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Abstract: The expansion of the open-pit exploitation of mineral raw materials, and especially the 

energyy resources of fossil fuels, makes open-pit coal mines spatially dominant objects of large mining, 

basins. Exploitation activities are accompanied by negative ecological impacts on the environment, 

which requires the integral planning, revitalization, reclamation, and rehabilitation of the disturbed 

area for human use in the post-exploitation period. The post-exploitation remediation and rehabil- 

itation of open-pit mining, areas and disposal sites, i.e., space disturbed by mining; activities and 

accompanying facilities, are complex synthetic multidisciplinary multiphase engineering, project tasks. 

In this paper, a hybrid fuzzy MCDM model (Multiple-Criteria Decision-Making)) was developed 

for the selection of a reclamation solution for the Tamnava-West Field open-pit mine. IMF SVARA 

(Improved Fuzzy Stepwise Weight Assessment Ratio Analysis) was applied to define the weights of 

12 criteria of different structures used in the evaluation of reclamation solutions. The Fuzzy ROV 

(Range of Value) method was applied to select the reclamation solution from a total of 11 solutions 

previously obtained using, a process approach. The results of the hybrid IMF SWARA—Fuzzy ROV 

model show that forestry is the best solution for the Tamnava-West Field open-pit mine. After the 

results had been obtained, verification analyses of the proposed model were performed and the best 

stable proposed reclamation solution was determined. 

Keywords: reclamation solution; open-pit mining; environment; IMF SWARA; fuzzy ROV 

1. Introduction 

Mining pit exploitation is accompanied by a negative ecological impact on the envi- 

ronment, which creates an obligation to continuously complete the planning, revitalization, 

reclamation and rehabilitation of a disturbed area in the period after exploitation. The 

post-exploitation remediation and rehabilitation of open-pit mining, areas and disposal 

sites, i.e., space disturbed by mining operations, represent a very complex multiphase engi- 

neering problem. Based on the application of decision-making and management theory, it 

is possible to efficiently solve the problems of applying, these phenomena to the processes 
of technical and biological reclamation of areas and analyzing, their general impact on 

environmental factors. 

The reclamation planning process through all phases of open-pit mining development 

has three levels, namely, preliminary, operational, and final, and can be applied both 

to new open-pit mines and to open-pit mines in operation for which this has not been 
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done before. Numerous examples of the scenic, natural, and cultural attractiveness o 

post-mining, land encourage the mining, sector to create new environmental values and 

potentials, as well as new conditions for environmental protection. Post-mining land with 

its landscape generally becomes a natural part of the region and is no longer a place o 

previous exploitation [1]. Many closed mines have become forests, agricultural lands, and 

nature reserves. Technical reclamation is a common approach used in post-mine sites and 

is even a mandatory practice in some regions due to legislation in many countries [2]. 

The purpose of this research is to analyze a real case study of an open-pit coal mine that 

is viewed as a basis for experimental analysis to select a reclamation type and appropriate 

rehabilitation. This process modeling of a unified reclamation system includes a total o 

20 alternative solutions for designing, the reclamation content (which are modeled through 

11 possible solutions in this particular case) and rehabilitation of the post-exploitation area 

of the Tamnava-West Field open-pit mine and disposal site. 

The aim of this paper is the development of a hybrid IMF SWARA—Fuzzy ROV 

model, for the first time in the literature, to select the best reclamation solution from a set 

considered for the Tamnava-West Field open-pit mine. The defined aim reflects a tvofold 

contribution from the aspect of the proposed methodology and from the professional 

aspect, which implies a sustainable relationship with the environment. The IMF SWARA 

method is used for the calculation of the importance of criteria based on expert analysis 

and the preferences of experts. Due to the fact that this method belongs to subjective 

methods for determining criterion weights, in this study, we consulted only experts with 

a minimum of 15 years of field experience, who have high performance, high skills, and 

enough knowledge to assess the mutual comparison of criteria. IMF SWARA represents an 

appropriate and precise tool for determining, criterion weights due to its procedure and 

the fact that experts first need to sort criteria. After that, the experts only compared two 

criteria. In this way, the IMF SWARA method, compared to other methods for calculating, 

criterion weights, is a very acceptable tool for experts. Also, compared to other methods, the 

number of total criteria is not limited and there is no need to form a multiphase hierarchical 

structure as it is mandatory in the AHP (Analytic Hierarchy Process) method. The Fuzzy 

ROV method represents a simple but precise tool to sort variants according, to a multiphase 

normalization process. 
Apart from the mentioned motivation, aims and purpose, the main research questions 

should be defined. 

(1) Is the problem of implementing reclamation solutions in vast areas degraded by coal 

exploitation evident in Serbia today? 

(2) , How can we define all potential problems and potential solutions, and how can 

parameters be defined to fully represent the current state of open-pit coal mining;? 

(3)  Which model can provide a comprehensive analysis and give positive results in 

practice? 

The answers to these research questions will be supported by the findings presented in 

this comprehensive study model, aiming to satisfy all local requirements for the reclamation 

of open-pit coal mining areas and to follow sustainable development goals. In Serbia, the 

problem of implementing reclamation solutions in vast areas degraded by coal exploitation 

is currently evident. We recognized gaps in practice and, in this study, all necessary input 

indicators which have influence on sustainable development are addressed. Also, a large 

set of potential solutions was created based on experimental measurement and using an 

engineering, process approach. Finally, we created an integrated fuzzy model which treats 

uncertainty in a precise way and enables optimal results. The verification of the feasibility 

of multiple-criteria decision-making models as demonstrated in this paper, yielded positive 

results in practice at the Tamnava-West Field mine and confirmed the advantages in ranking; 

the given alternatives. 

After the introductory details, this paper is structured into the following, sections. 

Section 2 provides a review of the literature with a focus on recent studies. In Section 3, 

a decision-making algorithm and the steps of the Fuzzy ROV and IMF SWARA methods
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are presented. Section 4 provides a description of potential reclamation solutions and the 

criteria based on which they are evaluated. In this section, the evaluation procedure and 

the results obtained are also presented. Section 5 refers to verification tests and, finally, 

Section 6 to concluding, considerations. 

2. Review of the Literature 

Due to specific and very rigorous legislation that prescribes procedures, conditions, 

competences, and responsibilities, large degraded areas have been successfully restored 

in many countries. In the area of the Midwest of the USA, farms, which were brought 

to a state of productivity as before the exploitation of coal by means of agromelioration 

measures, were established. In recent times, there is often a commitment to the restoration 

of natural wild habitats. The reclamation technique which turns post-exploitation areas 

into wetlands is becoming particularly popular [3]. In Great Britain, specific laws regulate 

the aspect of planning and rehabilitation, separately for England and Wales, and separately 

for Scotland. A permit to open a new open-pit mine is issued by the National Coal Board 

(NCB), whereby a contract is concluded with the mining company [4]. In the application of 

project management principles for reclamation at the sites of old mining pits, the case of 

Thoricos Bay in Lavrion, Greece, is given as an example of industrial zone rehabilitation 

and the reclamation of an abandoned and closed area of mining exploitation [5,6]. For 

the analysis of ecological risk, options for risk isolation and minimization were selected, 

utilizing a reclamation scheme, while special additional measures were applied in areas of 

high-sulfide waste. The application of mining technologies, which includes the removal 

of tailings and the methods of their disposal on waste heaps, as well as the formation of 

open excavations, has an impact on habitat conditions in areas that have undergone land 

reclamation [7-9]. China, the USA, and India are taking a leading role in researching the 

restoration of coal mining sites using, modern technologies. Miners in Polish mines carry 

out reclamation and land rehablilitation using, mining skills after the period of exploitation. 

The works are performed according to a high European standard, so that the land can 

be used for agriculture or forestry, including, recreational activities [1]. An analysis of 

the existing, 5000 contaminated sites in Germany revealed 159 closed open-pit mines, 

122 tailings (with ash or lignite), 120 sedimentation facilities, and 9 thermal upgrading, 

plants. The study showed that more than 8.2 billion euros had been spent on lignite 

rehabilitation by 2008 [10]. Brownfields in France represent contaminated sites where built- 

up (agricultural, port, industrial, service, etc.) land has been temporarily or permanently 

abandoned after the cessation of mining, activities and which has been put back into 

use. About 200,000 former industrial sites and about 200 former mines have become 

brownfields [11]. Based on research conducted at five different pits of the Zhangji coal 

mine (China) over a period of 11 years, the concept of dynamic subsidence reclamation 

(DSR) was implemented to evaluate whether DSR could improve both the environmental 

and socio-economic conditions for post-mining land use by traditional reclamation (TR) or 

TR-modified (TR(MOD)) reclamation [12]. 

Based on the research conducted in the High Groundwater Coal Basins (HGCBs) in 

the eastern China plain at seven areas in Pei county, the study proposed an integrated 

model for the simulation and optimization of post-mining land use structures. Differeni 

scenarios of land use structure in relation to the depth of subsidence were developed in 

order to determine the optimal collapse depth [13]. 

The preservation of mining heritage with the aim of making the region more attractive 

implies the revitalization of facilities after mine exploitation. Studies in Spain, Poland, and 

Great Britain show that the revitalization and attractiveness of the locations are regulated 

through legal regulations. This research shows that land lease contracts could contain an 

obligation to re-stabilize or return the exploited land to its original state of protected envi- 

ronment. Regardless of legal conditions, revitalization measures are being implemented 

with positive effects at the Gold Mine in Zloty Stok, La Tortilla Mine in Linares, and King, 

Edward Mine, an old mining site in Cornwall [14]. 
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Many coal mines are included in programs of sustainable development, economic 

support to regions and local communities, environmental restoration, etc. Mining is not 

related only to exploration and exploitation, but also considers environmental responsibility 

to protect environmental sustainability [9,12,15,16]. Legal, social, and environmental 

requirements for complex mining, operations are fully integrated into the mining and 

reclamation plan, while addressing, sustainable development and engineering analyses will 

result in the optimization of mining,  operations. This systemic approach provides economic 

and environmental sustainability, the protection and restoration of the environment, and 

the efficient and effective justification of mining and reclamation. A study has shown that 

the coal exploitation designer must align legal, environmental, and sustainability goals 

with traditional mining parameters [17]. A similar approach is given by the National Coal 

Board (NCB), whereby a contract is concluded with a mining company [4]. 

Research in Indonesia conducted to analyze the ideal implementation of coal mine 

reclamation found that, after mining, the land is often left dry with large voids that are 

prone to flooding, and soil erosion. It was found that 70.59% of land reclamation programs 

in Indonesia aim to reforest mining areas into secondary forests. The implemented types 

of reclamation are aquaculture, urban forests, park playgrounds, sports parks, livestock 

farms, and fauna conservation ecotourism. A new reclamation approach called eco-habitat 

was also developed. The reclamation process should be carried out using, an eco-habitat 

approach based on the principles of rezonation, revegetation, and revitalization (3R) [18]. 

Due to the intensive coal exploitation and deterioration of the environment in Shanxi 

Province in China, there has been a decrease in farmland. With the concept of “green 

mining industry”, a basic method of reclamation in mining areas, an engineering study of 

mine reclamation, and a model of ecological agricultural reclamation in mining subsidence 

were developed. That study suggests implementing, stereoscopic types of plantations, 

aquaculture and cropping, and raising, as potential solutions [19]. Also, research into 

innovative technologies and the theory of land reclamation in the past 10 years included 

the analysis of exploitation, reclamation, land filling (Yellow River), self-reclamation, and 

topsoil alternative solutions in open-pit mines. In this research, which included the eastern, 

western, and southern zones, it was shown that several important laws and regulations were 

adopted for the five-year period. These important laws and regulations were successively 

promuilgated, greatly promoting land reclamation [20]. 

Reclaimed mine soils developed at sites after coal mining form very diverse lithological 

layers that show significant variability depending, on soil texture. However, a research 

study [21] showed that plant habitat is based on lithology and the genesis of sediments 

from parent rocks, so the predicted fertility potential of rock tailings resistant to weathering; 

can be misinterpreted, providing an overestimated final result of habitat classification. Also, 

the implementation of a reclamation optimization plan is important for the construction of 

appropriate environmental protection projects and the regulation of life and production 

activities in the mining, area during, the completion of construction works [22]. 

Based on research in China [23], Concurrent Mining and Reclamation (CMR) technol- 

ogy Was analyzed, and applied principles and technologies were provided for underground 

coal mining. That study showed that the advantages of a high percentage of land reclama- 

tion are adapted to the new technology. According to this research, CMR could increase 

the percentage of farmland reclamation to 37.59%, compared to the percentage of farmland 

reclamation post mining,. 

A study conducted in Loess, China, which investigated the regulation of soil nutrients, 

analyzed the degree of soil nutrients in different types of soil used. The study showed that 

nutrient levels in the soil increased significantly in the first five years after reclamation. In 

that study, four types of nutrients (potassium, phosphorus, nitrogen, and organic matter) in 

the soil were analyzed [24]. Based on the given levels of nutrients in the soil, guidelines were 

given for the precise management of reclaimed mining land with optimization measures of 

land reclamation. Also, some laboratory research on the physico-chemical parameters of soil 

substitutes showed the possibility of their application for the reclamation of highly acidic 
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coal mine disposal sites. The results of applying soil cover to the used pits gave spontaneous 

successions of mesic and dry meadow species after the second year of vegetation growth. 
The content of heavy metals after the second year of vegetation showed a concentration 

of toxic metals (the share of which did not exceed the permitted level according to Polish 

standards), but it is possible to apply these reclaimed parts for green areas, wooded, and 

bushy lands [25]. 

Research based on linear programming techniques carried out in the area of the Banji 

mine in China, with an annual production of about three million tons of coal obtained from 

underground mining, showed that the reclamation carried out for the purpose of fishing, 

grain production, orchards, and the like was optimized under the limitation of fixed capital 

(capital, resources, workforce, etc.) [22]. 

Based on previous studies on mining soils [26-30], the specifics of soil properties that 

provide useful information for soil reclamation are particularly emphasized. The vulnerability 

of the mining area is caused by reclamation norms that have been studied but are difficult to 

apply in practice. Therefore, other comprehensive studies are also included, among others, 

research related to the application of the MCDM model [31—34]. Similar research has been 

proposed using the subjective-objective MCDM model in [31] in which AHP and Entropy 

were used to determine the criterion weights, while modified VIKOR sorted possible recla- 

mation variants. However, this study considered only 3 possible variants, while we defined 

11 alternatives in our study. Also, the methodology applied to calculate the significance of 

criteria requires quantitative data on the one hand, while, on the other, a large number of 

criteria need to be used, and all criteria should be considered simultaneously. Article [32] 

provided the MCDM framework for plant species for the reclamation of copper mines. 

While the methodologies of Fuzzy AHP, PROMETHEE (Preference Ranking Organization 

Method for Enrichment Evaluation), and Fuzzy TOPSIS (Technique for Order of Preference 

by Similarity to Ideal Solution) are old and have been extensively explored in prior stud- 

ies, our research introduces a novel methodology to address the subject of research. The 

selection of a strategy for the sustainable transformation of a mine constitutes a complex 

decision-making process that presents various practical challenges [33]. Article [34] dis- 

cusses the application of the strengths-weaknesses-opportunities-threats (SWOT) analysis 

and AHP for selecting, a sustainable strategy, using the case study of a closed open-pit 

lignite mine in Greece. 

A review of other studies sugggests that we developed a highly comprehensive and 

appropriate tool for selecting, a suitable sustainable reclamation variant for open-pit coal 

mining areas. The advantages of our proposed approach were discussed through research 

questions and partly in this section. 

3. Research Methodology 

3.1. Research Algorithm 

Figure 1 presents a decision-making process algorithm for the selection of a reclamation 

solution for post-exploitation areas. 

A universal methodology (the proposed IMF SWARA-Fuzzy ROV model), which is 

also applicable to open-pit mine reclamation, was applied. This paper tests and analyzes 

the Tamnava-West Field open-pit mine and disposal site in the Kolubara coal basin in Serbia. 

By analyzing the algorithm, the first step in starting, activities in a mining company in terms 

of reclamation works is the initiation of a process for making a decision on the selection 

of a form of reclamation on a current post-exploitation terrain. After that, the collection 

of available data and bases for the analysis of possible reclamation solutions is started. 

Based on the availability of the required data, it is decided whether the documentation is 

sufficient or whether additional research, collection, processing, and updating, are required. 

If sufficient input data, necessary documentation, and bases are available, the determination 

of applicable and technically and technologically feasible reclamation solutions is carried 

out. By applying, MCDM based on the selection of the optimal method (IMF SWARA and 

Fuzzy ROV), the best (optimal) solution is selected, forming; a ranking list of potential
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solutions. In this phase of the model, a tabular representation of possible, assumed variants 

or alternatives of reclamation solutions is provided. Based on the ranking, the selection of 

the final solution is made, thereby concluding the decision-making process. 

\ Start ) - 7 

, | Initiating a process for making a decision 
\QŠ |___on the selection of a reclamation form 

Available data and bases for the analysis 
\ of possible reclamation solutions 

A 
LI 

s —— <_ ? > 
Not enough 

Enough 

< 
Analysis. collection. 

processing.. updating, 

Determination of possible ~< 

< applicable solutions - 

Not 

o x enough 

Enough 

List of possible applicable 

solutions \ 

SELECTION OF THE BEST (OPTIMAL) SOLUTION 

. Not . .| 
G —L - < Method — cnoushX IME SWARA and Fuzzy ROV J 

— selection ~ 

Enough 

MCDM 

Ranking, of possible 

\ applicable solutions 

w 
Selection of the final —~ 

> 
solution 7 

~ // 

l| ii 
\Decision. the end) 

Figure 1. Algorithm of decision-making,  process in the selection of a reclamation solution. 

3.2. IMF SWARA Method 

The IMF SWARA method was created in study [35] and represents a method for 

calculating the values of criteria. The algorithm of this method is as follows [36,37]: 

• Ranking ofcriteria from most important to least important. 

This step should determine how much criterion Cj is less important compared to 

Cj – 1, j. according to the scale in Table 1. 

• Determining the fuzzy coefficient š (1): 

T  j=1 
_ 1 

pjol j>1 0) 
&= j= 

The comparative significance of the average value—@.
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• Determining the weights Nf] (2): 

j (2) 

where š is the fuzzy coefficient. 

• Calculation of the fuzzy weight coefficients, Equation (3): 

_ _N 
dWj — n — (3) 

NJ 
j=1 

where 1j represents the fuzzy relative weight of the criteria j, and n the number of 

criteria. 

Table 1. Linguistics and the Triangular Fuzzy Number (TFN) scale. 

Linguistic Variable Abbreviation TFN Scale 

Absolutely less significant ALS 1 1 1 
Dominantly less significant DLS 1/2 2/3 1 

Much less significant MLS 2/5 1/2 2/3 
Really less significant RLS 1/3 2/5 1/2 

Less significant LS 2/7 1/3 2/5 

Moderately less significant MDLS 1/4 2/7 1/3 
Weakly less significant WLS 2/9 1/4 2/7 

Equally significant ES 0 0 0 

3.3. Fuzzy ROV Method 

The Fuzzy ROV method was created by Ju et al. [38] and is represented through the 

following algorithm: 

• Forming an MCDM model. 

•  Computation of fuzzy decision matrix N,·]· = (NZ N NŽ) . 
nxm 

ij Nij” 

•  Normalization process, which is as follows. First, the elements S]fč]· and ]R]· should be 

defined: 
li W= (SR,., j, Ser;') = max{N;j) (4) 

|| ; Rj= (R]'R]'·Ž'RŽ) = min{N;j) (5) 

Next, it is necessary to calculate the difference between the values in the initial matrix 

and the min value x;jj, and the difference between the max and min values of TFN, (c j): 

— || i i || || K„f(x,.].„{;;z„(yj) NJ-Bj (Ni]. RE,NM — RP,NE ]R]·) (6) 

c = (sbajh6}) = } -B = (M) – B,\ — RP,a) — BI) O 
The final normalized fuzzy values are as follows: 

| Kij Nij Nij Nij 0j= (19,.].,19;;,193) 14 (Gj) ((1 | g„),(1 | g,„),(n gl)) (8) 
j j |j 
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In the final fuzzy normalized matrix, it may arise that the core concept of TFN is not 

satisfied, and it may be necessary to use Equation (9). 

if 19'" < 19l then 19'" = if 19“ < 19"' then 19“ = 19"' (9) 1]' 

Equations (6)-(8) are applied for benefit criteria, while, for the cost criteria, 

Equation (10) should be used: 

R. RI Rm Ri l m qu ı J _— e u a-(eka)- t (a)-{G>wi)-*0)-O*()) 0 
•  Multiplication of the matrix 0;j with the values of the factor wj. 

Vij = (vl],vl],v ) —19„@10 (191 @w],đf;'@wl ,19};@71] ) (11) 

•  Computation of the sum of the previous values depending on criteria types TI.Jr (B) 

and T, (C) 
1 

T= ž(v;) (2) 
j= 

T -hNO,) 03) 
• Ranking alternatives from the highest to the lowest values according to results obtained 

using Equation (14): 

T+ + T- 
Aj= (ž* -; L ) (14) 

4. Application of Criterion Analysis on the Mining Site 

4.1. Description of Alternative Solutions and Evaluation Criteria 

The selection of final reclamation solutions is made by teams of experts of various 

engineering, profiles. The decision-making, process algorithm in Figure 1 for selecting, 

a reclamation solution can be used to gradually solve the problem of optimizing, the 

management of reclamation processes in open-pit mines, so it is also applicable to the 

Tamnava-West Field coal mine in Figure 2. Figure 2a shows the Tamnava-West Field 

open-pit mine, where the deposition and transportation of excavated coal take place, while 

Figure 2b shows the machinery for coal mining in the mining basin. 

(b) 

Figure 2. Display of the current state of the Tamnava-West Field open-pit mine.
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Figure 3 shows a map of the mining basin with the locations of Tamnava-West Field 

and Tamnava-East Field, within which watercourses, roads, forests, fields, and meadows 

noticed in the mining fields are depicted. 

TLEGEND: 

IB Surface dumps 
M - Forests 
MNR Fields ardd arable 

lancd 

ž 
Š, 

~_ Polje „B' 

Figure 3. Location of Tamnava-West Field (Tamnava Zapadno polje) and Tamnava-East Field (Tam- 

nava Istočno polje). 

The process modeling of the unified reclamation system includes a total of 20 al- 

ternative variables (Table 2) of possible designed reclamation contents and the rehabili- 

tation of the post-exploitation areas of open-pit mines and disposal sites: A1—fForestry; 

A2—Agriculture —68;rowing, crops and vegetables;  A3—Agriculture—fruit growing; 

A4—Agriculture— viticulture, winemaking and cellaring; A5—Forestry and agriculture 

(combinations A1/ A2-A4); A6—Aquatic complex (water areas) + fishery A6/ A1-A5, A7; 

A7—Sports and recreation complex and in combination A7/ Al1-A6; A8—Park and horticul- 

tural arrangement (landscape architecture) A8/A6, A7; A9—Area for residential building, 

and  „in „combination  A9/A8; A10—Zone for industrial  construction; 

All—Agricultural settlements and restitution for rural settlements + Al1/A1-A6; 

A12—Museum-archaeological and cultural-historical area + A12/A1, A4, A8; A13—Tourist 

complex + A13/A1, A4, A6-A8, A12; A14—School and educational complex + A14/A1, 

A6-A8, A12; A15—Experimental and research centers (military and civilian) + A15/ A5-A8, 

A14; A16—Temporary disposal sites (for ash, slag, tailings, municipal waste) + A16/A1, 

A10; A17—Spa and health complex + A17/A1, A4, A6-A8, A12, A13; A18—Livestock and 

farming, complex + A18/A5-A8, A11, A13; A19—Expansion of nature reserves (biodiver- 

sity) + A19/A1, A4, A6-A8, A12, A13, A17, A18; A20—Leaving to spontaneous succession 
and self-reclamation. 

In addition to the systematized possible solutions/ variants, criteria for the selection 

of different types of reclamation solutions that represent appropriate sub-process systems 

of open-pit exploitation are also given. The selection of criteria covers the technical- 

technological, organizational, economic, social, and aesthetic aspects of evaluating, the 

selected reclamation solutions, i.e., unified process activities. 

As for the coal region, after reforestation, the expansion of nature reserves (biodiver- 

sity), a livestock and farming complex, and various types of agricultural (and fruit-growing;) 

and forestry activities, water areas, and others are excellent forms of regeneration of this 

hilly-mountainous region. These solutions are logical considering the highest percentage 

share of these solutions on the one hand and their lower prices as investment interventions 

in terms of exploitation compared to competitive one-time and more expensive solutions 

on the other.
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Table 2. Alternative variants for designing, reclamation content. 

Ord. Number Variants or Alternatives of Reclamation Solutions 

A1 Forestry 
A2 Agriculture—gyrowing, crops and vegetables 
A3 Agriculture—fruit growing, 
A4 Agriculture—viticulture, winemaking;, and cellaring, 
A5 Forestry and agriculture (combinations A1/ A2-A4) 
A6 Aquatic complex (water areas) + fishery A6/AA1-A5, A7 
A7 Sports and recreation complex and in combination A7/A1-A6 

A8 Park and horticultural arrangement (landscape architecture) A8/ A6, A7 
A9 Area for residential building and in combination A9/A8 

A10 Zone for industrial construction 
A11 Agricultural settlements and restitution for rural settlements + A11/A1-A6 

A12 Museum-archaeolog;ical and cultural-historical area + A12/A1, A4, A8 

A13 Tourist complex + A13/A1, A4, A6-A8, A12 

A14 School and educational complex + A14/A1, A6-A8, A12 

A15 Experimental and research centers (military and civilian) + A15/A5-A8, A14 
A16 Temporary disposal sites (for ash, slag, tailings, municipal waste) + A16/A1, A10 
A17 Spa and health complex + A17/A1, A4, A6-A8, A12, A13 

A18 Livestock and farming, complex + A18/A5, A6-A8, A11, A13 

A19 Expansion of nature reserves (biodiversity) + A19/A1, A4, A6-A8, A12, A13, A17, A18 

A20 Leaving, to spontaneous succession and self-reclamation 

The categorization of criteria (Table 3) can be represented by numerical values, while, 

at the same time, some criteria are alternatively desirable, alternatively necessary, or with- 

out alternative either as deterministic or as descriptive data. By evaluating the criteria, first 

the limit values to which certain criteria aspire are defined, as minimum (min) and maxi- 

mum (max). The selection of 12 criteria covers the technical-technological, organizational, 

economic, social, and aesthetic aspects of the evaluation of selected reclamation solutions, 

i.e., unified process activities. 

A total of 20 potential reclamation variants were selected using a process approach, 

and, for the specific case of the Tamnava-West Field open-pit mine, 11 alternatives 

were defined and they mostly represent a combination of 2 or more alternatives. By 

selecting alternative reclamation solutions (Table 4) for degraded post-exploitation areas, 

it is necessary to fit into the previously defined spatial planning goals of mining, basin 

areas. When determining the planned purposes of an area, the principles of concern for 

possible conflict between the economic or alternative use of the area and resources with 

the needs and goals of nature conservation are applied. In the event that the conflict 

cannot be resolved for priority purposes, additional research and development of a 

strategic environmental impact assessment and other complex analyses, which include 

both economic and social aspects, are carried out. The spatial plan confirms the legal 

obligation to reclaim areas where mineral raw materials, tailing: areas, and municipal 

and industrial waste landfills are exploited, as well as the application of technical and 

biological environmental protection measures against the undesirable effects of these 

types of activities and facilities on the environment. Also, the need and the spatial 

framework are identified for afforestation, and anti-erosion protection facilities and 

measures (against water and aeolian erosion) are determined, primarily on open-pit 

mines, tailing areas, and ash pits. Tamnava-West Field is a vast lowland open-pit mine 

with horizontal and slightly inclined layers and interlayers of useful mineral raw material 

and interlayer tailings that requires the continuous technology of excavation and disposal, 

applying, selective work. 
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Table 3. Criteria for the evaluation of reclamation alternatives for an open-pit coal mine. 

Ord. ikAci ; ; 
No Criteria Category Evaluation (Min/Max) 

cı Amount of investments per unit area Deterministic Min 
C2 Investment period—investment time Deterministic Max 
cC3 Time of return of invested funds Deterministic Min 
c4 Annual costs of continuous maintenance per unit area Deterministic Min 
C5 Adaptability of the reclamation solution into the ambient whole Descriptive Max 
C6 Local needs (local community interest) Descriptive Max 
c7 Technological complexity of carrying, out reclamation works Descriptive Min 
c8 Organizational demands (complexity) of the execution of works Descriptive Min 
c9 Post-reclamation continuous maintenance time Deterministic Min 

C10 The percentage :share of the reclamation form (variant) in the total Deterministic Max 
reclamation project 

c Social and economic importance of reclamation for the local community Descriptive Max 
C12 Correlation between spatial and temporal dynamics of reclamation works Descriptive Max 

Table 4. Potential reclamation solutions for the Tamnava-West Field open-pit mine. 

A1 Forestry 

A2 Agriculture (growing,crops and vegetables) 
A3 Forestry and agriculture (combination A1/ A2) 
A4 Aquatic complex (water areas) + fishery A6/AA1-A5, A7 
A5 Sports and recreation complex and in combination A7/A1-A6 

A6 Zone for industrial construction 
A7 Agricultural settlements and restitution for rural settlements + A11/A1-A6 
A8 Temporary disposal sites (for ash, slag, tailings, etc.) + A16/A1, A10 
A9 Livestock and farming, complex + A18/A5-A8, A11, A13 
A10 Expansion of nature reserves (biodiversity) + A19/A1, A4, A6-A8, A12, A13, A17, A18 

All Leaving, to spontaneous succession /self-reclamation 

In addition, the following are given here as alternative solutions: A16—Temporary 

disposal sites (for ash, slag, tailings, etc.), which are created during, exploitation according, 

to the project; A7—Livestock and farming, complex, as a possible solution in the post- 

exploitation period; A19—Expansion of nature reserves (biodiversity); Al11—Agricultural 

settlements and restitution for rural settlements; and A10—Zone for industrial construction. 

4.2. Calculation of Criterion Weights 

When it comes to weights of criteria, which play a very important role in the evalua- 

tion of potential reclamation solutions, it is necessary to determine their values as objec- 

tively as possible. Accordingly, a total of five decision-makers were engaged to evaluate 

12 criteria. The procedure implies that a total of five models of the IMF SWARA method, 

which represent the results for each DM individually, have been formed. Table 5 shows the 

results for the first decision-maker (DM). 

Considering all five calculation models of the IMF SWARA method, it is necessary 

to perform averaging in order to obtain the final values that are later implemented in the 

Fuzzy ROV method. In this paper, the Bonferroni operator [39,40] is used to average the 

weights of five models of the IMF SWARA method and the final values are shown below. 

wi = (0.089,0.101,0.118), w> = (0.071,0.083,0.100), wa = (0.065,0.076,0.092), wq = (0.114,0.127,0.145) 
ws = (0.047,0.058,0.071), w = (0.133,0.143,0.193), wz = (0.035,0.045,0.057), wg = (0.032,0.041,0.053) 
wo = (0.065,0.076,0.092),wio = (0.021,0.029,0.042), wii = (0.141,0.152,0.171), wya = (0.029,0.037,0.047) 

The calculations obtained using,  the IMF SWARA method show that the social and 

economic importance of reclamation for the local community is the most significant criterion 

for decision-making in this research. Also, it should be noted that the next most important 

criterion is local needs, with a value almost equal to that of the most important criterion.
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The least significant criterion is the correlation between spatial and temporal dynamics of 

reclamation works. 

Table 5. Criterion weights for DM1 after applying, the IMF SWARA algorithm. 

Criteria 
Criteria c : Fuzzy Coefficient Weights Final Fuzzy Weight Coefficients 

omparison 

Ce WLS .000 .000 .000 1.000 1.000 1.000 0.179 0.193 0.212 

C11 WLS .222 .250 .286 0.778 0.800 0.818 0.140 0.155 0.173 

cC4 MLS .222 .250 .286 0.605 0.640 0.669 0.109 0.124 0.142 

C1 MLS .250 .286 .333 0.454 0.498 0.536 0.081 0.096 0.113 

C2 ES .250 .286 .333 0.340 0.387 0.428 0.061 0.075 0.091 

C3 ES .000 .000 .000 0.340 0.387 0.428 0.061 0.075 0.091 

C9 MLS .000 .000 .000 0.340 0.387 0.428 0.061 0.075 0.091 

C5 LS .250 .286 .333 0.255 0.301 0.343 0.046 0.058 0.073 

C7 ES .286 .333 .400 0.182 0.226 0.267 0.033 0.044 0.056 

c8 WLS .000 .000 .000 0.182 0.226 0.267 0.033 0.044 0.056 

C12 LS .222 .250 .286 0.142 0.181 0.218 0.025 0.035 0.046 

C10 WLS .286 .333 .400 0.101 0.136 0.170 0.018 0.026 0.036 

SUM 4.720 5.168 5.572 

4.3. Ranking of Alternative Solutions with the Fuzzy ROV Method 

After calculating, the weights of the criteria, the model is calculated with the Fuzzy 

ROV method. First, a linguistic evaluation of the reclamation solutions is performed, which 

is shown in Table 6. 

Table 6. Initial linguistic matrix. 

cı cC2 cC3 c4 C5 Ce C7 c8 cC9 C1O0 CI1Il C1I2 

A1 VG EG EG EG EG MG G G P VG EG G 

A2 MP EP VP M EG VG M M P VG EG M 

A3 MP G MG G EG G MG MG P EG EG MG 

A4 VG EP EG EG G MP EG EG P VP M VP 

A5 MP MG EG VP G EG MP MP VP P G VP 

A6 EP VP EG VP G EG MG VG VG M EG G 

A7 P EG MG VP EG EG G MP P M EG VP 

A8 MP EP VP EG G M EG EG VG EP M EG 

A9 P EG EG VP EG EG MP MG VP VP VG VP 

A10 EG VG MG MG EG P MG VG MG P M M 

A11 EG EP MG EG M MG EG EG VG MP VP MG 

EP-—extremely poor; VP—very poor; P—poor; MP—medium poor; M—medium; MG—medium good; G—good; 
VG—very good; EG—extremely good. 

After that, the linguistic values are transformed into TFNs, which are shown in Table 7. 

This transformation is performed on the basis of the scale shown in study [41]. The initial 

TFN decision matrix in the Fuzzy ROV method is shown below. 

It should be emphasized that all criteria were modeled as benefit, i.e., the extreme 

values were identified as desirable and the best grades were assigned. Applying the Fuzzy 

ROV method algorithm shown above, the results presented in Table 8 were obtained. 

The results obtained using the hybrid IMF SWARA—Fuzzy ROV model show that 

the first reclamation alternative representing, forestry is the best for the Tamnava-West 

Field open-pit mine. A3—EForestry and agriculture (combination A1/ A2) appears as the 

second-ranked alternative, while the worst reclamation alternative according to the defined 

fuzzy MCDM model is A5—Sports and recreation complex and in combination A7/A1-A6.
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Table 7. Initial Fuzzy ROV matrix. 

cı cC2 cC3 c4 c5 ce 7 c8 c CIO CIl CI2 

A1 (7,7,9) (7,9,9) (7,9,9) (7,9,9) (7,9,9) (5,5,7) (5,7,7) (5,7,7) (1,3,3) (7,7,9) (7,9,9) (5,7,7) 

A2 (3,3,5) (1,1,1) (1,1,3) (3,5,5) (7,9,9) (7,7,9) (3,5,5) (3,5,5) (1,3,3) (7,7,9) (7,9,9) (3,5,5) 
A3 (3,3,5) (5,7,7) (5,5,7) (5,7,7) (7,9,9) (5,7,7) (5,5,7) (5,5,7) (1,3,3) (7,9,9) (7,9,9) (5,5,7) 
A4 (7,7,9) (1,1,1) (7,9,9) (7,9,9) (5,7,7) (3,3,5) (7,9,9) (7,9,9) (1,3,3) (1,1,3) (3,5,5) (1,1,3) 

A5 (3,3,5) (5,5,7) (7,9,9) (1,1,3) (5,7,7) (7,9,9) (3,3,5) (3,3,5) (1,1,3) (1,3,3) (5,7,7) (1,1,3) 

A6 (1,1,1) (1,1,3) (7,9,9) (1,1,3) (5,7,7) (7,9,9) (5,5,7) (7,7,9) (7,7,9) (3,5,5) (7,9,9) (5,7,7) 
A7 (1,3,3) (7,9,9) (5,5,7) (1,1,3) (7,9,9) (7,9,9) (5,7,7) (3,3,5) (1,3,3) (3,5,5) (7,9,9) (1,1,3) 
A8 (3,5,5) (1,1,1) (1,1,3) (7,9,9) (5,7,7) (3,5,5) (7,9,9) (7,9,9) (7,7,9) (1,1,1) (3,5,5) (7,9,9) 

A9 (1,3,3) (7,9,9) (7,9,9) (1,1,3) (7,9,9) (7,9,9) (3,3,5) (5,5,7) (1,1,3) (1,1,3) (7,7,9) (1,1,3) 
A10 (7,9,9) (7,7,9) (5,5,7) (5,5,7) (7,9,9) (1,3,3) (5,5,7) (7,7,9) (5,5,7) (1,3,3) (3,5,5) (3,5,5) 
All (7,9,9) (1,1,1) (5,5,7) (7,9,9) (3,5,5) (5,5,7) (7,9,9) (7,9,9) (7,7,9) (3,3,5) (1,1,3) (5,5,7) 

Table 8. Results of the hybrid IMF SWARA—Fuzzy ROV model. 

Sum of Weighted Elements ; i 
for Benefit Criteria T} DF Alternatives Sorting, 

A1 1.176 1.720 3.189 1.874 Forestry 1 

A2 0.976 1.456 2.657. 1.576 Agriculture (growing, crops and vegetables) 10 
A3 1.069 1.596 2.958 1.735 Forestry and agriculture (combination A1/A2) 2 
A4 0.995 1.463 2.737 1.597 Aquatic complex (water areas) + fishery A6/ A1-A5, A7 9 
A5 0.958 1.404 2.599 1.529 Sports and recreation complex and in combination A7/A1-A6 11 
A6 1.036 1.529 2.902 1.676 Zone for industrial construction 3 

Agricultural settlements and restitution for rural settlements + 
A7 1.005 1.537 2.775 1.655 ATI/Al-A6 4 

A8 0.972 1.497 2.715 1.612 Temporary disposal sites (for ash, slag, tailings, etc.) + A16/A1, A10 8 

A9 1.015 1.481 2.803 1.624 Livestock and farming, complex + A18/A5-A8, A11, A13 5 

Expansion of nature reserves (biodiversity) + A19/A1, A4, A6-A8, 
A10 1.014 1.486 2.785 1.624 A12, A13, A17, A18 6 

A11 1.029 1.469 2.830 1.623 Leaving, to spontaneous succession/ self-reclamation 7 

5. Verification Tests and Discussion 

This part of the study is dedicated to the three-phase verification procedure of the ini- 

tially obtained solutions, and includes the simulation of new criterion weights, comparative 

MCDM analysis, and the calculation of statistical correlation tests. 

5.1. Changing the Weights of the Criteria (Sensitivity Analysis) 

In each MCDM model, criteria play an important role, and by simulating their weights 

through new scenarios, it is possible to identify a potential change in the ranks of alter- 

natives [42,43], i.e., in this case, reclamation solutions. Thus, it is possible to include all 

potential results and their changes and strive towards their proactive management. In this 

part, 12 x 10 = 120 scenarios were formed, in which the weights of all 12 criteria were 

modeled in the 5–95% interval. The values of the new weigts across the scenarios are 

given in Figure 4. 

In the initial scenario, which includes criterion weights obtained with the IMF SWARA 

method, the lowest value is for the tenth criterion (0.021, 0.029, 0.042), and the highest is for 

the sixth criterion (0.133, 0.143, 0.193). In the hundredth scenario, the tenth criterion has the 

lowest value (0.001, 0.001, 0.002), which means that it tends to zero and that the value of 

this criterion is reduced to negligible importance. On the other hand, an extreme value is in 

the 110th scenario for the sixth criterion (0.153, 0.167, 0.231). It is important to note here 

that, in this scenario, the minimum value is of the second most significant criterion, and 

that is C11. 

Figure 5 shows the new ranks of the reclamation variants in accordance with the 

previously simulated new weights of the criteria and their mutual relationship.
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Y 

%··)u }| 

Figure 4. Simulated weights of criteria for the evaluation of reclamation variants for the open-pit 

mine throug}h 120 scenarios. 

Figure 5. New ranks of reclamation variants for the open-pit mine defined in SA. 

The results of the sensitivity analysis (Figuure 5) show a great influence of changes in 

weighting coefficients, that is, the sensitivity of initial results in relation to changes in the 

values of the criteria. The only reclamation alternative, which is ultimately the most impor- 

tant, is A1—fForestry, which remains in first place regardless of the value of any criterion. 

Other alternatives change their positions by even several places depending on a scenario. 

The greatest deviation is for A5 (1.789), which, in certain scenarios, changes its position 

even by five places, and this is a consequence of reducing, the importance of the second and 

eighth criteria. It is important to emphasize that the standard deviation (in addition to the
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first alternative that does not change) is the least for the second best reclamation alternative 

(A3 = 0.396) and for the last-ranked alternative (A5 = 0.416). Other reclamation alternatives 

change their ranks in most scenarios depending on their performance according to the best 

criterion. 

5.2. Comparative Analysis 

The results obtained with IMF SVWARA—Fuzzy ROV were compared with three other 

fuzzy MCDM methods, F-MARCOS [41], F-SAW [44], and F-WASPAS [45], as shown in 

Figure 6. 

12 

Ra
nk
 i9-12 

69 

m3-6 

=0-3 

F-WASPAS 

F-SAW 

Me
th

od
s 

. A2 A3 F-MARCOS 

AS F-ROV A9 
al A11 

Alternatives 

Figure 6. Ranking of alternatives using, four different fuzzy MCDM methods. 

The results obtained after comparison with three fuzzy MCDM methods show that 

there are certain minor deviations that are primarily related to the reclamation solutions 

that are ranked lower. Five out of eleven alternatives in total show changes in positions by 

only one or two places. For example: A4 is ranked fourth with Fuzzy ROV, while according; 

to other methods, it is placed eighth. The remaining changes are as follows: A8 (8 — 9), 

A9 (5 — 7), A10 (6 — 5), and A11 (7 — 6). This confirms the initial results obtained with 

the IMF SVARA—Fuzzy ROV model. 

5.3. Calculation of Correlation for Newly Obtained Ranks in Verification Tests 

Since it was identified that there are deviations in the sensitivity analysis and small 

deviations in the comparative analysis, the statistical correlation of all ranks was calcu- 

lated, as shown in Figure 7. The calculated correlation refers to the WS [46] and SSC [47] 

coefficients. 

As previously determined and noted in the sensitivity analysis, the model is sensitive 

to changes in the weights of the criteria, so some reclamation solutions have fallen by 

even five positions. In general, the average values are extremely high, SCC = 0.901 and 

WS = 0.966, considering, that there are as many as 120 formed scenarios. The lowest 

statistical correlation is SCC = 0.564, WS = 0.838 in scenario 110, as previously explained. 

Of course, in a certain number of scenarios, there is a total correlation of the results. 

Figure 8 shows the calculated correlation values for the comparative analysis.
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Figure 8. Correlation of IMF SWARA—Fuzzy ROV with other methods. 

Since there are relatively small deviations in the ranks of reclamation solutions, sta- 
tistical correlation tests tend towards a total correlation, i.e., a value of 1.00. The average 
correlations are SCC = 0.973 and WS = 0.988, and Fuzzy ROV has a correlation with other 
methods of 0.964 and 0.984, respectively. 

6. Conclusions 

The issue of environmental protection and an adequate approach to achieving, sus- 
tainable development is a priority in all areas of action. In this paper, the problem of



Sustainability 2024, 16, 4424 17 of 19 

reclamation of an open-pit mining area after its exploitation is considered. A total of 

20 potential reclamation variants were selected using a process approach, and for the 

specific case of the Tamnava-West Field open-pit mine, 11 alternatives were defined and 

they mostly represent a combination of 2 or more alternatives. For the purpose of eval- 

uating, these reclamation variants, a total of 12 criteria were defined and a hybrid IMF 

SWARA—Fuzzy ROV model was created for the first time in the literature; this model 

is applicable in all areas of decision-making and evaluation of variant solutions. The re- 

sults show that the reclamation variant related to forestry is optimal under the considered 

conditions of multi-criteria evaluation. This is confirmed through verification systems. In 

accordance with the potential of the considered open-pit mine, it is necessary to apply the 

selected solution and start its implementation. 

The benefits of the conducted research can be viewed through the prism of engineering; 

and social and mathematical aspects. Advantages include considering, almost all possible 

variants for the reclamation of open-pit coal mining areas, and their integration for specific 

cases, defining all sustainable inputs for their evaluation, and finally developing, a proper 

integrated mathematical tool for precisely determining criterion weights and sorting alter- 

natives. The selection of the right and most suitable sustainable solution for the reclamation 

of open-pit coal mining areas is one of the key social and environmental tasks. Thus, this 

study can contribute to achieving, sustainable development goals. The limitations of this 

study can be manifested by the fact that it only considers coal mining, and the number of 

experts included in the evaluation process could also be larger. 

Future research is related to the consideration of other open-pit mines, their evaluation, 

and the selection of an optimal variant, certainly depending on the specific characteristics 

of those mines. Additionally, the development and application of new models in the theory 

of uncertainty can constitute future tasks. 
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