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Abstract

:

Mining of the extensive, steeply dipping ore deposit takes several decades. An open-pit mining method is more often used in the early years of such a mining enterprise (ME). The management of the enterprise is faced with the problem of changing the mining method as the depth of the quarry increases. Untimely solution of this issue or the choice of the wrong strategy for the development of ME leads to a decrease in profitability, and the emergence of environmental and social difficulties. We studied the functioning of one hundred and seven MEs from different countries and substantiated four main sustainable development strategies for ME and its main system—the open-pit mining and technical system (MTS): adjustment of the current stage of mining indicators, transition to a new stage of mining, transition to a combined open–underground mining, and mine closure. The result of our research is an original methodology for selecting a strategy for MTS sustainable development. Our methodology is based on a new system of parameters and indicators for evaluating the sustainability of the opening-up of an opencast system (OOS). This assessment system includes twenty-three indicators that characterize the technical, technological, economic, social, and environmental factors of sustainable development. We propose to select a strategy for MTS sustainable development using combined fuzzy AHP-MARCOS multicriteria decision method (MCDM). The result of our case study for the Malyi Kuibas ore deposit was the choice of a mine closure strategy. The reliability of the obtained result is confirmed by a multilateral sensitivity assessment using nine other known MCDMs, while changing the criteria weights and composition of strategies. The results of the study prove the need for a timely decision to change the MTS development strategy as the depth of production increases. In addition, we have shown the effectiveness of the selection methodology based on the multicriteria assessment of the OOS sustainability.
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1. Introduction


The duration of the mining extensive steeply dipping ore deposits process is, as a rule, several decades. Deposits of this type can be developed by open-pit, underground, or combined methods at different stages of this process. The essence of the development strategy of a mining enterprise (ME) is to choose the best method for each stage and moments of transition to another mining method.



The depth of the orebody or the depth of development is the most important parameter that determines both the choice of one or another mining method and the feasibility of mining in general.



Researchers and practitioners now agree that deposits can be effectively mined by open-pit mining to a depth of 150–200 m [1,2,3]. Open-pit, underground, or combined methods can be used when increasing the depth of the orebody from 200 to 800–1000 m. Some researchers [4,5] believe that in the future, open-pit mines will be able to reach depths of up to 1000 m. Ore is mined exclusively by the underground method at depths exceeding 1000 m.



The increase in the depth of open pits complicates the provision of access to the deposit, as it becomes more difficult to place opening workings within the open pit. This leads to an increase in the cost of transporting the rock mass, which constitutes the bulk of the cost of ore mining. The total cost of ore mining increases with the depth of mining operations. At the same time, the working conditions of people are deteriorating, equipment wear is accelerating due to difficult operating conditions, and the negative impact on the environment is increasing.



The authors of article [6] presented the results of studying the problems of opening and transporting the rock mass. We propose to consider the “opening-up of an opencast system” (OOS), which accounts for a large share of the costs of the mining and technical system (MTS) and determines the efficiency of the development of the entire deposit.



MTS, in turn, is the main system in the ME, since it is a combination of minerals, overburden, mine workings, mining structures, mining, and transport machines [7]. Therefore, the development strategy of the MTS largely determines the sustainability of the development of the ME as a whole [6]. The chosen development strategy should ensure an uninterrupted flow of ore from the ME during the transition to a new stage of development, as well as the achievement of the design, technical, and economic performance indicators in a timely manner. The period during which the MTS switches to a new method of deposit development is a transitional period [8]. The possibility of implementing a specific mining development strategy, in turn, depends on the parameters and indicators of the OOS [6,9].



The ME’s owners and the MTS’s designers base the choice of the method of developing the deposit on the assessment of the value of the developed ore, the current depth of open mining, economic indicators of the development of the deposit, and environmental restrictions [1,2]. The presence of many indicators for assessing the MTS and its subsystems makes it expedient to use multicriteria decision methods (MCDM) to select the method of developing an ore deposit at different stages of the ME’s life cycle [6].



The ME’s owners evaluate the prospects for its development as the workings deepen. Untimely or incorrect decision-making on choosing the best alternative for the development of ME is the reason for the incorrect distribution of the volume of mining between mining methods and the decrease in the efficiency of each method. The extraction of the remaining reserves in any way may ultimately be worthwhile [1].



The purpose and contribution of our study are as follows: (1) to prove the need to change the mining method with an increase in the depth of the open pit to ensure the sustainable development of the mining enterprise; (2) to determine the factors of sustainability for MTS and its main subsystem—OOS; (3) to develop a methodology for multicriteria strategy selection sustainable development of MTS during the periods of deep horizons of ore deposits mining; (4) to prove the effectiveness of the developed methodology by case study and sensitivity assessment of the results.



The remainder of this paper is organized as follows. Section 2 contains a literature review consisting of three subsections. The authors consistently analyze the methods (alternatives) of the sustainable development of the MTS; the factors of sustainable development of the MTS; and finally, the MCDM used in the mining industry. Section 3 describes in detail the alternatives for the sustainable development of the MTS and the factors influencing the choice of the alternative. In this section, we present a new approach to the choice of alternatives for the development of an MTS. The proposed approach includes a system of parameters and indicators of the sustainable development of the MTS, as well as a multicriteria model for selection of an alternative mining method based on the combined fuzzy AHP–MARCOS. A case study of the sustainable development strategy for the mining system of the Malyi Kuibas open pit (Russia) is presented in Section 4. In the conclusion, we discuss the main results and future research.




2. Materials and Methods


The choice of strategy and its implementation is an important decision for a mining enterprise that determines the sustainability of its operation for several decades to come. The authors performed a literature review to identify possible strategies and methods for the development of a mining enterprise. The complexity of making strategic decisions motivated the authors to identify various factors and criteria for choosing alternatives. Finally, we justified the need to use a multicriteria approach to select the open-pit mining and technical system’s sustainable development alternatives. The importance of considering many factors and conflicting criteria is mainly due to the global trend towards a shift in economic priorities towards environmental and social aspects. The transformation of management in accordance with the principles of ESG (Environmental, Social, and Governance) is especially relevant for the mining and metallurgical industry due to its significant environmental footprint [10].



2.1. Open-Pit Mining and Technical System’s Sustainable Development Alternatives


Sustainable mining practices are essential to the long-term health of the industry as they enable mining operations to bring finished products to market in the most socially, economically, and environmentally responsible manner [11]. The strategy for MTS development involves the choice of the sequence and duration of the stages of implementation of various mining methods, as well as options for technical and technological solutions at each stage.



Steeply dipping deposits can be mined for 20–50 years or more [12]. During this period, several stages of open-pit mining, a combination of open-pit and underground mining, as well as an underground mining method can be implemented, all succeeding at the deposit. The duration of each individual stage can be 10–20 years.



Technological solutions may change during each stage. As a rule, new solutions are due to changes in the process of transporting the rock mass from deep horizons of the open pit [6,13]. The transition to a new type of transport can take a long time and involves changing the opening workings’ parameters and transport communications [6].



The strategy of transition to a new stage of open-pit mining involves changing the parameters of the open pit at the end of mining. The main parameter that is changed is the final depth of the open pit. An increase in depth requires the expansion of the boundaries of open pit along the surface. Thus, the implementation of transition to a new stage requires changing the parameters of the working and nonworking sides of the open pit [14], the parameters of the opening workings, and the operation of the transport [15].



Most researchers involved in choosing the optimal strategy for the development of deep deposits agree that open-pit mining is preferable for the upper part of the deposit, while they recommend using the underground method for the lower part. Scientists and mining engineers recommend an exclusively underground method for deposits that lie under a thick layer of overburden [16].



Within the framework of the chosen strategy, a mineral deposit can be developed by alternative methods sequentially or in parallel, and in various combinations [17]. The choice of mining method depends primarily on the capabilities of the ME and the external economic situation [18]. The management of mining enterprises currently uses economic criteria for selecting a method, mainly Net Present Value [19].



In article [20], the effectiveness of the strategy for the consistent use of open-pit and underground methods of developing an ore deposit is discussed. The effect of this strategy is to reduce the construction time of the mine by 1–3 years and the possibility of generating additional income in the amount of 7–9% compared with the income received by using only one method of mine construction.



Studies [2,3] substantiate the optimal depth of transition from open to underground mining, which is 150–200 m, depending on the type of mineral and mining conditions. The practice of using combined open and underground mining at some mining enterprises [1] also shows the effectiveness of the transition from open to underground mining when the open pits reach depths of 100–150 m. However, study [21] notes that the transition to a combination of open and underground mining can be effective at an open-pit depth of 1100 m.



The authors of article [5] prove that the maximum depth of the transition to the underground method, depending on the value of the mineral, can exceed 830 m. The effect of tenor of ore and thickness of deposit on the depth of open-pit mining is studied in [22]. In [23], the authors also suggest selecting mining method based on the tenor of ore and mining intensity.



The impact of various external and internal factors of ME, mainly the reduction of mineral reserves or the decrease in the profitability of its extraction, is the reason for choosing the mine closure strategy. The formed open-pit space in this case can be reclaimed in various ways [24] and used for industrial waste disposal [25]. This strategy has low economic efficiency, but at the same time, provides the best environmental performance.



The choice of the MTS development strategy is associated with the need to consider a variety of constraints and factors that have a direct and indirect impact on the economic and technical feasibility of a project [26].



The management of the ME must ensure the continued production of ore during the period of transition from one strategy to another. Stopping ore mining can have a negative impact on the economic performance of the enterprise, up to its closure [27].



Recently, environmental factors have been increasingly influencing decision-making when choosing a strategy for the development of MTS. In [28], the authors note that the issues of environmental sustainability in mining are of paramount importance for certain regions, where it is necessary to find a balance between economic environmental and social problems. Several researchers believe that one of the most promising areas in the mining industry is green mining [11] and climate-smart mining [29]. The article [30] analyzes the integration of sustainable development in the mining life cycle. In [31], an assessment of the effectiveness of strategic planning in mining regions is proposed, considering social, environmental, and economic consequences.



Regional features also influence the choice of strategy. The work [32] notes that the ratio of open and underground works is different in different countries. For example, in the USA, open-pit mining prevails, while in Sweden, underground mining. The details of the appraisal studies for a mining project depend mainly on the life cycle stage of the mine and the prevailing regulatory requirements in the region [26].



The authors of [33] pointed out that the development of a complete model for solving the problem of changing the mining strategy remains a challenge. They also believe that feasibility studies and preparations for changing the way ore is mined should begin early in the life of a mine and not be delayed into the final years of the mine. This is due to the long planning and implementation of such solutions, taking up to 20 years to complete.



An analysis of research in the field of changing the mining methods during the ME life cycle allowed us to assert the need to move from the choice of mining methods to the choice of sustainable development strategies for MTS.



The problem of ensuring the sustainable development of a ME can be solved by timely selection of the most appropriate method of mining. Choosing a mining method and determining the moment of transition to a new method is a rather difficult task. The effectiveness of solving this issue for the sustainable development of a ME depends on the quality of accounting for many external and internal factors.




2.2. Factors for the Mining and Technical System’s Sustainable Development


Mining enterprises are complex sociotechnical systems that have a significant impact on the social and economic development of the regions where they are located. At the same time, their activities have a significant negative impact on the environment.



The MTS of a ME is highly influential in changing external and internal factors that can positively or negatively affect the sustainability of its functioning and development. The traditional approach to ensuring the sustainability of ME is based on the management of the technical and technological parameters of the mining system to ensure a given productivity and achieve the required economic goals. In this case, the management of the enterprise makes decisions based on the accounting and analysis of mainly technical, technological, and economic factors.



Ensuring the sustainable development of the ME in accordance with the goals of the UN concept [34] and on the principles of ESG requires managers to be more attentive to social and environmental factors [9,35,36].



The authors in this section tried to systematize a wide range of factors affecting the sustainability of the functioning and development of a MTS.



The model proposed in [11] includes safety factors, efficiency, and environmental impact, which are assessed using 9 criteria and 35 indicators. The authors in [37] substantiate the following five groups of factors—economic, social, technical, operational, environmental, and apply these factors in assessing the risks of implementing projects in the gold mining industry. The factors of the reputation of the mining industry from a stakeholder perspective are presented in [38]. The authors of the study [26] found that environmental and visual concerns prevail over economic concerns. A three-level mining clean production system consisting of training, planning and design, and mining and mineral processing levels is presented in [39].



A study of the life cycle of a ME, including postmining land use issues, is presented in [30]. The authors identify the following “influencing factors” associated with mine design that may change the existing social and economic components of the environment: premining land values, postmining land values, resource efficiency, education and mining image, consistency with local development plans, job opportunities, current contamination, future possible contamination, and ecosystem disturbance.



According to the authors of [40], the selection of a ME development strategy is influenced by such factors as the progressiveness of technology, the stability of management decisions to the impact of external and internal factors, and economic attractiveness. In studies [41,42], the authors use SWOT analysis to assess 14 factors influencing the choice of strategy for a ME.



The selection of a development strategy in [43] is proposed to be based on an assessment of the so-called Modifying Factors—that is, considerations used to convert Mineral Resources to Mineral Reserves; this mainly involves its mining, processing, metallurgical, infrastructure, economic, marketing, legal, environmental, social, and government factors.



The authors in [26] explore the need to consider the following factors in selection strategy: size, shape, and depth of the deposit; geological formation and geomechanical conditions; production capacity and equipment capacity; availability of skilled labor; requirements for capital and operating costs; recovery and revenue from ore processing; safety and injury; environmental impacts during and after mining; reclamation and restoration requirements and costs; social and cultural needs.



Factors for choosing between open-pit and underground mining methods are proposed in [26]: the size, shape, and depth of the deposit; rocks; production capacities and machine capacities; capital and operating expenses, discount rate, investment, and depreciation; ore extraction and revenues; safety and injury; environmental aspects. In addition to these factors, Ref. [44] proposes considering energy efficiency, psychological factors, ore loss and dilution, production potential, and productivity increase.



The duration of the implementation of a particular strategy depends on, according to [45], the type of mineral, economic efficiency, payback period of investments, provision of the enterprise with reserves, production capacity of the enterprise, and technical and technological capabilities of the enterprise. In addition, it is necessary to consider the forecast of market conditions, the service life of the main backgrounds, the raw material dependence of the enterprise, social aspects, and risks. According to the authors of [33], the decision to resume mining after it has been stopped should be based on the following factors: depth, remainder reserve, grade, number of by-products, production rate, social issues and human factors, environmental impacts, hydrology and groundwater conditions, and properties of rock and economy.



The energy efficiency of production is one of the most significant factors in the choice and implementation of a sustainable development strategy for enterprises. Transportation of rock mass is the most energy-consuming process of mining. The energy consumption of this process exceeds the next largest energy consumption blasting process by more than four times [46]. Different authors offer various ways to improve the energy efficiency of mining such as rational planning of dump trucks [47], changing the type of energy consumed by dump trucks [48], changing the mode of transport [49], and using robotic transport systems [50].



Factors of environmental and social sustainability of the territories where mining enterprises are located are considered in studies [24,51]. In particular, the authors of these studies consider the issues of conversion of industries to greener fuels and mined-land reclamation.



We systematized the considered factors into five groups—technical, technological, economic, social, and environmental (Table 1). We substantiate the selection of technological and technical factors by the significant influence of the MTS functioning on the factors of sustainable development. Moreover, the consideration and management of these factors are both influenced by economic, social, and environmental requirements, and have an impact on the factors of sustainable development.



We used the groups of factors identified by us to systematize the parameters and indicators of sustainable development of the MTS. The systematization results are presented in Section 3.2. In addition, the presence of a variety of factors makes it expedient to use multicriteria decision methods for selecting a strategy for sustainable operation and development of the MTS.




2.3. Overview of Decision-Making Methods


Nowadays, Multicriteria Decision Methods (MCDM) are widely used in the mining industry to solve various problems associated not only with the extraction of minerals, but also with their concentration and transportation using a variety of MCDMs [6].



The paper [53] presents an analysis of the use of classical MCDMs (AHP, ANP, TOPSIS, PROMETHEE, and ELECTRE) in mining and mineral processing in four main areas: mining equipment selection, mining method selection, mining technology selection, and mining site selection. As a result of the analysis, it was found that the most common MCDM is AHP, and the scope of MCDM is the problem of mining method selection. The review [54] identifies five main areas of MCDM use in mine supply chain management: capacity planning, logistics, inventory control, network design, and economic issues. The main MCDMs are AHP, ISM, DEMATEL, DEA, as well as game theory methods, mathematical programming, and metaheuristic algorithms.



The article [55] presents the results of comparing the efficiency of ten MCDMs (TOPSIS, TODIM, VIKOR, GRA, PROMETHEE, OCRA, ARAS, COPRAS, SAW, CP) for mining method selection.



Article [56] presents a mobile application for selecting an underground mining method for a mine using various MCDMs (TOPSIS, VIKOR, ELECTRE, FMADM, and PROMETHEE).



Several studies are devoted to the use of MCDM to assess the barriers to the implementation of the Circular Economy model in the mining industry. The AHP method in [57] and the combined ISM-DEMATEL method in [58] was used for barrier analysis. The authors of [59] applied game theory to analyze and improve environmental management in the mining industry. A multicriteria approach is recommended for the payoff functions of players.



Article [60] presents an integrated the community-centric aspect of design thinking and analytical multicriteria assessment of MCDA. The authors of [61] study the driving forces behind the introduction of corporate social responsibility for the sustainable development of the mining industry using MCDM.



We performed a systematization of studies that used various MCDMs when choosing strategies for the development of an MTS, as well as for solving various problems in the mining industry (Table 2). The authors grouped MCDM by subsystems of the MTS. We first presented the rationale for these subsystems in [6].



The results of the literature review allow us to draw the following preliminary conclusions.



First, the depth of an open pit plays a decisive role in deciding whether to change the mining method. However, the choice of the moment of transition to another mining method is rather chaotic and does not ensure the sustainable development of a ME in all cases.



Secondly, the strategies for the development of individual subsystems of a ME are designed separately. At the same time, the management of ME considers economic, technical, and technological aspects as the main criteria. When developing a strategy, environmental and social factors are considered only at the level of the entire ME or MTS [6]. In this case, these factors have little effect on decision-making at the level of individual subsystems of the mining and technical system—for example, the opening-up of an opencast system. We have not identified any studies of the opening-up of an opencast system sustainable development strategy.



Finally, we consider it rational to use MCDM to select a strategy for the sustainable development of the MTS. This is due to the presence of many influencing factors, as well as the need for systematic accounting of these factors in all MTS’s subsystems.



We have found from the analysis of the application of MCDM in mining that the combination of AHP (FAHP) or ANP with TOPSIS (FTOPSIS), PROMETHEE, VIKOR, and COPRAS methods is most often used. The AHP, FAHP, and ANP methods are used to weight the indicators of MTS in such combined MCDM models, whereas TOPSIS (FTOPSIS), PROMETHEE, VIKOR, and COPRAS are used for ranking alternatives. The identified methods are widely used in various fields, and allow operating with both quantitative and qualitative evaluation criteria. These methods are relatively easy to use and are also implemented in a variety of software.



We chose the FAHP method to calculate the criteria weights [6]. Our choice is justified by the fact that the use of FAHP makes it possible to eliminate the imbalance in the scale of judgments, the uncertainty, and subjectivity of expert assessment. Moreover, the accuracy of ranking criteria using the FAHP is higher than with the AHP method [71].



We used the next generation MCDM method—MARCOS (Measurement of Alternatives and Ranking according to COmpromise Solution)—to select alternatives in our study.This method was proposed by Ž. Stević, D. Pamučar [72]. The main advantage of this method is the ability to consider a large set of criteria and alternatives while maintaining the stability of the method. This possibility of the method is based on the idea of considering anti-ideal and ideal solutions at the very beginning of the formation of the initial matrix. In addition, this method allows us to determine whether the degree of utility relates accurately to both solutions.



Nevertheless, to assess the sensitivity of the MARCOS method, we compared the results of ranking alternatives by this method with the results obtained using both classical MCDM and new generation methods—SAW [73], TOPSIS [74], COPRAS [75], MOORA [76], ARAS [77], WASPAS [78], MAIRCA [79], EDAS [80], MABAC [81] (Table 3).





3. Models and Methods


3.1. Features of the Mining and Technical System’s Strategies


As shown in the literature review, the depth of mining operations is one of the determining factors in choosing a strategy for the MTS. Therefore, we analyzed 107 mining enterprises around the world (Appendix A) to identify the strategies used at various depths of the mining of steeply dipping deposits by open-pit, underground, and combined open–underground mining (Figure 1). The analysis results are presented in Table 4.



The task of selecting a mining method with a development depth of up to 200 m is not difficult. Most mining enterprises select open mining. Only a small part of enterprises at such a depth select an open–underground method. Geological conditions are the main factor determining the selection of mining method at such a depth.



The selection of mining method at a depth of more than 1000 m is practically uncontested. At such a depth, in most cases, only underground mining is possible. However, two of the analyzed enterprises continue to use the open method at such depths. As can be seen from Table 4, none of the analyzed enterprises are currently using the combined open–underground method at depths of more than 1000 m. According to the authors, this is due, among other things, to the lack of methods for substantiating the need and the moment of switching to such technology.



The zone in the depth range from 200 to 1000 m is the most numerous regarding the number of MEs operating at such a depth. At this depth, any of the known extraction methods can be selected. Nevertheless, most MEs select the open method.



In the study [82], such a zone is called a transition zone. A transitional zone is a range of mineral extraction depths at which it is effective to organize mining both by open and underground methods. As a criterion of efficiency, as a rule, only the economic criterion is used.



Most MEs currently mining at depths of up to 200 m will face the challenge of selecting whether to maintain or change their mining method as they approach the transition zone. The choice of one or another solution will determine the sustainability of the development of ME for the next decades.



The complexity of a mining method selection task is due to three main points. First, within each zone (Figure 1), production can be carried out in stages. The main characteristics of the stages are a certain depth and period of extraction, productivity in terms of ore and overburden, a set of equipment used, technological solutions for opening a deposit, and its mining [14].



Secondly, mining enterprises work with natural resources and cannot objectively affect their initial quality, volume of reserves, and other properties.



Finally, mining enterprises operate in a competitive environment and must consider fluctuations in prices for finished products.



Under such conditions, it is difficult to ensure the sustainable development of a mining enterprise only based on choosing a certain mining method for specific conditions. It is necessary to consider the development strategies of the enterprise over a long period or the entire life cycle of the enterprise. In the list of sustainable development strategies for a mining enterprise and its main subsystem—the MTS, we propose to include not only mining methods. It is necessary to evaluate the need for adjustment of the current-stage parameters of MEs, as well as the solution for ME closure.



Thus, we propose to single out the following strategies for the sustainable development of the MTS (Table 5):




	
Adjustment of the current stage mining indicators.



	
Transition to a new stage of mining.



	
Transition to a combined open–underground mining.



	
Mine closure.








We substantiated the factors that determine the selection of sustainable development strategy in Section 2.2 and used them to assess the consequences of implementing one or another strategy for the development of the MTS (Table 6).



The selection and implementation of this or that strategy of the MTS has a significant impact on all factors of sustainable development. A quantitative assessment of the mutual influence of strategies and factors is based on considering a variety of the MTS indicators. Thus, to choose a strategy, it is necessary to evaluate many parameters and indicators that determine the factors of sustainable development of the MTS.




3.2. System of Parameters and Indicators of the MTS’s Sustainable Development


Of decisive importance for the sustainable development of the MTS in the implementation of each strategy is the creation of transport access to resources and the organization of the process of transporting the rock mass. This process is the costliest. It accounts for up to 70% of operating costs and up to 50% of capital expenditures. Up to 50% of the working personnel of the mining enterprise and more than 50% of the open-pit equipment fleet are involved in this process. Moreover, the process of transportation and the creation of conditions for it have the greatest impact on the environment. Therefore, the creation of an opening scheme and the organization of the transportation process are combined by one system—the opening-up of an opencast system (OOS) [6]. The parameters and performance indicators of an opening-up of an opencast system have the greatest impact on the stability of the MTS.



We systematized the parameters and indicators of OOS based on an analysis of the practice of operating and reconstructing this system at existing MEs, as well as an analysis of the research in the field of mine development. Systematization is based on an extended set of sustainable development factors proposed in this study. We suggest a two-level hierarchical assessment of these factors using 8 groups of parameters and 23 parameters and indicators (Table 7) [6]. The first level of the hierarchy considers the parameters for evaluating the OOS when it interacts with the MTS and the environment. The second level of the hierarchy includes specific parameters and performance indicators of the OOS.



We propose to use the presented system of parameters and indicators for a comprehensive assessment of the stripping system, considering the requirements of the concept of sustainable development and ensuring the design indicators of the functioning of the MTS.



The presence of many parameters and indicators for assessing the MTS and its subsystems makes it expedient to use multicriteria decision-making methods to select a rational strategy for the sustainable development of the MTS.




3.3. Methodology for Selecting a Strategy for MTS Sustainable Development Using MCDM


We developed a universal methodology for choosing a strategy for the sustainable development of the mining and technical system in the transition period. The main stages of the methodology are as follows:




	
Stage 1. Analysis of the factors of sustainable functioning and development of the MTS.



	
Stage 2. Decomposition of the MTS and assessment of the significance of the OOS for the MTS. We propose to make this assessment by the share of capital and operating costs of the OOS, the number of employees and equipment, and the volume of pollutant emissions and waste generation in this system.



	
Stage 3. Substantiation of the parameters and indicators for assessing the MTS and the OOS.



	
Stage 4. Formation of a list of possible strategies for the sustainable development of the MTS for specific conditions.



	
Stage 5. Calculation of the weights of these parameters and indicators based on the fuzzy method of the analytical hierarchical process (fuzzy AHP).



	
Stage 6. Evaluation and selection of a strategy for sustainable development of the MTS using MCDM MARCOS. Sensitivity analysis of the multiobjective fuzzy AHP–MARCOS model.



	
Stage 7. Calculation of economic, budgetary, social, and environmental efficiency indicators of the selected strategy implementation.



	
Stage 8. Implementation of the selected strategy with justified parameters if it is effective.








The flowchart of the methodology for the MTS sustainable development strategy selection is shown in Figure 2.



The order of implementation of stages 1–4 is presented in Section 3.1 and Section 3.2. Presented strategies, as well as indicators of the MTS and the OOS, are universal for various mining enterprises. However, in each specific case, their composition may change, considering the characteristics of a particular enterprise; the economic, social, environmental situation; and the requirements of state authorities.



The methodology and implementation examples for stages 5 and 6 are presented in Section 4. Finally, stages 7 and 8 are implemented using ESG investment evaluation techniques.



We adapted the MARCOS method [72] (Stage 6, Figure 2) as applied to the problem of choosing strategies for sustainable development of MTS. The main steps of the MARCOS method are as follows.








	
Step 1. Designing of an initial decision-making matrix.










  X I =             C 1       C 2     ⋯     C n               S 1       S 2      ⋯      S m         (       x  11        x  12      ⋯     x  1 n          x  21        x  22      ⋯     x  2 n        ⋯   ⋯   ⋯   ⋯       x  m 1        x  m 2      ⋯     x  m n        )        ,  



(1)




where xmn—the value of the indicator Cn for the strategy Sm.








	
Step 2. Designing of an extended initial matrix, performed by defining the anti-ideal (SAI) and ideal (SI) strategy.










  X =            S A  I n       S 1       S 2      ⋯      S m          S  I n               C 1       C 2     ⋯     C n             (       x  S A I 1        x  S A I 2      ⋯     x  S A I n          x  11        x  12      ⋯     x  1 n            x  21       ⋯      x  m 1            x  22       ⋯      x  m 2           ⋯     ⋯     ⋯          x  2 n       ⋯      x  m n            x  S I 1        x  S I 2      ⋯     x  S I n        )        ,  



(2)




where SAI—anti-ideal (worst) strategy, SI—ideal (best) strategy,


  S A I =   min  i   x  i j     i f   j ∈ B   o r     max  i   x  i j     i f   j ∈ C   ,  



(3)






  S I =   max  i   x  i j     i f   j ∈ B   o r     min  i   x  i j     i f   j ∈ C   ,  



(4)




where B—the group of maximization criteria (Benefit), C—the group of minimization criteria (Cost).








	
Step 3. Normalization of an extended initial matrix X.










  N =    [   n  i j    ]    m × n   ,   i = 1 , 2 , … , m ;   j = 1 , 2 , … , n ,  



(5)






   n  i j   =    x  S I j      x  i j     ,   i f   j ∈ C   ,  



(6)






   n  i j   =    x  i j      x  S I j     ,   i f   j ∈ B   ,  



(7)




where xij и xSIj—elements of the matrix X.








	
Step 4. Determination of the weighted matrix V.










  V =    [   v  i j    ]    m × n   ,   i = 1 , 2 , … , m ;   j = 1 , 2 , … , n   ,  



(8)






   v  i j   =  n  i j   ×  w j    ,  



(9)






    ∑  j = 1  n    w j    = 1   ,    



(10)




where wj is the weight of the Cj criterion and is determined by one of the weight methods. The authors used the fuzzy AHP method to calculate wj.








	
Step 5. Computation of the utility degree Ki of strategies.










   K i −  =   S  V i    S  V  S A I       ,  



(11)






   K i +  =   S  V i     S  S I       ,  



(12)




where    K i −   —the utility degree in relation to the anti-ideal strategy,    K i +   —the utility degree in relation to the ideal strategy, SVi—the sum of the elements of the matrix V by rows.


  S  V i  =   ∑  j = 1  n    v  i j     ,     i = 1 , 2 , … , m   ,  



(13)






  S  V  S A I   =   ∑  j = 1  n    v  S A I j     ,      



(14)






  S  V  S I   =   ∑  j = 1  n    v  S I j       .  



(15)












	
Step 6. Determination of the strategies utility function f(Ki).










  f (  K i  ) =    K i +  +  K i −    1 +   1 − f (  K i +  )   f (  K i +  )   +   1 − f (  K i −  )   f (  K i −  )       ,  



(16)




where f(   K i −   )—utility function in relation to the anti-ideal strategy (SAI),   f (  K i −  )  —utility function in relation to the ideal strategy (SI).


  f (  K i −  ) =    K i +     K i +  +  K i −      ,  



(17)






  f (  K i +  ) =    K i −     K i +  +  K i −      .  



(18)












	
Step 7. Strategies ranging.








The ranking of alternatives is based on the final values of the utility functions f(Ki). The best alternative is the one with the maximum value of the utility function.





4. Case Study


4.1. Initial Data


We chose the Malyi Kuibas iron ore open pit for the case study. Our choice is due to the following considerations. Firstly, the depth of the open pit has approached the mark of 190 m, which makes the option of switching to an open underground method effective. In addition, the stripping ratio increased by 2.2 times, which reduced the efficiency of the open pit due to the high cost of transporting rock mass by road. Finally, this open pit provides up to 15% of the needs for ore raw materials of one of the world’s largest metallurgical enterprises—the Magnitogorsk Iron and Steel Works [83]. The Malyi Kuibas deposit began to be developed by open-pit mining in 1973 after the mine closure of the nearby Magnitnaya Gora deposit.



Various researchers have proposed different strategies for the development of this open pit’s MTS [84,85]. We found that all the strategies we suggested (Table 6) were considered at different times. In addition, we found that for all the strategies under consideration, one of the most complex and multivariate tasks is the selection of an OOS. Thus, in this study, we evaluated all four possible strategies for the sustainable development of the mining and technical system of the Malyi Kuibas open pit. We used the system of OOS parameters and indicators (Table 7) to carry out the assessment.



The quantitative values of the indicators C2.2, C3.1, C3.2, C3.3, C4.1, C4.2, C4.3, C5.1, C5.2, C5.3, C6.1, C6.2, C7.1 were calculated using known methods [84,85]. Qualitative indicators C1.1, C1.2, C2.3, C2.4, C7.2, C7.3, C8.1, C8.2 were evaluated by a group of experts using a five-point scale [6]. The best value of the wound indicator is 5 points; the worst is 1 point; and 2, 3, 4 are intermediate results.



The expert group included 10 academician experts with a weighted average of 25.4 years and 9 mining industry representatives with a weighted average of 9.5 years (Table 8).



The results of calculations and assessments of the indicators of the Malyi Kuibas open pit’s MTS for each strategy are presented in Table 9.



We adopted the weight of parameters and indicators of sustainable development of the MTS based on our previous study [6]. Weighting coefficients of indicators C1.1–C8.2 were calculated separately for academician experts, mining industry experts (Table 8), and in general (Table 10).




4.2. Strategy Selection Results


The multicriteria model for selecting a strategy for the MTS’s sustainable development in the case study includes 23 criteria (C1.1–C8.2, Table 10) and four alternative strategies (S1–S4, Table 6). To select a strategy in accordance with the MARCOS methodology (Section 3.3), it is first necessary to form an extended initial decision matrix (Figure 2, Stage 6). Variable SI values show ideal solutions, and SAI values show anti-ideal solutions (Table 11).



The results of the decision matrix normalization are presented in Table 12.



The weighted normalized decision matrix (Table 13) is the result of multiplying the normalized matrix by the criteria weights calculated using the fuzzy AHP method (Table 10).



The results of calculating the values of the utility function f(K) and ranking alternatives (strategies) are presented in Table 14. The values of the utility function, in accordance with the MARCOS method (Section 3.3), are calculated based on the assessment of the utility of each i-th alternative relative to the anti-ideal solution (   K i −   ) and to the ideal solution (   K i +   ).



The results of the MARCOS method showed the similarity of opinions of academician experts and mining industry experts. All experts for the existing conditions preferred strategy S4—mine closure. We adopted this strategy as a preliminary one and assessed the sensitivity of the result obtained.



We did not accurately evaluate the effectiveness of the selected strategy (Stages 7 and 8, Figure 2) in this study. Nevertheless, we explain the result by the influence of the following most significant factors. Firstly, the Malyi Kuibas iron ore open pit provides raw materials to no more than 15% of the nearest consumer needs—iron and steel works. The rest of the demand is provided by supplies from other mining enterprises located more than 300 km away. Secondly, the profitability of mining is constantly decreasing with deepening of the open pit and the deterioration of mining and geological conditions. On the other hand, the value of the open-pit space increases for the placement of metallurgical waste in it and the improvement in environmental performance. Thus, we explain the selection of strategy S4—mine closure by the strong combined influence of economic criteria (Operating cost, C6.2 = 0.0374; Total income, C6.3 = 0.1958) and environmental criteria (Air pollution, C8.1 = 0.0338; Quantity of waste, C8.2 = 0.0189).




4.3. Sensitivity Analysis


We performed sensitivity analysis of the obtained results in three ways. We evaluated the following values.



	
Consistency with the results of various MCDM methods by Spearman’s rank correlation coefficient (SCC). We used nine known MCDM methods: SAW [73], TOPSIS [74], COPRAS [75], MOORA [76], ARAS [77], WASPAS [78], MAIRCA [79], EDAS [80], MABAC [81].



	
Deviations from the results of the scenarios in which the weights of the criteria were changed. We created new scenarios by excluding criteria with the highest and lowest weights.



	
Deviations from the results of scenarios in which the set of alternatives was changed by gradually eliminating the worst alternatives.






The results of a comparative analysis of the MARCOS method with other MCDMs are presented in Figure 3.



We explain the slight discrepancy in the rank in the S1-S4 strategies by the difference in algorithms and methods for normalizing the original decision matrix and data aggregation in different MCDMs. We assessed the significance of these deviations by Spearman’s rank correlation coefficient.



The calculation and analysis of SCC showed a strong consistency between the results of ranking the studied strategies by various MCDMs (Table 15). The average correlation coefficient was 0.996 for averaged weights, 0.988 for academician experts, and 0.997 for mining industry experts.



We identified the following scenarios to evaluate the impact of changing criteria weights on ranking results.



In the first scenario, Scen_1, the weight of all criteria is the same and equals 0.04348.



We excluded the criteria with the lowest weight and proportionally changed the weights of the remaining criteria in scenarios Scen_2–Scen_4. The excluded criterion for the total criteria weights is C1.1 = 0.00085 (Scen_2), for mining industry experts—C2.3 = 0.00038 (Scen_3), and for academician experts—C1.1 = 0.00475 (Scen_4).



We excluded the criteria with the highest weight and proportionally changed the weights of the remaining criteria in scenarios Scen_5–Scen_7. The criterion C6.3 = 0.1958 has the highest weight for all groups of experts.



The results of the sensitivity assessment for scenarios Scen_1–Scen_7 are shown in Figure 4.



We then assessed the sensitivity of the results by gradually decreasing by 10% the value of the criterion with the highest weight C6.3. The results of the analysis of scenarios Sc0–Sc11 formed in this way are presented in Figure 5.



The results of the sensitivity analysis show that alternatives S4 and S3 are the most stable. In all scenarios, their ranks are 1 and 2, respectively. The ranks of the alternatives S2 and S1 are the least stable. In scenarios Scen_3 and Scen_6, their ranks were reversed.



Finally, we evaluated the sensitivity of the constructed multicriteria model by constructing dynamic decision matrices [72], obtained as a result of gradually excluding the worst alternatives from the model and ranking the remaining alternatives. Thus, we formed four scenarios (Scenario 1—Scenario 4) by gradually eliminating strategies in the following order, S2 → S1 → S3. The results of the ranking of strategies by the MARCOS method with a gradual exclusion from consideration of the worst scenarios are shown in Figure 6.



As seen in Figure 6, excluding the worst-ranked strategy does not affect either the rank of the best strategy or the ranks of the remaining strategies in each reordered matrix.



The results of the sensitivity analysis of the constructed multicriteria fuzzy AHP–MARCOS model prove the stability of the ranks of the studied MTS’s sustainable development strategies in various conditions. This confirms the reliability and accuracy of the ranking of the selected strategies. The S4—mine closure strategy remains the best in all scenarios considered.





5. Conclusions


The problem of choosing or changing the development strategy arises for the management of mining enterprises developing steeply dipping deposits as the depth of production increases. Almost 60% of the 107 enterprises we analyzed are mining at depths of 200 m to 1000 m, which exacerbates the issue of selecting a mining method. Currently, more than 36% of such enterprises use the open mining method. Nevertheless, depending on the specific conditions, the management of the mining enterprise decides to switch to underground or combined open–underground methods. Practice shows that the result of the decision is not the sustainable development of the mining enterprise in all cases. The reason for this is the neglect of numerous factors that influence and determine the stability of a complex mining and technical system and its main subsystem—the opening-up of an opencast system.



We found that the opening-up of opencast system indicators have the greatest impact on the performance of the mining and technical system. This is explained by the fact that the costs of creating transport access to resources and transporting rock mass account for up to 70% of operating costs and up to half of capital costs. In addition, up to half of the number of working personnel and quarry equipment are involved in ensuring the functioning of the opening-up of an opencast system. Finally, this process has the greatest impact on the environment.



We proposed to assess the impact of opening-up of an opencast system on the sustainable development of the mining and technical system and the mining enterprise using a three-level system of factors and indicators. The first level of the hierarchy is focused on an enlarged assessment of the interaction of the opening-up of an opencast system with the external environment and includes five groups of sustainable development factors—technical, technological, economic, social, and environmental. The second level of the hierarchy is a system of criteria for assessing the sustainable development of the opening-up of an opencast system and contains eight criteria. Finally, the third level of the hierarchy is formed by twenty-three specific indicators that allow assessing the achievement of the criteria of the second level.



We proposed to use the developed hierarchical system of indicators to evaluate and select a sustainable development strategy for the mining and technical system. We explored four main strategies: adjustment of the current stage mining indicators, transition to a new stage of mining, transition to a combined open–underground mining, and mine closure.



The methodology developed by the authors for the multicriteria choice of a strategy for sustainable development of the mining and technical system using the proposed hierarchical system of factors, criteria, and indicators is described in detail in the article. Given the inconsistency of the evaluation criteria, it was decided that it would be expedient to use multicriteria methods for making decisions to select an alternative strategy. In the study, we used the combined fuzzy AHP–MARCOS method.



A case study on the choice of a sustainable development strategy was carried out for the Malyi Kuibas iron ore open pit. The result of applying the developed methodology was the ranking of strategies. It was established that the most preferred alternative in the current conditions is the “Mine closure” strategy. This is followed by the strategies “Transition to a combined open–underground mining” and “Adjustment of the current stage mining indicators”. The least effective strategy is “Adjustment of the current stage mining indicators”. We explain such a priority of strategies by a decrease in the volume and profitability of rock mass mining. In addition, the depth of the open pit is increasing and the value of this mined-out space for the disposal of waste from the nearby iron and steel works increases.



We assessed the sensitivity of the results obtained by comparing the results of the main MARCOS multicriteria method with the results of nine other multicriteria methods. Spearman’s correlation coefficient of the results of various methods was 0.991. We also proved the reliability of the results obtained by evaluating the influence of the criteria weights, as well as the composition of strategies.



We propose to use the presented hierarchical system of factors and indicators, as well as the developed methodology for using multicriteria methods to select a strategy for the sustainable development of the mining and technical system and its main subsystem—opening-up of an opencast system.



Future research involves the development of a combined multiattribute and multiobjective (MADM–MODM) method for choosing an optimal sequence of sustainable development strategies for a mining enterprise throughout its entire life cycle.
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Appendix A. Mining Depths and Mined Mineral Resources
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Table A1. Mining enterprises with open–underground mining.






Table A1. Mining enterprises with open–underground mining.





	No. (According to Figure 1)
	Mined Mineral Resources
	Country
	Open Pit Depth When Transition to a Combined Open–Underground Mining
	Underground Mine Depth





	1
	Copper
	Australia
	156 m
	570 m



	2
	Polymetallic
	Australia
	158 m
	300 m



	3
	Silver, Lead, Zinc
	Australia
	90 m
	850 m



	4
	Iron
	Austria
	682 m
	ND



	5
	Copper, Cobalt
	Congo
	168 m
	618 m



	6
	Iron
	Russia
	300 m
	ND



	7
	Niobium, Feldspar, Vermiculite
	Russia
	60 m
	ND



	8
	Copper
	Kazakhstan
	210 m
	ND



	9
	Copper, Lead, Zinc
	Kazakhstan
	200 m
	ND



	10
	Nickel, Copper
	Russia
	153 m
	ND



	11
	Uranium
	Russia
	256 m
	ND



	12
	Iron, Manganese
	Kazakhstan
	258 m
	ND



	13
	Tungsten, Molybdenum
	Russia
	300 m
	ND



	14
	Copper
	Kazakhstan
	305–435 m
	ND



	15
	Copper
	Russia
	330 m
	1230 m



	16
	Copper
	Russia
	336 m
	650 m



	17
	Copper
	Russia
	500 m
	ND



	18
	Diamonds
	Russia
	525 m
	680 m
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Table A2. Mining enterprises with underground mining.






Table A2. Mining enterprises with underground mining.





	No. (According to Figure 1)
	Mined Mineral Resources
	Country
	Underground Mine Depth





	19
	Diamonds
	Russia
	600 m



	20
	Diamonds
	Russia
	525 m



	21
	Copper
	Russia
	2056 m



	22
	Copper
	Russia
	1600 m



	23
	Chromite
	Russia
	360 m



	24
	Iron
	Russia
	900 m



	25
	Copper
	Russia
	635 m



	26
	Platinum, Gold, Silver, Selenium
	Russia
	540 m



	27
	Gold
	Russia
	850 m



	28
	Gold
	South Africa
	2055 m



	29
	Gold
	Russia
	364 m



	30
	Gold
	Russia
	612 m



	31
	Gold
	South Africa
	2055 m



	32
	Gold
	South Africa
	3420 m



	33
	Copper, Gold, Uranium
	Australia
	1000 m



	34
	Diamonds
	Russia
	640 m



	35
	Diamonds
	Canada
	525 m



	36
	Diamonds
	Botswana
	850 m



	37
	Copper, Nickel
	Russia
	3500 m



	38
	Coal
	China
	1100 m



	39
	Coal
	China
	1159 m



	40
	Coal
	China
	1008 m



	41
	Coal
	China
	1501 m



	42
	Copper
	China
	1300 m



	43
	Copper
	China
	1300 m



	44
	Copper
	China
	1300 m



	45
	Copper
	China
	1600 m



	46
	Gold
	South Africa
	4350 m



	47
	Copper, Zinc
	Canada
	2800 m
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Table A3. Mining enterprises with open mining.






Table A3. Mining enterprises with open mining.





	No. (According to Figure 1)
	Mined Mineral Resources
	Country
	Current Depth
	Design Depth/Prospect Depth





	48
	Polymetallic
	Australia
	500 m
	ND



	49
	Copper
	Zambia
	235 m
	ND



	50
	Diamonds
	South Africa
	240 m
	ND



	51
	Diamonds
	South Africa
	423 m
	ND



	52
	Iron
	Canada
	45 m
	ND



	53
	Polymetallic
	Canada
	120 m
	ND



	54
	Polymetallic
	Canada
	200 m
	ND



	55
	Polymetallic
	Canada
	231 m
	ND



	56
	Copper
	Canada
	84 m
	ND



	57
	Polymetallic
	Ireland
	120 m
	ND



	58
	Polymetallic
	Spain
	236 m
	ND



	59
	Uranium
	France
	150 m
	ND



	60
	Iron
	Sweden
	70 m
	ND



	61
	Iron
	USA
	210 m
	ND



	62
	Gold
	Australia
	150 m
	ND



	63
	Copper, Gold, Silver
	Finland
	120 m
	ND



	64
	Mica
	Russia
	72 m
	ND



	65
	Gold
	Russia
	124 m
	ND



	66
	Asperolite
	Russia
	30–95 m
	ND



	67
	Iron
	Russia
	200 m
	ND



	68
	Iron
	Russia
	140 m
	ND



	69
	Iron
	Russia
	110 m
	ND



	70
	Copper
	Russia
	135 m
	ND



	71
	Iron, Asperolite
	Russia
	270 m
	660/860 m



	72
	Diamonds
	Russia
	600 m
	630 m



	73
	Gold
	Russia
	240 m
	312/600 m



	74
	Copper, Molybdenum, Gold
	USA
	1200 m
	ND



	75
	Copper
	Chile
	1100 m
	ND



	76
	Copper
	Chile
	645 m
	ND



	77
	Copper
	Chile
	525 m
	ND



	78
	Diamonds
	Russia
	630 m
	ND



	79
	Gold
	Uzbekistan
	610 m
	650/1000 m



	80
	Gold
	Australia
	600 m
	ND



	81
	Gold, Copper
	Indonesia
	550 m
	ND



	82
	Gold
	USA
	500 m
	ND



	83
	Iron
	China
	500 m
	ND



	84
	Copper
	Sweden
	430 m
	ND



	85
	Gold
	Australia
	762 m
	ND



	86
	Gold
	Kyrgyzstan
	510 m
	650 m



	87
	Diamonds
	Russia
	320 m
	630 m



	88
	Lead, Zinc
	Russia
	130 m
	720 m



	89
	Gold
	Russia
	450 m
	710/830 m



	90
	Gold
	Russia
	260 m
	350 m



	91
	Iron
	Russia
	442 m
	767 m



	92
	Iron
	Russia
	412 m
	600 m



	93
	Iron
	Russia
	350 m
	400 m



	94
	Iron
	Russia
	250 m
	310/370 m



	95
	Chrysotile
	Russia
	245 m
	390 m



	96
	Chrysotile
	Kazakhstan
	290 m
	634 m



	97
	Copper
	Russia
	210 m
	358/538 m



	98
	Copper
	Russia
	100 m
	540 m



	99
	Copper
	Russia
	-
	950 m



	100
	Copper
	Russia
	-
	700 m



	101
	Diamonds
	Russia
	525 m
	525 m



	102
	Diamonds
	Russia
	335 m
	330 m



	103
	Diamonds
	Russia
	315 m
	315 m



	104
	Diamonds
	Russia
	435 m
	435 m



	105
	Diamonds
	Russia
	428 m
	460 m



	106
	Diamonds
	Russia
	410 m
	562 m



	107
	Diamonds
	Russia
	158 m
	580 m
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Figure 1. Depth distribution of mining methods for various mining enterprises. 
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Figure 2. Methodology for the selection of the MTS sustainable development strategy based on fuzzy AHP–MARCOS combined method. 
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Figure 3. Comparison of the MARCOS method with other MCDMs. 
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Figure 4. Results of ranking strategies by the MARCOS method, considering the change in the weight of the criteria. 
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Figure 5. Results of ranking strategies by the MARCOS method, considering the gradual decrease in the weight of criterion C6.3. 
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Figure 6. Effects of dynamic decision matrices in MARCOS method. 
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Table 1. Systematization of factors for the MTS’s sustainable development selection strategy.
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	Group of Factors
	Group Composition and Factor Studies





	Technical
	Technical and economic factors [52]

Production capacity [26]

Technical equipment of the enterprise [45]

Mode of transport [49]

Robotic transport [50]



	Technological
	Development depth [33]

Operational management [37]

Planning and design, mining and mineral processing [39]

Advanced technologies [40]

Energy efficiency [44,46]

Ore loss and dilution [44]

Production capacity, technical and technological capabilities of the enterprise [45]

Rational planning of dump trucks [47]

Changing the type of energy consumed by dump trucks [48]



	Economic
	Economic efficiency [11]

Economic [37]

Marketing [43]

Capital and operating expenses, discount rate, investments, depreciation [38]

Economic attractiveness [40]

Payback period, availability of raw materials, forecast of raw material dependence [45]



	Social
	Work safety [11,26]

Social issues and human factors [37]

The reputation of the mining industry from a stakeholder perspective [38]

Psychological factors [44]

Social aspects, risks [45]

Government factors [43]



	Environmental
	Impact on the environment [11]

Environmental influence [37]

Mining clean production system [39]

Hydrology and groundwater conditions [33]
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Table 2. Systematization of the application of MCDM in MTS subsystems.
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MTS

Subsystem

	
Research Area

	
MCDM

	
Source






	
Control

	
Decision support system for analyzing challenges and pathways to promote green and climate smart mining

	
FDEMATEL-FAHP-FTOPSIS

	
[62]




	
Ranking the sustainable development of the mining and mineral industry strategies

	
FAHP-FTOPSIS

	
[63]




	
Economic

	
Support of mining investment choice decisions

	
AHP

	
[64]




	
Prioritizing mining strategies

	
ANP-VIKOR

	
[42]




	
Ranking the strategies of mining sector

	
ANP-TOPSIS

	
[41]




	
Technological

	
Open-pit mining cut-off grade strategy selection

	
MODM

	
[65]




	
Emerging technology adoption strategy (roadmap) selection in surface mines

	
AHP-PROMETHEE

	
[66]




	
Technical

	
Maintenance strategy selection in mining design

	
FAHP-COPRAS

	
[67]




	
Maintenance strategy for equipment selection in mining industry

	
ANP

	
[68]




	
Selecting maintenance strategy in mining industry

	
ANP-TOPSIS

	
[69]




	
Transport

	
Green supply chains management in mining industry

	
AHP

	
[70]




	
Ecological

	
Green and climate-smart mining

	
FAHP

	
[29]
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Table 3. Characteristics of the used multicriteria decision-making methods.






Table 3. Characteristics of the used multicriteria decision-making methods.





	MCDM
	Brief Description, the Method Main Idea
	Calculations Complexity





	SAW (Simple Additive Weighting) [73]
	Scoring of each alternative for each criterion, using the weighted sum of the scores
	Low



	TOPSIS (Technique for the Order of Preference by Similarity to Ideal Solution) [74]
	Choosing the alternative that is closest to the positive ideal solution and furthest from the negative ideal solution.
	Average



	COPRAS (COmplex Proportional Assessment) [75]
	Choosing the best alternative, considering both the best and the worst solutions
	Low



	MOORA (Multiobjective Optimization on the Basis of Ratio Analysis) [76]
	Comparison of the score of each alternative with the square root of the sum of squares of the scores of each alternative for each goal. Benefit and cost criteria are used to rank alternatives
	Low



	ARAS (Additive Ratio Assessment) [77]
	Comparison of the value of the utility function of each alternative with the value of the utility function of the optimal alternative
	Average



	WASPAS (Weighted Aggregated Sum Product Assessment) [78]
	Combining a weighted sum model (WSM) and a weighted product model (WPM) to determine a joint generalized criterion for weighted aggregation of additive and multiplicative methods for each alternative
	Low



	MAIRCA (MultiAttributive Ideal-Real Comparative Analysis) [79]
	Estimating the gap between ideal and empirical estimates; the best alternative is the one with the smallest gap value
	Average



	EDAS (The Evaluation based on Distance from Average Solution) [80]
	Evaluation and ranking of alternatives based on the calculation of positive and negative distances from the mean
	Average



	MABAC (MultiAttributive Border Approximation Area Comparison) [81]
	Evaluation and ranking of alternatives based on the calculation of distances between alternatives and the border of the approximation area
	Low
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Table 4. Distribution of ME by mining depth.
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Depth

	
Mining Methods

	
Total




	
Open Mining

	
Underground Mining

	
Combined Open–Underground Mining




	
Number of ME

	
Share of the Total Number of ME

	
Share of ME Operating at This Depth

	
Number of ME

	
Share of the Total Number of ME

	
Share of ME Operating at This Depth

	
Number of ME

	
Share of the Total Number of ME

	
Share of ME Operating at This Depth

	
Number of ME

	
Share of the Total Number of ME






	
Up to 200 m

	
19

	
17.8%

	
73.1%

	
-

	
-

	
-

	
7

	
6.5%

	
26.9%

	
26

	
24.3%




	
200–1000 m

	
39

	
36.4%

	
61.9%

	
13

	
12.2%

	
20.6%

	
11

	
10.3%

	
17.5%

	
63

	
58.9%




	
Over 1000 m

	
2

	
1.9%

	
11.1%

	
16

	
14.9%

	
88.9%

	
-

	
-

	

	
18

	
16.8%




	
Total

	
60

	
56.1%

	

	
29

	
27.1%

	

	
18

	
16.8%

	

	
107

	
100%
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Table 5. Features of strategies for the MTS’s sustainable development.
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	Strategy
	Brief Description
	Schematic Diagram





	Adjustment of the current-stage mining indicators
	Design decisions do not change. In most cases, the composition of equipment—in particular, excavators or vehicles—is changed.
	 [image: Sustainability 14 08003 i001]



	Transition to a new stage of mining
	Involvement in the development of additional mineral reserves.

Design decisions change, for example, the contours of an open-pit change in depth and in plan.

Appropriate changes in equipment and technology are being made.
	 [image: Sustainability 14 08003 i002]



	Transition to a combined open–underground mining
	Construction of an underground mine, which will jointly operate with an open pit.
	 [image: Sustainability 14 08003 i003]



	Mine closure
	Temporary or complete cessation of mining. Placement of waste in worked-out open pit.
	 [image: Sustainability 14 08003 i004]







Note: 1—open pit outline at the time of completion of the mining indicators adjustment strategy; 2—open pit outline at the time of completion of the transition to a new stage of mining strategy; 3—ore; 4—ramps; 5—conveyor; 6—underground shaft; 7—underground decline; 8—industrial waste.
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Table 6. Systematization of the MTS sustainable development strategies consequences.






Table 6. Systematization of the MTS sustainable development strategies consequences.





	
Strategy

	
Groups of

Factors

	
Consequences of Strategy Selection




	
Positive

	
Negative






	
Adjustment of the current stage mining parameters (S1)

	
Technical

	
More modern and high-performance equipment is being introduced

	
The need to set up work with equipment in related processes




	
Technological

	
Ability to switch from road transport to cyclical-flow technology

	
The need to bring the parameters of the working area and transport communications in line with the parameters of the new equipment




	
Economic

	
Ability to increase productivity in terms of ore and receive additional profit.

Reduction of costs for some processes

	
Additional capital costs for the purchase of equipment

Temporary decline in productivity and income




	
Social

	
More comfortable and safe working conditions for personnel on new equipment

	
The need to train staff to work on new equipment




	
Environmental

	
New equipment may have a lower environmental impact

	
The volume of waste generation remains large




	
Transition to a new stage of mining (S2)

	
Technical

	
More modern and high-performance equipment is being introduced

	
Additional transshipment points with complex equipment appear

The need to set up work with equipment in related processes




	
Technological

	
Ability to switch from road transport to cyclical-flow technology

	
The need to bring the parameters of the working area and transport communications in line with the parameters of the new equipment




	
Economic

	
Ability to increase productivity in terms of ore and receive additional profit.

Reduction of costs for some processes

	
Additional capital costs for the purchase of equipment and cutback.

The transition to new technology and new open-pit contours can lead to a temporary decrease in the productivity and income




	
Social

	
More comfortable and safe working conditions for personnel on new equipment.

Workplace retention throughout the mining stage

	
Deterioration in working conditions with an increase in the depth of an open pit




	
Environmental

	
New equipment may have a lower environmental impact

	
An increase in the volume of overburden and additional alienation of land for the placement of open-pit facilities




	
Transition to a combined open–underground mining (S3)

	
Technical

	
The possibility of using the equipment of open-pit and underground mines for joint work at the deposit

	
The organization of work and maintenance of equipment is becoming more complicated due to the increase in the number of types and models of equipment




	
Technological

	
Ability to use a common opening-up of an opencast system.

Delivery to the surface of the rock in the most efficient way, using communications and equipment of an open-pit and underground mine

	
The technology is becoming more complicated, the threat of negative mutual influence of open and underground mining




	
Economic

	
Extending the life of the mine and, consequently, longer periods of receipt of income from mining.

Possible increase in ore productivity and income

	
Significant capital costs for the construction of an underground mine




	
Social

	
Higher wages compared with open-pit mining

	
The need for retraining of personnel, the dismissal of part of the staff, and the hiring of personnel with new competencies

More difficult and dangerous working conditions




	
Environmental

	
Reducing the volume of waste generation, reducing the land withdrawn for the placement of ME

	
Possible formation of failures of the Earth’s surface




	
Mine closure (S4)

	
Technical

	
Reducing the amount of equipment

Sale of equipment at residual value

	
Conservation of the remaining equipment




	
Technological

	
A simple technology for backfilling waste into an open pit

	
Difficulty in generating maps for the disposal of hazardous waste




	
Economic

	
Reducing operating costs

	
Termination of income




	
Social

	
Improving the living conditions in nearby settlements

	
Dismissal of workers

Reduction of economic support for adjacent settlements




	
Environmental

	
Reduction of all types of negative impact on the environment.

Reclamation of disturbed territories

	
Sites to start waste disposal may not be available
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Table 7. System of parameters and indicators for evaluating the opening-up of an opencast system.
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Groups of Factors

	
Groups of Parameters

	
Parameters and Indicators

	
Description

	
Goal






	
Technical

	
Mining transport (C1)

	
Mono transport (C1.1)

	
Only road transport

	
min




	
Combined transport (C1.2)

	
Combination of road transport and open-pit lifts

	
max




	
Technological

	
Performance of mining transport (C2)

	
Number of transport vehicles (C2.1)

	
Simultaneously operating transport equipment

	
min




	
Performance of mining transport (C2.2)

	
The volume of rock mass transported during the year

	
max




	
Number of transshipment points in open pit (C2.3)

	
Transshipment points of rock mass from road transport to open-pit lifts

	
min




	
Performance transshipment points in open pit (C2.4)

	
The volume of rock mass that can be transshipped from one mode of transport to another at one transshipment point

	
max




	
Transport work (C3)

	
Transportation route length (C3.1)

	
The average length of transport communications from the loading to unloading points of the rock mass

	
min




	
Height of rock mass transportation (C3.2)

	
Elevation difference between the points of loading and unloading of the rock mass

	
min




	
Traffic volume (C3.3)

	
Annual productivity of an open pit in terms of rock mass

	
min




	
Volume of opening-up of an opencast (C4)

	
Height of opening-up (C4.1)

	
Elevation difference between current and estimated open-pit bottom marks

	
min




	
Width of opening-up (C4.2)

	
Open-pit mining trench bottom width (cross-sectional area of the trench)

	
min




	
Length of opening-up (road slope) (C4.3)

	
Open-pit mining trench length (trench slope value)

	
min




	
Economic

	
Useful life of opening-up of an opencast (C5)

	
The duration of formation opening-up of an opencast (C5.1)

	
A new OOS’s duration of the formation

	
min




	
Mine period (C5.2)

	
Duration of field development under the project

	
max




	
Number of mine periods (C5.3)

	
Number of mine periods during which the designed OOS can be used

	
max




	
Economic efficiency (C6)

	
Capital cost (C6.1)

	
The cost of creating a new OOS (equipment, header, etc.)

	
min




	
Operating cost (C6.2)

	
OOS operating costs

	
min




	
Total income (C6.3)

	
Income, including additional income as a result of the implementation of decisions made

	
max




	
Social

	
Social efficiency (C7)

	
Working efficiency (C7.1)

	
Labor productivity

	
max




	
Staff working conditions (C7.2)

	
A comprehensive indicator that characterizes the ergonomics of workplaces, safety, and impact of a decision on working conditions

	
max




	
Level of automation and robotization of the transportation process (C7.3)

	
An indicator characterizing the possibilities of automating the transportation process for a new OOS

	
max




	
Environmental

	
Environmental efficiency (C8)

	
Air pollution (C8.1)

	
Emissions of pollutants from transport

	
min




	
Quantity of waste (C8.2)

	
The volume of waste generated by the new OOS (overburden, production waste)

	
min
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Table 8. Information about experts.






Table 8. Information about experts.





	
No.

	
Academic Degree

	
Number of Experts

	
Expert Science Interests

	
Work Experience in the Field of Research, Years






	
Academic experts




	
1

	
Doctor (Technical Sciences), Professor

	
2

	
Geotechnology, Design of mining systems

	
41




	
2

	
Industrial transport, Logistics

	
34




	
2

	
PhD (Technical Sciences), Assistant professor

	
4

	
Geotechnology, Design of mining systems

	
16.5




	
2

	
Industrial transport, Logistics, Geotechnology

	
19




	
Mining industry experts




	
3

	
Senior leadership, PhD (Technical Sciences)

	
1

	
Iron ore mining

	
15




	
4

	
Top management

	
3

	
Copper ore mining

	
5–9




	
5

	
Top management, Senior leadership

	
3

	
Diamond and other mineral mining

	
7–10




	
6

	
Top management, Senior leadership

	
2

	
Mine design, Automation of mining operations

	
10–14
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Table 9. Indicators of the MTS development strategies for the Malyi Kuibas open pit *.






Table 9. Indicators of the MTS development strategies for the Malyi Kuibas open pit *.





	
Indicators

	
MTS Development Strategies




	
S1

	
S2

	
S3

	
S4






	
Mono transport (C1.1)

	
4.08

	
3.95

	
1.89

	
3.44




	
Combined transport (C1.2)

	
1.74

	
2.7

	
4.32

	
2.76




	
Number of transport vehicles (C2.1), units

	
47

	
55

	
5

	
2




	
Performance of mining transport (C2.2), million tons/year

	
0.48

	
0.53

	
0.32

	
0.7




	
Number of transshipment points in open pit (C2.3), pcs

	
2.64

	
2.99

	
3.98

	
1.38




	
Performance transshipment points in open pit (C2.4)

	
2.76

	
2.61

	
4.13

	
1.82




	
Transportation route length (C3.1), km

	
4.1

	
7.3

	
1.5

	
2.0




	
Height of rock mass transportation (C3.2), m

	
470

	
550

	
290

	
470




	
Traffic volume (C3.3), million tons/year

	
22.0

	
24.0

	
2.7

	
0.5




	
Height of opening-up (C4.1), m

	
210

	
180

	
100

	
0.1




	
Width of opening-up (C4.2), m

	
27

	
29

	
21

	
19




	
Length of opening-up (road slope) (C4.3), m

	
3400

	
2925

	
1625

	
500




	
The duration of formation opening-up of an opencast (C5.1), years

	
10

	
15

	
6

	
1




	
Mine period (C5.2), years

	
10

	
15

	
25

	
30




	
Number of mine periods (C5.3)

	
1

	
2

	
1

	
1




	
Capital cost (C6.1), million US$

	
3.794

	
23.199

	
151.029

	
0.529




	
Operating cost (C6.2), million US$/year

	
3.104

	
4.463

	
10.327

	
0.743




	
Total income (C6.3)

	
3.25

	
3.44

	
3.73

	
2.14




	
Working efficiency (C7.1)

	
3.44

	
2.83

	
4.13

	
1.52




	
Staff working conditions (C7.2)

	
3.44

	
2.3

	
2.95

	
2.09




	
Level of automation and robotization of the transportation process (C7.3)

	
2.68

	
1.64

	
3.57

	
1.78




	
Air pollution (C8.1)

	
2.22

	
3.57

	
2.61

	
1.97




	
Quantity of waste (C8.2)

	
2.49

	
1.78

	
1.89

	
1.15








* The indicators were evaluated in points, except indicators for which units are specified.
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Table 10. Weight coefficients of indicators [6].






Table 10. Weight coefficients of indicators [6].





	Indicators
	Academic Experts
	Mining Industry Experts
	Total





	Mono transport (C1.1)
	0.0047
	0.0137
	0.0085



	Combined transport (C1.2)
	0.0555
	0.1178
	0.0829



	Number of transport vehicles (C2.1)
	0.0273
	0.0268
	0.0254



	Performance of mining transport (C2.2)
	0.0497
	0.0931
	0.0708



	Number of transshipment points in pit (C2.3)
	0.0452
	0.0004
	0.0259



	Performance transshipment points in pit (C2.4)
	0.0372
	0.0647
	0.0488



	Transportation route length (C3.1)
	0.0286
	0.0493
	0.0367



	Height of rock mass transportation (C3.2)
	0.0477
	0.0324
	0.0385



	Traffic volume (C3.3)
	0.0346
	0.0540
	0.0466



	Height of opening-up (C4.1)
	0.0416
	0.0753
	0.0620



	Width of opening-up (C4.2)
	0.0125
	0.0608
	0.0315



	Length of opening-up (road slope) (C4.3)
	0.0279
	0.0263
	0.0297



	The duration of formation opening-up of an opencast (C5.1)
	0.0321
	0.0385
	0.0357



	Mine period (C5.2)
	0.0254
	0.0487
	0.0359



	Number of mine periods (C5.3)
	0.0137
	0.0435
	0.0277



	Capital cost (C6.1)
	0.0455
	0.0124
	0.0335



	Operating cost (C6.2)
	0.0350
	0.0344
	0.0374



	Total income (C6.3)
	0.1676
	0.2019
	0.1958



	Working efficiency (C7.1)
	0.0542
	0.0015
	0.0247



	Staff working conditions (C7.2)
	0.0761
	0.0019
	0.0346



	Level of automation and robotization of the transportation process (C7.3)
	0.0223
	0.0012
	0.0145



	Air pollution (C8.1)
	0.0779
	0.0008
	0.0338



	Quantity of waste (C8.2)
	0.0373
	0.0005
	0.0189
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Table 11. Extended initial decision matrix.






Table 11. Extended initial decision matrix.





	Indicators
	SAI
	S1
	S2
	S3
	S4
	SI





	C1.1
	1.89
	4.08
	3.95
	1.89
	3.44
	4.08



	C1.2
	1.74
	1.74
	2.70
	4.32
	2.76
	4.32



	C2.1
	55.00
	47.00
	55.00
	5.00
	2.00
	2.00



	C2.2
	0.32
	0.48
	0.53
	0.32
	0.70
	0.70



	C2.3
	3.98
	2.64
	2.99
	3.98
	1.38
	1.38



	C2.4
	1.82
	2.76
	2.61
	4.13
	1.82
	4.13



	C3.1
	7.30
	4.10
	7.30
	1.50
	2.00
	1.50



	C3.2
	550.00
	470.00
	550.00
	290.00
	470.00
	290.00



	C3.3
	0.50
	22.00
	24.00
	2.70
	0.50
	24.00



	C4.1
	210.00
	210.00
	180.00
	100.00
	0.10
	0.10



	C4.2
	29.00
	27.00
	29.00
	21.00
	19.00
	19.00



	C4.3
	500.00
	3400.00
	2925.00
	1625.00
	500.00
	3400.00



	C5.1
	15.00
	10.00
	15.00
	6.00
	1.00
	1.00



	C5.2
	10.00
	10.00
	15.00
	25.00
	30.00
	30.00



	C5.3
	1.00
	1.00
	2.00
	1.00
	1.00
	2.00



	C6.1
	10.33
	3.10
	4.46
	10.33
	0.74
	0.74



	C6.2
	151.03
	3.79
	23.20
	151.03
	0.53
	0.53



	C6.3
	2.14
	3.25
	3.44
	3.73
	2.14
	3.73



	C7.1
	1.52
	3.44
	2.83
	4.13
	1.52
	4.13



	C7.2
	2.09
	3.44
	2.30
	2.95
	2.09
	3.44



	C7.3
	1.64
	2.86
	1.64
	3.57
	1.78
	3.57



	C8.1
	3.13
	2.22
	3.13
	2.61
	1.97
	1.97



	C8.2
	1.89
	4.08
	3.95
	1.89
	3.44
	4.08
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Table 12. Normalized decision matrix.






Table 12. Normalized decision matrix.





	Indicators
	SAI
	S1
	S2
	S3
	S4
	SI





	C1.1
	0.463
	1.000
	0.969
	0.463
	0.843
	1.000



	C1.2
	0.403
	0.403
	0.626
	1.000
	0.639
	1.000



	C2.1
	0.036
	0.043
	0.036
	0.400
	1.000
	1.000



	C2.2
	0.457
	0.686
	0.757
	0.457
	1.000
	1.000



	C2.3
	0.347
	0.523
	0.461
	0.347
	1.000
	1.000



	C2.4
	0.441
	0.668
	0.631
	1.000
	0.441
	1.000



	C3.1
	0.205
	0.366
	0.205
	1.000
	0.750
	1.000



	C3.2
	0.527
	0.617
	0.527
	1.000
	0.617
	1.000



	C3.3
	0.021
	0.917
	1.000
	0.113
	0.021
	1.000



	C4.1
	0.000
	0.000
	0.001
	0.001
	1.000
	1.000



	C4.2
	0.655
	0.704
	0.655
	0.905
	1.000
	1.000



	C4.3
	0.147
	1.000
	0.860
	0.478
	0.147
	1.000



	C5.1
	0.067
	0.100
	0.067
	0.167
	1.000
	1.000



	C5.2
	0.333
	0.333
	0.500
	0.833
	1.000
	1.000



	C5.3
	0.500
	0.500
	1.000
	0.500
	0.500
	1.000



	C6.1
	0.004
	0.139
	0.023
	0.004
	1.000
	1.000



	C6.2
	0.072
	0.239
	0.166
	0.072
	1.000
	1.000



	C6.3
	0.574
	0.871
	0.922
	1.000
	0.574
	1.000



	C7.1
	0.367
	0.833
	0.684
	1.000
	0.367
	1.000



	C7.2
	0.608
	1.000
	0.668
	0.859
	0.608
	1.000



	C7.3
	0.461
	0.803
	0.461
	1.000
	0.500
	1.000



	C8.1
	0.631
	0.889
	0.631
	0.758
	1.000
	1.000



	C8.2
	0.251
	0.461
	0.251
	0.608
	1.000
	1.000
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Table 13. Weighted normalized decision matrix (average weight of criteria).






Table 13. Weighted normalized decision matrix (average weight of criteria).





	Indicators
	SAI
	S1
	S2
	S3
	S4
	SI





	C1.1
	0.0040
	0.0085
	0.0083
	0.0040
	0.0072
	0.0085



	C1.2
	0.0335
	0.0335
	0.0519
	0.0829
	0.0530
	0.0829



	C2.1
	0.0009
	0.0011
	0.0009
	0.0101
	0.0254
	0.0254



	C2.2
	0.0324
	0.0486
	0.0536
	0.0324
	0.0709
	0.0709



	C2.3
	0.0090
	0.0136
	0.0120
	0.0090
	0.0260
	0.0260



	C2.4
	0.0215
	0.0326
	0.0308
	0.0488
	0.0215
	0.0488



	C3.1
	0.0075
	0.0134
	0.0075
	0.0367
	0.0275
	0.0367



	C3.2
	0.0203
	0.0237
	0.0203
	0.0384
	0.0237
	0.0384



	C3.3
	0.0010
	0.0427
	0.0466
	0.0052
	0.0010
	0.0466



	C4.1
	0.00003
	0.00003
	0.00003
	0.00006
	0.0620
	0.0620



	C4.2
	0.0207
	0.0222
	0.0207
	0.0285
	0.0315
	0.0315



	C4.3
	0.0044
	0.0297
	0.0256
	0.0142
	0.0044
	0.0297



	C5.1
	0.0024
	0.0036
	0.0024
	0.0060
	0.0357
	0.0357



	C5.2
	0.0120
	0.0120
	0.0180
	0.0299
	0.0359
	0.0359



	C5.3
	0.0138
	0.0138
	0.0277
	0.0138
	0.0138
	0.0277



	C6.1
	0.0001
	0.0047
	0.0008
	0.0001
	0.0335
	0.0335



	C6.2
	0.0027
	0.0090
	0.0062
	0.0027
	0.0374
	0.0374



	C6.3
	0.1125
	0.1705
	0.1806
	0.1958
	0.1125
	0.1958



	C7.1
	0.0091
	0.0206
	0.0169
	0.0247
	0.0091
	0.0247



	C7.2
	0.0210
	0.0346
	0.0231
	0.0297
	0.0210
	0.0346



	C7.3
	0.0067
	0.0116
	0.0067
	0.0145
	0.0072
	0.0145



	C8.1
	0.0213
	0.0300
	0.0213
	0.0256
	0.0338
	0.0338



	C8.2
	0.0047
	0.0087
	0.0047
	0.0115
	0.0189
	0.0189
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Table 14. Results of MARCOS method.






Table 14. Results of MARCOS method.





	
Alternatives

	
SAI

	
K−

	
K+

	
f(K−)

	
f(K+)

	
f(K)

	
Rank






	
Academic experts




	
SAI

	
0.3759

	
1

	

	

	

	

	




	
S1

	
0.6242

	
1.6603

	
0.6242

	
0.2732

	
0.7268

	
0.5660

	
3




	
S2

	
0.5670

	
1.5083

	
0.5670

	
0.2732

	
0.7268

	
0.5142

	
4




	
S3

	
0.6766

	
1.7996

	
0.6766

	
0.2732

	
0.7268

	
0.6135

	
2




	
S4

	
0.7218

	
1.9199

	
0.7218

	
0.2732

	
0.7268

	
0.6545

	
1




	
SI

	
1.0000

	
2.6600

	
1

	

	

	

	




	
Mining industry experts




	
SAI

	
0.3601

	
1

	

	

	

	

	




	
S1

	
0.5590

	
1.5524

	
0.5590

	
0.2648

	
0.7352

	
0.5103

	
4




	
S2

	
0.6093

	
1.6922

	
0.6093

	
0.2648

	
0.7352

	
0.5563

	
3




	
S3

	
0.6762

	
1.8778

	
0.6762

	
0.2648

	
0.7352

	
0.6173

	
2




	
S4

	
0.7091

	
1.9693

	
0.7091

	
0.2648

	
0.7352

	
0.6474

	
1




	
SI

	
1.0000

	
2.7771

	
1

	

	

	

	




	
Total




	
SAI

	
0.3614

	
1

	

	

	

	

	




	
S1

	
0.5887

	
1.6289

	
0.5887

	
0.2655

	
0.7345

	
0.5371

	
3




	
S2

	
0.5865

	
1.6230

	
0.5865

	
0.2655

	
0.7345

	
0.5352

	
4




	
S3

	
0.6647

	
1.8394

	
0.6647

	
0.2655

	
0.7345

	
0.6066

	
2




	
S4

	
0.7130

	
1.9729

	
0.7130

	
0.2655

	
0.7345

	
0.6506

	
1




	
SI

	
1.0000

	
2.7671

	
1
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Table 15. Statistical correlation of ranks calculated using SCC.






Table 15. Statistical correlation of ranks calculated using SCC.





	
MCDMs

	
SAW

	
TOPSIS

	
COPRAS

	
MOORA

	
ARAS

	
WASPAS

	
MAIRCA

	
EDAS

	
MABAC

	
MARCOS

	
Average






	
SAW

	
1.000

	
1.000

	
1.000

	
0.993

	
1.000

	
1.000

	
0.993

	
1.000

	
0.993

	
1.000

	
0.998




	
TOPSIS

	
1.000

	
1.000

	
1.000

	
0.993

	
1.000

	
1.000

	
0.993

	
1.000

	
0.993

	
1.000

	
0.998




	
COPRAS

	
1.000

	
1.000

	
1.000

	
0.993

	
1.000

	
1.000

	
0.993

	
1.000

	
0.993

	
1.000

	
0.998




	
MOORA

	
0.983

	
0.983

	
0.983

	
0.976

	
0.983

	
0.983

	
0.976

	
0.983

	
0.976

	
0.983

	
0.980




	
ARAS

	
1.000

	
1.000

	
1.000

	
0.993

	
1.000

	
1.000

	
0.993

	
1.000

	
0.993

	
1.000

	
0.998




	
WASPAS

	
1.000

	
1.000

	
1.000

	
0.993

	
1.000

	
1.000

	
0.993

	
1.000

	
0.993

	
1.000

	
0.998




	
MAIRCA

	
0.993

	
0.993

	
0.993

	
1.000

	
0.993

	
0.993

	
1.000

	
0.993

	
1.000

	
0.993

	
0.995




	
EDAS

	
1.000

	
1.000

	
1.000

	
0.993

	
1.000

	
1.000

	
0.993

	
1.000

	
0.993

	
1.000

	
0.998




	
MABAC

	
0.993

	
0.993

	
0.993

	
1.000

	
0.993

	
0.993

	
1.000

	
0.993

	
1.000

	
0.993

	
0.995




	
MARCOS

	
1.000

	
1.000

	
1.000

	
0.993

	
1.000

	
1.000

	
0.993

	
1.000

	
0.993

	
1.000

	
0.998




	
Total average

	
0.996
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