method can be used as a reference for effectively reusing the
idle resources of closed mines to achieve cleaner production
in post-mining regions. The reutilization simplification
should be avoided by combining and coordinating these suit-
able patterns to achieve more efficient allocation of idle re-
sources.

(3) For the policy implications, a valid MCR management
method can provide policy implications and formulate tar-
geted mine-closure plans to address the adverse social and
economic impacts. When a mine is closed, in addition to
dealing with the environmental problems, another important
consideration is achieving smooth production transition of
the mining corporation and the sustainable development of
society and economy in the mining area. Therefore, the key
points of mine-closure management are to determine the risk
level accurately and treat the identified high-level risks at the
minimum cost on the premise of meeting the needs of all
stakeholders and regional characteristics.

Acknowledgements

This work was financially supported by the National Key
R&D Program of China (No. 2018YFC0831800), the Na-
tional Natural Science Foundation of China (No. 71704178),
the Beijing Excellent Talent Program (No. 2017000020124
G133), the Major Consulting Project of Chinese Academy of
Engineering (No. 2017-ZD-03), the National Statistical Sci-
ence Research Project by National Bureau of Statistics of
China (No. 2017LY10), and the Fundamental Research
Funds for the Central Universities (No. 2020YQNY08). The
authors also appreciate the experts’ helpful suggestions to
improve the quality of this study.

References

[1] A. Krzemien, A.S. Sanchez, P.R. Fernandez, K. Zimmermann,
and F.G. Coto, Towards sustainability in underground coal
mine closure contexts: A methodology proposal for environ-
mental risk management, J. Cleaner Prod., 139(2016), p. 1044.

[2] J.H.Haggerty, M. N. Haggerty, K. Roemer, and J. Rose, Plan-
ning for the local impacts of coal facility closure: Emerging
strategies in the U.S. West, Resour. Policy, 57(2018), p. 69.

[3] T. Zvarivadza, Large scale miners—Communities partnerships:
A plausible option for communities survival beyond mine clos-
ure, Resour. Policy, 56(2018), p. 87.

Int. J. Miner. Metall. Mater., Vol. 27, No. 8, Aug. 2020

[4] C.C.Qi, A. Fourie, Q.S. Chen, and Q.L. Zhang, A strength pre-
diction model using artificial intelligence for recycling waste
tailings as cemented paste backfill, J. Cleaner Prod.,
183(2018), p. 566.

[5] P. Peck and K. Sinding, Financial assurance and mine closure:
Stakeholder expectations and effects on operating decisions,
Resour. Policy, 34(2009), No. 4, p. 227.

[6] D. Laurence, Optimisation of the mine closure process, J.
Cleaner Prod., 14(2006), No. 3-4, p. 285.

[7] D. Laurence, Establishing a sustainable mining operation: An
overview, J. Cleaner Prod., 19(2011), No. 2-3, p. 278.

[8] C.J. Unger, A.M. Lechner, J. Kenway, V. Glenn, and A.
Walton, A jurisdictional maturity model for risk management,
accountability and continual improvement of abandoned mine
remediation programs, Resour. Policy, 43(2015), p. 1.

[9] L. Marais, Resources policy and mine closure in South Africa:
The case of the Free State Gold fields, Resour. Policy,
38(2013), No. 3, p. 363.

[10] X.F. Wang, L. Chen, C.G. Liu, Y.Q. Zhang, and K. Li, Optimal
production efficiency of Chinese coal enterprises under the
background of de-capacity—Investigation on the data of coal
enterprises in Shandong Province, J. Cleaner Prod., 227(2019),
p- 355.

[11] J. Lin, D. Fridley, H.Y. Lu, L. Price, and N. Zhou, Has coal use
peaked in China: Near-term trends in China’s coal consump-
tion, Energy Policy, 123(2018), p. 208.

[12] X.Q. He and L. Song, Status and future tasks of coal mining
safety in China, Saf. Sci., 50(2012), No. 4, p. 894.

[13] X. Cao, Policy and regulatory responses to coalmine closure
and coal resources consolidation for sustainability in Shanxi,
China, J. Cleaner Prod., 145(2017), p. 199.

[14] 1.J. Kowalska, Risk management in the hard coal mining in-
dustry: Social and environmental aspects of collieries’ liquida-
tion, Resour. Policy, 41(2014), p. 124.

[15] X.P. Shi, B. Rioux, and P. Galkin, Unintended consequences of
China’s coal capacity cut policy, Energy Policy, 113(2018), p.
478.

[16] S. Amirshenava and M. Osanloo, Mine closure risk manage-
ment: An integration of 3D risk model and MCDM techniques,
J. Cleaner Prod., 184(2018), p. 389.

[17] J. Galvin, Critical role of risk management in ground engineer-
ing and opportunities for improvement, /nt. J. Min. Sci. Techn-
ol.,27(2017), No. 5, p. 725.

[18] X.B. Liang, W. Liang, L.B. Zhang, and X.Y. Guo, Risk assess-
ment for long-distance gas pipelines in coal mine gobs based on
structure entropy weight method and multi-step backward cloud
transformation algorithm based on sampling with replacement,
J. Cleaner Prod.,227(2019), p. 218.

[19] G.K. Koulinas, P.K. Marhavilas, O.E. Demesouka, A.P. Vavat-
sikos, and D.E. Koulouriotis, Risk analysis and assessment in
the worksites using the fuzzy-analytical hierarchy process and a
quantitative technique—A case study for the Greek construc-
tion sector, Saf. Sci., 112(2019), p. 96.

[20] T. Chong, S. Yi, and C. Heng, Application of set pair analysis
method on occupational hazard of coal mining, Saf. Sci.,
92(2017), p. 10.

[21] M. Akter, M. Jahan, R. Kabir, D.S. Karim, A. Haque, M. Rah-
man, and M. Salehin, Risk assessment based on fuzzy synthetic
evaluation method, Sci. Total Environ., 658(2019), p. 818.

[22] S. Kaeeni, M. Khalilian, and J. Mohammadzadeh, Derailment
accident risk assessment based on ensemble classification meth-
od, Saf. Sci., 110(2018), p. 3.

[23] M. Yazdi, Risk assessment based on novel intuitionistic fuzzy-


https://doi.org/10.1016/j.jclepro.2016.08.149
https://doi.org/10.1016/j.resourpol.2018.01.010
https://doi.org/10.1016/j.resourpol.2017.12.005
https://doi.org/10.1016/j.jclepro.2018.02.154
https://doi.org/10.1016/j.resourpol.2009.03.001
https://doi.org/10.1016/j.jclepro.2004.04.011
https://doi.org/10.1016/j.jclepro.2004.04.011
https://doi.org/10.1016/j.jclepro.2010.08.019
https://doi.org/10.1016/j.resourpol.2014.10.008
https://doi.org/10.1016/j.resourpol.2013.04.004
https://doi.org/10.1016/j.jclepro.2019.04.191
https://doi.org/10.1016/j.enpol.2018.08.058
https://doi.org/10.1016/j.ssci.2011.08.012
https://doi.org/10.1016/j.jclepro.2017.01.050
https://doi.org/10.1016/j.resourpol.2014.05.002
https://doi.org/10.1016/j.enpol.2017.11.034
https://doi.org/10.1016/j.jclepro.2018.01.186
https://doi.org/10.1016/j.ijmst.2017.07.005
https://doi.org/10.1016/j.ijmst.2017.07.005
https://doi.org/10.1016/j.ijmst.2017.07.005
https://doi.org/10.1016/j.jclepro.2019.04.133
https://doi.org/10.1016/j.ssci.2018.10.017
https://doi.org/10.1016/j.ssci.2016.09.005
https://doi.org/10.1016/j.scitotenv.2018.12.204
https://doi.org/10.1016/j.ssci.2017.11.006
https://doi.org/10.1016/j.jclepro.2016.08.149
https://doi.org/10.1016/j.resourpol.2018.01.010
https://doi.org/10.1016/j.resourpol.2017.12.005
https://doi.org/10.1016/j.jclepro.2018.02.154
https://doi.org/10.1016/j.resourpol.2009.03.001
https://doi.org/10.1016/j.jclepro.2004.04.011
https://doi.org/10.1016/j.jclepro.2004.04.011
https://doi.org/10.1016/j.jclepro.2010.08.019
https://doi.org/10.1016/j.resourpol.2014.10.008
https://doi.org/10.1016/j.resourpol.2013.04.004
https://doi.org/10.1016/j.jclepro.2019.04.191
https://doi.org/10.1016/j.enpol.2018.08.058
https://doi.org/10.1016/j.ssci.2011.08.012
https://doi.org/10.1016/j.jclepro.2017.01.050
https://doi.org/10.1016/j.resourpol.2014.05.002
https://doi.org/10.1016/j.enpol.2017.11.034
https://doi.org/10.1016/j.jclepro.2018.01.186
https://doi.org/10.1016/j.ijmst.2017.07.005
https://doi.org/10.1016/j.ijmst.2017.07.005
https://doi.org/10.1016/j.ijmst.2017.07.005
https://doi.org/10.1016/j.jclepro.2019.04.133
https://doi.org/10.1016/j.ssci.2018.10.017
https://doi.org/10.1016/j.ssci.2016.09.005
https://doi.org/10.1016/j.scitotenv.2018.12.204
https://doi.org/10.1016/j.ssci.2017.11.006

C.Q. Cui et al., Risk management for mine closure: A cloud model and hybrid semi-quantitative decision method 1035

hybrid-modified TOPSIS approach, Saf. Sci., 110(2018), p. 438.

[24] 1. Hasheela, G.I.C. Schneider, R. Ellmies, A. Haidula, R. Le-
onard, K. Ndalulilwa, O. Shigwana, and B. Walmsley, Risk as-
sessment methodology for shut-down and abandoned mine sites
in Namibia, J. Geochem. Explor., 144(2014), p. 572.

[25] Y.B. Guo, X.L. Meng, T. Meng, D.G. Wang, and S.H. Liu, A
novel method of risk assessment based on cloud inference for
natural gas pipelines, J. Nat. Gas Sci. Eng., 30(2016), p. 421.

[26] D.Y. Li, C.Y. Liu, and W.Y. Gan, A new cognitive model:
Cloud model, Int. J. Intell. Syst., 24(2009), No. 3, p. 357.

[27] C.G. Wu, L.Y. Zhou, L.B. Zhang, J.L. Jin, and Y.L. Zhou, Pre-
condition cloud algorithm and Copula coupling model-based
approach for drought hazard comprehensive assessment, /nt. J.
Disaster Risk Reduct., 38(2019), art. No. 101220.

[28] L.M. Zhang, X.G. Wu, L.Y. Ding, and M.J. Skibniewski, A
novel model for risk assessment of adjacent buildings in tunnel-
ing environments, Build. Environ., 65(2013), p. 185.

[29] S.R. Mohandes and X.Q. Zhang, Towards the development of a
comprehensive hybrid fuzzy-based occupational risk assess-
ment model for construction workers, Saf. Sci., 115(2019), p.
294.

[30] C.J.A. Mitchell and K. O’Neill, Mine site re-purposing in north-
ern Ontario: An application of the ‘Transition Template’, Extr.
Ind. Soc., 3(2016), No. 4, p. 1018.

[31] A. Azapagic, Developing a framework for sustainable develop-
ment indicators for the mining and minerals industry, J. Clean-
er Prod., 12(2004), No. 6, p. 639.

[32] P.V. Matos, E. Cardadeiro, J.A. da Silva, and C.F. De Muylder,
The use of multi-criteria analysis in the recovery of abandoned
mines: a study of intervention in Portugal, RAUSP Manage. J.,
53(2018), No. 2, p. 214.

[33] M. Yavuz and B.L. Altay, Reclamation project selection using
fuzzy decision-making methods, Environ. Earth Sci., 73(2015),
No. 10, p. 6167.

[34] A.H. Bangian, M. Ataei, A. Sayadi, and A. Gholinejad, Optim-
izing post-mining land use for pit area in open-pit mining using
fuzzy decision making method, Int. J. Environ. Sci. Technol.,
9(2012), No. 4, p. 613.

[35] S.S. Erzurumlu and Y.O. Erzurumlu, Sustainable mining devel-
opment with community using design thinking and multi-criter-
ia decision analysis, Resour. Policy, 46(2015), p. 6.

[36] D.C. Liang and Z.S. Xu, The new extension of TOPSIS method
for multiple criteria decision making with hesitant Pythagorean
fuzzy sets, Appl. Soft Comput., 60(2017), p. 167.

[37] S. Tsolaki-fiaka, G.D. Bathrellos, and H.D. Skilodimou, Multi-
criteria decision analysis for an abandoned quarry in the Evros
Region (NE Greece), Land, 7(2018), No. 2, p. 43.

[38] H.Y. Sun, S.F. Wang, and X.M. Hao, An Improved Analytic
Hierarchy Process Method for the evaluation of agricultural wa-
ter management in irrigation districts of north China, Agric.
Water Manage., 179(2017), p. 324.

[39] D.L. Wang, J.P. Zheng, X.F. Song, G. Ma, and Y. Liu, Assess-
ing industrial ecosystem vulnerability in the coal mining area
under economic fluctuations, J. Cleaner Prod., 142(2017), p.
4019.

[40] A.C. Caputo, P.M. Pelagagge, and P. Salini, AHP-based meth-
odology for selecting safety devices of industrial machinery,
Saf. Sci, 53(2013), p. 202.

[41] H. Soltanmohammadi, M. Osanloo, and A.A. Bazzazi, An ana-
lytical approach with a reliable logic and a ranking policy for
post-mining land-use determination, Land Use Policy,
27(2010), No. 2, p. 364.

[42] P.R. Garvey and Z.F. Lansdowne, Risk matrix: An approach for

identifying, assessing, and ranking program risks, 4ir Force J.
Logist., 22(1998), No. 1, p. 16.

[43] C.R. Dominguez, 1.V. Martinez, P.M.P. Pefia, and A.R. Ochoa,
Analysis and evaluation of risks in underground mining using
the decision matrix risk-assessment (DMRA) technique in
Guanajuato, Mexico, J. Sustainable Min., 18(2019), No. 1, p.
52.

[44] C.Q. Cui, B. Wang, Y.X. Zhao, Q. Wang, and Z.M. Sun, China’
s regional sustainability assessment on mineral resources: Res-
ults from an improved analytic hierarchy process-based normal
cloud model, J. Cleaner Prod., 210(2019), p. 105.

[45] M. Nehring and X. Cheng, An investigation into the impact of
mine closure and its associated cost on life of mine planning
and resource recovery, J. Cleaner Prod., 127(2016), p. 228.

[46] H. Soltanmohammadi, M. Osanloo, and A.A. Bazzazi, Deriv-
ing preference order of post-mining land-uses through MLSA
framework: Application of an outranking technique, Environ.
Geol., 58(2009), No. 4, p. 877.

[47] C.C. Qi and A. Fourie, Cemented paste backfill for mineral tail-
ings management: Review and future perspectives, Miner. Eng.,
144(2019), art. No. 106025.

[48] M.R. Gorman and D.A. Dzombak, A review of sustainable min-
ing and resource management: Transitioning from the life cycle
of the mine to the life cycle of the mineral, Resour. Conserv.
Recycl., 137(2018), p. 281.

[49] N. Novas, J.A. Gazquez, J. MacLennan, R.M. Garcia, M.
Fernandez-Ros, and F. Manzano-Agugliaro, A real-time under-
ground environment monitoring system for sustainable tourism
of caves, J. Cleaner Prod., 142(2017), p. 2707.

[50] C.R. Matos, J.F. Carneiro, and P.P. Silva, Overview of large-
scale underground energy storage technologies for integration
of renewable energies and criteria for reservoir identification, J.
Energy Storage, 21(2019), p. 241.

[51] J.Q. Shi, R.M. Rubio, and S. Durucan, An improved void-resist-
ance model for abandoned coal mine gas reservoirs, /nt. J. Coal
Geol., 165(2016), p. 257.

[52] P.Y. Guo. L. Zheng, X.M. Sun, M.C. He, Y.W. Wang, and J.S.
Shi, Sustainability evaluation model of geothermal resources in
abandoned coal mine, Appl. Therm. Eng., 144(2018), p. 804.

[53] B. Wang, Q. Wang, Y.M. Wei, and Z.P. Li, Role of renewable
energy in China’s energy security and climate change mitiga-
tion: An index decomposition analysis, Renewable Sustainable
Energy Rev., 90(2018), p. 187.

[54] HJ. Lu, C.C. Qi, Q.S. Chen, D.Q. Gan, Z.L. Xue, and Y.J. Hu,
A new procedure for recycling waste tailings as cemented paste
back fill to underground stopes and open pits, J. Cleaner Prod.,
188(2018), p. 601.

[55] X. Zhao, A. Fourie, and C.C. Qi, An analytical solution for
evaluating the safety of an exposed face in a paste backfill stope
incorporating the arching phenomenon, /nt. J. Miner. Metall.
Mater-., 26(2019), No. 10, p. 1206.

[56] 1. Palogos, M. Galetakis, C. Roumpos, and F. Pavloudakis, Se-
lection of optimal land uses for the reclamation of surface
mines by using evolutionary algorithms, /nt. J. Min. Sci. Techn-
ol.,27(2017), No. 3, p. 491.

[57] T.L. Saaty and L.T. Tran, On the invalidity of fuzzifying nu-
merical judgments in the Analytic Hierarchy Process, Math.
Comput. Modell., 46(2007), No. 7-8, p. 962.

[58] C.Q. Cui, B. Wang, Y.X. Zhao, and L.M. Xue, Waste mine to
emerging wealth: Innovative solutions for abandoned under-
ground coal mine reutilization on a waste management level, J.
Cleaner Prod., 252(2020), art. No. 119748.


https://doi.org/10.1016/j.ssci.2018.03.005
https://doi.org/10.1016/j.gexplo.2014.05.009
https://doi.org/10.1016/j.jngse.2016.02.051
https://doi.org/10.1002/int.20340
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ssci.2019.02.018
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/j.rauspm.2017.06.005
https://doi.org/10.1007/s12665-014-3842-0
https://doi.org/10.1007/s13762-012-0047-5
https://doi.org/10.1016/j.resourpol.2014.10.001
https://doi.org/10.1016/j.asoc.2017.06.034
https://doi.org/10.3390/land7020043
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.jclepro.2016.10.049
https://doi.org/10.1016/j.ssci.2012.10.006
https://doi.org/10.1016/j.landusepol.2009.05.001
https://doi.org/10.1016/j.jsm.2019.01.001
https://doi.org/10.1016/j.jclepro.2018.10.324
https://doi.org/10.1016/j.jclepro.2016.03.162
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1016/j.mineng.2019.106025
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.jclepro.2016.11.005
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.applthermaleng.2018.06.070
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.jclepro.2018.04.041
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.jclepro.2019.119748
https://doi.org/10.1016/j.jclepro.2019.119748
https://doi.org/10.1016/j.ssci.2018.03.005
https://doi.org/10.1016/j.gexplo.2014.05.009
https://doi.org/10.1016/j.jngse.2016.02.051
https://doi.org/10.1002/int.20340
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ssci.2019.02.018
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/j.rauspm.2017.06.005
https://doi.org/10.1007/s12665-014-3842-0
https://doi.org/10.1007/s13762-012-0047-5
https://doi.org/10.1016/j.resourpol.2014.10.001
https://doi.org/10.1016/j.asoc.2017.06.034
https://doi.org/10.3390/land7020043
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.jclepro.2016.10.049
https://doi.org/10.1016/j.ssci.2012.10.006
https://doi.org/10.1016/j.landusepol.2009.05.001
https://doi.org/10.1016/j.jsm.2019.01.001
https://doi.org/10.1016/j.jclepro.2018.10.324
https://doi.org/10.1016/j.jclepro.2016.03.162
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1016/j.mineng.2019.106025
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.jclepro.2016.11.005
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.applthermaleng.2018.06.070
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.jclepro.2018.04.041
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.jclepro.2019.119748
https://doi.org/10.1016/j.jclepro.2019.119748
https://doi.org/10.1016/j.ssci.2018.03.005
https://doi.org/10.1016/j.gexplo.2014.05.009
https://doi.org/10.1016/j.jngse.2016.02.051
https://doi.org/10.1002/int.20340
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ssci.2019.02.018
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/j.rauspm.2017.06.005
https://doi.org/10.1007/s12665-014-3842-0
https://doi.org/10.1007/s13762-012-0047-5
https://doi.org/10.1016/j.resourpol.2014.10.001
https://doi.org/10.1016/j.asoc.2017.06.034
https://doi.org/10.3390/land7020043
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.jclepro.2016.10.049
https://doi.org/10.1016/j.ssci.2012.10.006
https://doi.org/10.1016/j.landusepol.2009.05.001
https://doi.org/10.1016/j.ssci.2018.03.005
https://doi.org/10.1016/j.gexplo.2014.05.009
https://doi.org/10.1016/j.jngse.2016.02.051
https://doi.org/10.1002/int.20340
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ijdrr.2019.101220
https://doi.org/10.1016/j.ssci.2019.02.018
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/j.rauspm.2017.06.005
https://doi.org/10.1007/s12665-014-3842-0
https://doi.org/10.1007/s13762-012-0047-5
https://doi.org/10.1016/j.resourpol.2014.10.001
https://doi.org/10.1016/j.asoc.2017.06.034
https://doi.org/10.3390/land7020043
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.agwat.2016.08.002
https://doi.org/10.1016/j.jclepro.2016.10.049
https://doi.org/10.1016/j.ssci.2012.10.006
https://doi.org/10.1016/j.landusepol.2009.05.001
https://doi.org/10.1016/j.jsm.2019.01.001
https://doi.org/10.1016/j.jclepro.2018.10.324
https://doi.org/10.1016/j.jclepro.2016.03.162
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1016/j.mineng.2019.106025
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.jclepro.2016.11.005
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.applthermaleng.2018.06.070
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.jclepro.2018.04.041
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.jclepro.2019.119748
https://doi.org/10.1016/j.jclepro.2019.119748
https://doi.org/10.1016/j.jsm.2019.01.001
https://doi.org/10.1016/j.jclepro.2018.10.324
https://doi.org/10.1016/j.jclepro.2016.03.162
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1007/s00254-008-1563-y
https://doi.org/10.1016/j.mineng.2019.106025
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1016/j.jclepro.2016.11.005
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.est.2018.11.023
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.coal.2016.09.001
https://doi.org/10.1016/j.applthermaleng.2018.06.070
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.rser.2018.03.012
https://doi.org/10.1016/j.jclepro.2018.04.041
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1007/s12613-019-1885-7
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.ijmst.2017.03.008
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.mcm.2007.03.022
https://doi.org/10.1016/j.jclepro.2019.119748
https://doi.org/10.1016/j.jclepro.2019.119748

