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The purpose of this paper is to propose a new methodological approach to complex assessment of coal-mining enterprises basing on the evaluation of technological schemes from the viewpoint of their susceptibility to innovations. To solve the specified problems, a complex method has been used. The method involves geometrical interpretation of a task of determining boundary parameters of technological schemes, application of criteria-based estimations for determining a level of production efficiency, and use of complex index of economic re liability. For the first time, optimality criteria for innovation management in coal industry have been proposed; they take into consideration a level of organization of innovations, organization of innovative production system, and organization of innovative production process. A complex index “internal potential of technological networks” has been developed, being one of the essential parameters for evaluating coal mine conditions. It has been identified that its formation is the result of the influence of certain factors determining the underground mining efficiency and, first of all, the coal mine property—spatial development. According to the represented concept, a policy of optimal control for maintaining the operating mine capacities is based on the evaluation of remained reserves, substantiated planning of a stoping line, and correspondence of extraction equipment to the operating conditions. It is possible to increase the concentration of production by redistributing the remained reserves and integration of mines by mining operations; that makes it possible to concentrate resources within those parts of a mine field where the effect will show its maximum. Modelling of such problems is based on a system of constraints without any requirements for providing the planned mine loading, obligatory in the past. Analysis of the indices of efficiency of coal-mining technological schemes and accounting of the developed factual system of indices have helped elaborate recommendations concerning the use of optimality criteria in the organizational tasks of assessment of the potential of technological scheme of mines. Further application of graphs and network models will allow optimizing the mining production parameters. Consequently, the carried out research has resulted in a new system as for innovation management in a mining complex.
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INTRODUCTION
The mining of mineral resources is considered an important issue to natural resources management and resource-saving sustainability (Kashan et al., 2022; Koval et al., 2021; Tampubolon et al., 2021). At the same time using non-traditional and renewable energy sources are extremely important nowadays (Gawusu et al., 2022; Ostapenko et al., 2022), especially in modern terms of decarbonization (Savina et al., 2021; Vatalis et al., 2022; Ćorović et al., 2022). The energy sector of industry development needs more mineral resources for energy generation that is, mined out from Earth subsoil. At the same time, the innovative development of mining technologies is also driven by the need for saturation of the long-term demand for raw materials (IlyashovDiedich et al., 2019; Zhironkin and Cehlár, 2021).
Nowadays, fuel and energy complex of Ukraine is facing certain crises: grown prime costs, worn-out main facilities, unsatisfactory infrastructure conditions—all these negative phenomena have resulted in the uncontrolled closure of production facilities (Melnyk, 2018; Koveria et al., 2019; Dergachova et al., 2020; Petrochenko et al., 2021). The majority of enterprises have already worked out their working lifespan. Besides, today we observed inadequate technological conditions as no levels were opened in 1990s; as a result, a network of mine workings is rather long that influences the time of mineral transportation to the surface and mining prime cost. In other words, purchase of more advanced means of mechanization or improvement of mining techniques do not lead to the improved economic activity of an enterprise (Conteh and Maconachie, 2021; Rozin, 2021). There is a problem of “heritage,” i.e., general technical and economic indices depend on decision-making at all historical stages of development (Ursul et al., 2017; Haiko et al., 2019; Bazaluk, 2021; Brovender et al., 2021). There is also no scientifically substantiated system of decision making at the design stage (Dychkovskyi et al., 2018a; Kopacz et al., 2019; Dychkovskyi et al., 2020).
Decisions are usually made on the basis of previous experience (Fedorov et al., 2020; Kryshtanovych et al., 2021). In addition, crisis phenomena are stipulated by very unprofitable enterprises in the structure of associations or ministries. Currently, there is a practice when there is one effective and three-four very unprofitable mines within one association (Pavlenko et al., 2007; Dychkovskyi et al., 2013). The “effective” mine activity supports the life of the “ineffective” ones. “Effective” means totality of technical and economic indices of the company operation, in terms of which it has a breakeven production level. In the context of current paper, we analyze the mines from the viewpoint of economic effectiveness. Effectiveness is the ratio of the consumed resources to the obtained effect. Thus, we understand “effective” mine as such indices of economic activity of an enterprise, at which a breakeven production level is possible. “Ineffective” mine is the one, which costs for mineral mining are higher than the earned profit. Basing on the previous studies carried out by the authors of this paper, it has been determined that under Ukrainian conditions the breakeven production level is about 1000 thousand t/day from one production unit.
Due to military actions at the territory of Donbas, Ukraine has lost 63% of coal-mining enterprises. The companies being at the territory controlled by Ukraine are in the unsatisfactory technical and economic state: operating period of 28% of enterprises is more than 70 years; 84% of enterprises operate without any reconstruction. All that has resulted in the fact that 56% of mines are very unprofitable, 10%—rather unprofitable, 16%—unprofitable, 10%—breakeven, and 8%—profitable. State-owned enteprises bring output to the design figures only by 59.5%; private-ownership enterprises—by 80.7%. Average annual mine production is 258 thousand t/year that corresponds to the lower limit, at which uncontrolled phasedown of production facilities is observed (Petlovanyi et al., 2018; Nehrii et al., 2019; Horoshkova et al., 2020; Kobylianskyi and Mуkhalchenko, 2020).
Analysis of negative tendencies occurred in the national fuel and energy complex (Bondarenko et al., 2010; Pivniak et al., 2012; Gorova et al., 2013; Petlovanyi et al., 2018) helps conclude that currently there is no system for complex evaluation of coal mines. This situation is peculiar not only for Ukraine but also for a coal-mining complex in all countries. That is, why the indicated study is of certain interest. That is, explained by multifactor nature of the parameters that should be considered as well as by different origin and degree of influence of the parameters on the overall process efficiency. Thus, it is required to consider comprehensively the parameters and develop the approaches. Irrespective of the country, there are certain negative tendencies peculiar for a coal-mining complex. They are manifested in wear of main production assets, increasing capital costs for production, reducing costs for mineral transportation (due to growing distance between mine workings). In the long-term prospects, these tendencies result in the increased prime cost of mining and reduced labour productivity per one worker. The tendencies arisen in the country show that there is a transition to stimulation of the most efficient enterprises as there is certain lack of finances for supporting the obsolete facilities; thus, it is necessary to develop a complex methodology for evaluating the coal mine state. Innovation management of enterprises is the basis for solving these problems that will help overcome crisis phenomena (Saik et al., 2018; Petrov et al., 2021). As indicated in references (Galiyev et al., 2019; Galiyev et al., 2020; Uteshov et al., 2021) the digitalization of technological and organizational processes of mining operations due to the implementation of the installation system and accounting the key indicators is more than important.
Consequently, stabilization of the field situation requires answering several questions: What is the efficiency index of a technological scheme? What parameters determine the production efficiency? What are the criteria of optimality of innovation management for organizational tasks? How can we evaluate comprehensively the enterprise activity and transfer to the distribution of investment level? Our study is devoted to the answers for these questions. Solution of the mentioned problems will allow developing a new approach to the evaluation of the efficiency of current company conditions. Use of the research results will help carry out complex estimation of the production conditions, single out the most promising enterprises requiring state support, and identify a subsidy level. Consequently, development of a new approach to the innovation management at coal mines basing on the evaluation of technological schemes and their susceptibility to innovations is rather a topical scientific problem requiring certain solutions.
Basing on the research topicality, it is necessary to analyze main scientific papers concerning innovative activity in the sphere of mining management. It should be noted that we consider innovation management as an instrument for the increase in investment allocation efficiency, optimization of technological processes, and improvement of production reliability that is, impossible without integrated enterprise assessment. Final results of the innovation management will be represented by complex involvement of the available enterprise resources as well as growth of production efficiency from the raised investment.
Table 1 represents integrated analysis of the publications dealing with innovation management in mining industry. It should be stressed that analysis of these papers is used to identify main factors and criteria to be optimized.
TABLE 1 | Analysis of publications dealing with innovation management and influence of innovations on the mining efficiency.
[image: Table 1]Analysis of papers (Klippel et al., 2008; Milanez and Puppim de Oliveira, 2013; Bryant, 2015; Aznar-Sánchez et al., 2019; Gruenhagen and Parker, 2020; Endl et al., 2021) makes it possible to elaborate the main methodological approaches for solving a problem of effective representation of innovative activity in mining:
– key “moving forces” and factors determining the efficiency of mining production should be identified; —main constraints effecting the total production efficiency should be defined; —while studying the effect of innovations on final production efficiency, all factors should be considered holistically; —it is necessary to take into account a degree of enterprise involvedness into the regional economy as well as the relation between the enterprises, which extract the similar raw material; —one should propose a comprehensive method for estimating the coal enterprise conditions.
It is clear that integrated and, what is more important, real assessment of the operating enterprises, is the key for effective implementation of innovations. Analyze the main approaches to the evaluation of coal enterprises (Table 2). That will help formulate the key requirements for the development of the own assessment.
TABLE 2 | Main approaches to the assessment of coal enterprises.
[image: Table 2]Conditionally, the main approaches to evaluation of coal-mining complexes are classified as for target function, i.e., end result of the method. According to it, approaches are divided into informative and optimization ones. Optimization approaches make it possible to minimize (maximize) a value of the parameter taken as the effectiveness criteria; informative approaches allow getting information on the behaviour (strategy) that results in the effectiveness growth. In other words, while applying optimization approaches, it is possible to obtain optimal solution from the viewpoint of a quantitative parameter; and while using informative approaches, it is a qualitative parameter. An optimization approach is characterized by application of quantitative criteria. An informative approach is peculiar by using estimations.
Before elaborating the requirements for decision-making instruments and moving on to the statement of the research methodology, an approach should be selected: optimization of informative one? The informative approach (MCDA, PROMETHEE, ELECTRE, VICOR) means application of evaluations. In this context, evaluation involves determination of the area of the decision being made. In other words, prior to decision making, one should identify the value of the parameter, at which decision is satisfactory (it is called a “prevailing” level). For instance, a mine will be effective, which mining indices are more than 1000 thousand t/day from one production unit. In this context, in Ukraine the mining indices are within the range of 500–3,000 t/day from one production unit. Therefore, while using the informative approach, 6 Lines 6% of the mining indices will be prevailing. Apart from that, these mining indices are characteristic only for Ukraine; in other countries they are a sequence higher (Poland—6000 thousand t/day, the USA—25 thousand t/day). Relying on the fact that the use of informative approaches does not allow getting unambiguous answer as for the operation indices and these approaches are not universal, they cannot be used for the operating enterprises. However, it should be noted that the informative methods are rather effective at the design stage. We believe that current coal-mining enterprise management should apply numerical indicators. That will help optimize the indices of production activities and make the approach universal—without relation to one specific country.
Thus, analysis of papers (Iphar and Goktan, 2006; Abdel Sabour and Dimitrakopoulos, 2011; Bakhtavar et al., 2012; Gonen et al., 2012; Betrie et al., 2013; Krzak, 2013; Hrinov and Khorolskyi, 2018; Zhang et al., 2018) has allowed formulating main requirements for the decision-making instruments:
– firstly, the indicated instruments should consider the parameters of mine working networks, operating conditions, and available constraints; —secondly, the specified instrument should be complex and dimensionless that will allow its using for a group of enterprises; —thirdly, reliability of production, i.e., ability of a coal-mining enterprise to provide the indicated production level in terms of preset constraints, is the main criterion responsible for the efficiency of innovation implementations (Khorolskyi et al., 2019); —fourthly, it is necessary to model the performance representation according to the raised investments.
Therefore, the performed analysis has helped identify that without involving of innovations, the industry is doomed to disappear. A key to overcome crisis is innovative activities in the sphere of mining production management; in its turn, that requires developing new instruments and approaches. To do that, one should elaborate complex assessment of a coal enterprise that will help identify the investment volumes and order of their financing into an enterprise. All that things form scientific and practical value of the research.
The proposed research is the first to put emphasis on the innovative activity in the process of mining production management that is, in identification of criteria and constraints concerning a solution of organizational problems. A characteristic feature of the identified approach is evaluation of a technological scheme that considers not only state of funds and operating conditions but also a level of concentration of operations and spatial development of a technological scheme. To do that, the criteria of production efficiency are developed as well as the ones of production management optimality. Solution of the mentioned problems will make it possible to propose an integral assessment of the level of coal mines and determine the level of investment allocation in terms of fuel and energy complex.
Consequently, the authors of the paper are trying to study the dependence of regularities of changes in mining growth on the innovative activity by attracting investments taking into account the level of economic reliability of a coal enterprise; that will allow developing an approach for determining the investment level for a group of mines in terms of one legal entity.
To solve the specified problem, it is necessary to:
1) Identify characteristics of production efficiency. Analysis of the efficiency indices of coal-mining technological schemes and accounting of actual system of the obtained parameters make it possible to elaborate recommendations for using optimality criteria in the organizational tasks aimed at estimating the potential of a technological scheme.
2) Propose a complex index that assesses a general level of concentration of company’s operations in space. It will be the basis for identifying optimal parameters, which common effect helps specify the boundary, up to which deterioration of technical and economic indices of mines is possible.
3) Develop a complex index for evaluating a level of raised investments that will help identify the most prospective enterprises in terms of one legal entity.
METHODOLOGY
Components of Forming the Potential of Technological Networks of Mines
Forming the potential of technological mine networks is a symbiosis of the factors of a level of concentration of mining operations, ventilation stability, and influence on the formation of company’s production flows. Each of the factors is characterized by one of the parameters: “ratio of the capacity of technological links,” “limitation of the capacity in terms of ‘ventilation’ criteria,” and “density of production flows,” respectively. Optimization of a target index “technical and economic stability of a mine’s technological network,” characterizing its potential to innovations, is the result of interaction of these factors and the second-order factors, which determine formation of several key parameters. It can be stated that the technological network stability is the ability to preserve its integrity and mission of coal product supplier and ability to function in the specified mode under uncertainty of internal and external factors, while preserving its capacity in terms of simple or expanded representation.
It is obvious that all factors influencing the level of technological network potential are synthetic, formed as a result of interaction of numerous manifestations of a natural component as well as production and economic activity of a mine. Practically all factors describing the mining-geological conditions (mostly, technological conditions of mining) depend on the specifics of mine activity and its branch belonging that stipulated the availability of not only functional relations between the factors, while forming a potential, but also the analytic ones, which are quite essential. Identification of those relations will make it possible to find out the internal components of technical potential that form immediately the technical potential of a topological mine network. Thus, one can argue that technical potential of a technological network of mines is stipulated by numerous simultaneous and interconnected factors of both first and second, third, and further orders.
Thus, we have identified that technical potential of a technological network of mines is formed by the set of parameters; and their effect on the potential should be determined by means of statistical analysis. Application of this method will help define the dependence between the technical potential index and a set of indices describing both production and economic activity of a mine. In this context, it should be pointed out that obtaining of analytical expression of the “technical potential” index requires determination of the effect of mining-geological, technological, and factorial features. That is, implemented by representing the indicated parameter in the form of integral assessment of the innovative level of a technological network of mines; approaches of optimal programming and criteria of decision-making under uncertainty are applied as the instruments.
The initial parameters forming “technical potential” are as follows: level of concentration of mining operations (L) characterizing a degree of mining concentration of the indicated mineral; labour productivity of a mining worker (P), monthly advance of a stope (longwall) (V), prime cost of mining 1t of a mineral (in our case, it is coal) (S).
To characterize a level of concentration of operations in the fields that manufacture one product type, natural indices are used. For instance, in the electric-power industry it is average specified power of electric stations in kilowatts, annual generation of electric energy—per one electric station, specific weight of electric energy generated by small and the largest electric stations—in general amount of electric energy generated by all stations per year. In our case, we mean production concentration as a level of development of production facilities of a mine. That is, a dimensionless criterion varying from 0 to 1. At value “1,” an enterprise uses its production facilities at 100%.
The “technological scheme potential” category is used mostly while considering certain regions. The increased mining and improved technical and economic indices can be reached differently: by constructing other mines and reconstructing or even closing the operating mines. For the region, the notion of “technological scheme potential” is getting its new meaning; in this case, we can speak about the development, one of which elements is modernization of some mines and concentration and intensification of production, closely connected with it.
As is known, main property of a coal mine determining all elements of its operations is its development in space. This feature is of objective nature as it is stipulated by fundamentality of coal property—its non-regenerability. The development rate is determined by human activity and depends on numerous factors, i.e., level of scientific and technical progress, but the necessity of development is natural and cannot be excluded or replaced by something, even if the technology of a production process is changed somehow.
Some definitions should be introduced:
Spatial development of mines is the change in mine working location, i.e., distancing from the central shafts along the strike and vertical lowering from the level. This parameter is necessary to describe changes of mine working configurations in all three dimensions. It should be noted that for a long time changes in configuration can take place mostly horizontally while vertically it remains the same; or it can change only in two directions.
Internal potential of a technological system is the integral index, which is the integral assessment of mine potential in terms of innovations.
Labour productivity of a worker, monthly advance of a stope, prime cost of 1t of extracted raw material were determined basing on the obtained data incoming from anthracite mines of DTEK Rovenkiantratsit PJSC, DTEK Sverdlovantratsit PJSC, Donbasantratsit SE. The time frame of the research is from 2010 up to the beginning of military actions on the East of Ukraine.
Developing an Economic and Mathematical Model of Technical Potential of a Coal Mine
Technical potential of a coal mine can be described by the equation of multiple regression (1). To construct the equation, a method of step-by-step inclusion of variables is applied:
[image: image]
where [image: image] is total integral index of the internal potential of a mine working network; L is length of mine workings and length of a stope line, m; P is labour productivity of a worker in terms of coal mining, thousand t/worker; S is prime cost of extracting 1t of mineral c.u./t; a,b,c are coefficients of multiple regression.
It is clear that reaching a maximum value depends, above all, on the ratio of values [image: image]. Besides, one should take into consideration the fact that the “technical potential” factor is maximized under conditions of limited capacity in terms of such parameters as ventilation and density of production flows, respectively. Therefore, a task of maximization of [image: image] parameter is reduced to the search for a compromise between the values of four main factors (1).
Physical sense of the proposed economic and mathematical model is reduced to the following—optimal value of a target function is possible in terms of minimal concentration of mining operations and minimal prime cost of mining; in this context, productivity and advance of a stope should reach their maximum. In other words, one should find a balance between the ratio of values [image: image] while meeting the condition (Salli et al., 2014):
[image: image]
To solve a problem (2), one should apply simulation systems that can be determined by Pareto method (Dychkovskyi et al., 2018b). There is the following feature of these systems: it is impossible to determine extremum for them, but one can find “Pareto optimum” characterizing the situation improvement (Kursunoglu and Onder, 2015).
To set the priority of influencing the parameters of production and economic mine activity, it is required to compare the obtained (factual) values of indices with the optimal indices obtained while solving a system of Eqs 1, 2. Then, the essence of implementation of economic potential of a mine is in representation of the identified optimal technological parameters of coal mines. In other words, a technological scheme of a mine becomes susceptible to innovations in terms of reaching boundary (reference) values of optimizing parameters that characterizes complete fulfilment of economic potential.
When a model for technological potential assessment is developed, it is time to determine the factors favouring the implementation of the present level. Only after that one can go on to their optimization and regulation of a technological cycle.
After that, we can move on to determining the production.
Developing a Model of Production Efficiency Evaluation at a Coal Mine
In a general case, production is considered in the form of certain number of people M, who are involved in coal mining in A volume with the preset quality (in our case, ash content) α (Salli et al., 2014) with the help of machines N, during the determined time T in terms of attracted resources in K amount, funds for remuneration for workers, and machine operation S. Moreover, to represent the parameters, it is necessary to have favourable working conditions expressed by the ratio of general working capacity of personnel ∑R to general working capacity of machines ∑q.
If the parameter depends on the operating conditions as well as on the problem purpose and if it can be optimized in this context, then it can be taken as the characteristic of coal mining efficiency (Table 3). It should be mentioned that the characteristics can be either constant or variable. If the characteristics fluctuate within some period of time, they are variable.
TABLE 3 | Characteristics of the efficiency of a coal mining process.
[image: Table 3]However, a series of clarifications while task setting should be given:
1. Number of workers, number of mining equipment, volume of material resources, working time (M, N, A, T) are the criteria that should be minimized; however, condition Qт≥Qп, should be met, i.e., the volume of extracted coal is more than the planned one. To reach that, one should save resources spent for extraction. Practically, this situation is possible when the stocks are transferred to other enterprise or when mines are united by mining operations.
2. Indices ΣR and Σq can be used as the criteria but they have no point in case of active coal mining operations.
3. Indices Qт, α, S can be applied as characteristics of production but they are cardinally different in their essence. Index of mining volumes Qт can be maximized only at the obtaining of required constraints with resources, ash content of coal, working cycle indices (technological reliability, coefficient of operation, labour safety). That is, when planning the production it is better to consider the index of planned (specified) volume of coal extraction Qпл. It should be also emphasized that coefficients of equipment use and technical reliability of equipment are better to be taken as constant values in case of a short-term period.
Coal quality is characterized by ash content, moisture, amount of harmful components (α→min). Coal quality is determined by the topology of mine workings, compliance with the extraction machines, and modes of seam occurrence. However, the practice shows that volume of commercial coal in the form of concentrate after its coming from a dressing work can be taken as the coal index. Thus, it is not always that the quality parameters can be used as substandard reserves can be mined as well.
A level of costs for production of the identified coal volume S derives from the number of workers, equipment, volumes of material resources, working time, and volume of extracted coal
[image: image]
If we set the fixed volume of extraction Q = const, then this value (3) can be used as the criterion of optimality. Nevertheless, it should be said that this parameter is hardly susceptible so it should be applied only for long-terms periods of time (a decade, a month); to solve operative problems, it is better to use derivative costs, e.g., prime cost c, then Qm≠const
[image: image]
Consequently, assessment of the coal mine potential includes analysis of technical and economic indices of operations, level of mechanization, topology of mining operations, and structure of production cycle. In this context, efficiency of a technological scheme is of deterministic nature, i.e., the general system efficiency depends on the efficiency at each production stage. Therefore, it is impossible to solve a problem of production efficiency increase without optimizing and ordering the relations at lower hierarchical levels: “stope,” “transportation system” etc.
Indices of the Formation of Optimal Technological Parameters
Up to now, the only criterion of optimality of technological parameters at coal mines was completion of the coal mining plan in a current month. Indices of fuel quality and economic indices play mostly a role of constraints. In operative tasks, completion of a changeable task or better use of equipment is the main criterion. According to the purposes of this paper, it is necessary to develop a mechanism of ratio of the quality of technological scheme of a mine relative to innovations. Thus, it is essential to consider intensity of production flows formed while coal mining. In this context, these flows often have changeable intensity, whether it is changing coal demand or reducing volumes of rock transported to the surface. Analysis of the efficiency of technological coal-mining schemes and accounting of factual system of the developed indices make it possible to elaborate recommendations for using optimality criteria in the organizational tasks for assessing the potential of a technological scheme of a mine (Table 4). To interconnect the criteria effecting at different temporary levels, corresponding constraints should be applied.
TABLE 4 | Optimality criteria in innovation management for organizational tasks.
[image: Table 4]The proposed criteria do not always allow considering some statements in strategic management, e.g., reduction of investment costs per each selected innovative project, and do not answer the question, which most efficient method can be used to move closer to the preset development goals. The criteria also do not take into account the most probable risks, which background is explained by the fact of involvement of new technologies under conditions of changing structure of seam occurrence in a mine field.
Analysis of source (Dychkovskyi et al., 2013) has shown that there are following essential factors preventing from efficient innovation management: danger of late introduction of innovations into the market, lack of contractors—project performers, problem of finding strategic partners for project implementation, and limited investment funds.
As a system of quantitative assessment of a technological network of coal mines, we have proposed the parameter of “internal potential of technological schemes.” The offered index has its peculiar feature—while selecting the solutions, it helps analyze them from the viewpoint of innovative advantages, not from the viewpoint of extensive representation. This index is based on the development of topological network of a coal mine in space.
RESULT AND DISCUSSION
As it has been mentioned before, innovations mean growth of coal-mining indices that requires quantitative estimation of the state of certain technological links. Total efficiency of the links determines general productive capacity of a coal mine. It should be highlighted that the indices can be calculated both for annual mining volume (5) and for one ton of extracted coal (6). This condition can be represented as follows:
[image: image]
[image: image]
where Ejz is jth calculation value of a specific index per unit of reserves;
Ejt is jth absolute value of the index during tth year of mine operation; Z is total reserves mined during all time of mine or level operation; EjWt is jth specific value in calculation per one unit of extraction in tth year; Wt is amount of the extracted coal at a mine or level in tth year.
It is of fundamental importance to eliminate intermediate production stages from the consideration. To do that, one should express the costs for labour subjects (that will come from the external suppliers) and internal consumption of primary resources by means of linear function of commercial “finite” volume of production of this enterprise. In this case, it is necessary to introduce the notions and conditions for defining a “production unit.” A production unit is an enterprise or group of sites, for which a set of conditions is met:
1) if there is a possibility for independent manufacturing of products of this type, no products are received from outside;
2) costs per production unit experience no changes depending on changes in the production volume.
Consequently, in terms of increasing production capacities if some products are brought from outside, it is not an enterprise-production unit anymore—now it is a complex of production units. This statement helps continue with studying the interaction between enterprises producing one and the same product type.
This definition of a production unit is required for effective equipment use. If we do not have such a definition, the problem will involve determination of specialization of a certain mine, groups of sites, and mine fields of the specified enterprise. As the problem solution, one should identify the volume of certain і-type products for their supplying to another region.
Then, the problem essence is reduced to determining the transformation indices, i.e., increase in company capacity depending on the level of arisen investment resources. In case of Donbas, this problem can be formulated in determination of homogeneous mine groups and definition of a certain level of costs required for growth of each ton of production capacity depending on mining and geological conditions and capital investments. However, due to diversity of mining and geological conditions and level of capital investment influence, it is hard to solve this problem for the operating enterprises. That was the reason of our analyzing the cost estimate documentation as for the costs for mine modernization. It has been identified that investments can be divided conditionally into three parts: investments that experience changes in direct proportion to the changes in production capacity of a mine; investments that are varied but staying behind the changes in mine capacity; and investments that do not depend on any changes in mine capacity. Depending on the enterprise (mine) capacity, costs for improvement of technological links across the enterprises vary as well. Then, to solve a problem of funds allocation between the enterprises producing one and the same product (in our case, it is coal), one should apply a function [image: image]. This function determines maximum gain of mine capacity in terms of corresponding investment allocation in volume Х among the identified number of mines i. One should define φn(X) for each mine.
Function φn(X) can be also determined with the help of dynamic programming. We have developed a dependence of productivity changes on the attracted investments. In this context, investment volume experienced certain changes in terms of three mines. Not only volumes but also ratios varied. Figure 1 represents the modelling results.
[image: Figure 1]FIGURE 1 | Dependence of changes in mine capacities depending on the investment volumes in terms of three mines of State Coal Company SE: 1—Pivdennodonbaska #3; 2—Pivdennodonbaska #1, and Kapitalna.
Three mines of State Coal-Mining Company have been selected as the research objects. Our selection is explained as follows. These three mines are promising from the viewpoint of investments in the production activities; they have mineral reserves prepared for extraction and have potential for the output increase. During their operating activity, the mines had much greater production facilities and much higher level of annual coal extraction. Technical and economic indices of these mines are rather sensitive to the level of attracted investments. That is, why a task was set to study the gain of annual output depending on the investment level. Besides, it should be noted that these mines were always profitable or had minimum loss ratio compared to other mines in Ukraine, being unprofitable or very unprofitable.
That is, the basis to propose the following approach for determining the amount of investments that can be allocated for a specified number of enterprises:
– to increase the production volumes, it is required to arise investments in S amount;—to allocate the investments with maximum efficiency, it is necessary to identify how many xi investments from the indicated funds are used by ith enterprise to provide the production gain, which is determined by a value of nonlinear function fi(Xi).
All that helps apply the modelling results for allocating the funds in case of state support among the enterprises dealing with production of one and the same product type. However, as Figure 1 shows, the productivity gain is different in case of different enterprises. Depending on the amount of attracted investments, the capacity gain is defined by mining and geological conditions, operation technology, technological effectiveness of equipment, in other words—everything can be expressed by a generalized index “level of economic reliability.” In this context, several moments should be emphasized. A technological chain is improved at the expense of established rational relations between equipment in a production cycle. However, that also means purchase of more productive type of equipment. Thus, to increase the mine capacity, it is required to increase costs for purchasing more productive equipment, material, and auxiliary means of mechanization of production processes. However, growing capacity is impossible without improvement of relations in the technological links. Consider a concrete production situation. There are certain coal reserves prepared for mining. To increase productive capacity of a mine, one should extract more coal, which requires more productive types of equipment (coal shearers, powered supports, conveyors). In this context, the equipment purchase itself does not guarantee the capacity increase as one should also organize transportation of the extracted coal to a concentration plant. This example shows that mine capacity is defined not only by the equipment but by the length of mine workings, enterprise capacity, and production ties. That is, the reason why it is expedient to use the “economic reliability” criterion that considers not only production indices (productivity, value of daily output) but also productive characteristic of an enterprise (length of mine workings, preparation degree of reserves). Economic reliability can be defined using such formula as:
[image: image]
where Nенt is coefficient of economic reliability at the determined period of time t;
Nmt is coefficient of mine technological effectiveness at the determined moment of time t; Nbt is coefficient of economic level of operations at the determined moment of time t; Ngt is coefficient of the level of reserves remained at certain moment of time t.
Under “operation technology” of equipment, technological schemes etc. as the totality of characteristics representing both economic and operating indices. For instance, operation technology of equipment is a dimensionless indicator that expresses a degree of costs for equipment purchase, its operation, productivity, time spent for maintenance, nonproduction periods. Alternatively stated, technological effectiveness is a totality of characteristics representing economic and operational parameters of work but this indicator is dimensionless and relative. Generally, it is possible only to compare one equipment type with another; the same is about technological schemes. Technological effectiveness varies from 0 to 1. Value “1” corresponds to a reference value when, for instance, equipment has maximum productivity; time spent for maintenance is minimum. In terms of a mine, “coefficient of technological effectiveness” represents correspondence of the technological resource limits. In other words, if technological effectiveness of a mine is “1,” it meets the stated production capacity, i.e., its uses 100% of its potential, which brings the results of mine operation to a possible breakeven threshold.
Basing on study (Salli et al., 2014), it has been determined that mines with the level of economic reliability being more than 1.4 can operate in an unsubsidized mode; and to expand the production volume, the costs are to be increased by 500–800 c.u./t.
Physical value of economic reliability is determined by the totality of technical results of operations and economic indices of work. Specific feature of this evaluation is the fact that not only expert estimates but also indices of economic and technical activities are used. Moreover, this estimation makes it possible to identify a general level of mine funds along with determination of mine privatization order.
According to the data represented in Figure 1, Kapitalna mine has higher indices of economic reliability than mines Pivdennodonbaska #1 and Pivdennodonbaska #3, being the result of more effective capacity gain. When we have identified a mine with the highest level of economic reliability, we can start determining optimal and conditionally optimal investment allocation among the enterprises.
Before moving on to determination of investment volumes, it is necessary to mention a principle of dynamic modelling. A dynamic process is divided into the totality of successive stages or steps. Each step is optimized separately, and solution, according to which a system transfers from a current state into the new one, is selected considering its future aftereffects, and it does not always give the greatest effect at this stage. The last step involves decision making (solution is found) to provide the maximum effect. Basing on the aforementioned, optimization by a dynamic programming method starts from the end: first, the last step is planned. Basing on the known information cocnerning the end of the next-to-last step and relying on different hypotheses concerning its finishing, the control is selected at the final step. Such control is called conditionally optimal as it is found in terms of assumption that the previous step was taken according to one of possible hypotheses. Thus, the “conditionally optimal” volume of investments is understood as the limited (preset) investment allocation among the enterprises. “Conditionality” means the fact that a modelling process starts from the end, and the investment volume is already known. As a result of task performance, a conditionally optimal volume of investments from the general investment volume will be identified for one of the enterprises. It means that we will get the answer for a question—how much we should invest in an enterprise from the possible investment volume to reach maximum economic effect. The “conditionally optimal” volume differs from the “optimal” one only in the fact that a dynamic programming problem is solved in the reverse order, i.e., a value of general volume is already known.
The initial data were preset as follows: volume of investments—UAH 600 mln c.u.; three mines—Kapitalna, Pivdennodonbaska #1, and Pivdennodonbaska #3. The amount of capital investments into mining operations should be identified; it depends on the production volume of mines. The methods of dynamic programming are to be used to solve a reverse order problem. Here we start searching for optimal solution from the identification of optimal solution for a certain mine during the last year of a calculation period. Dynamic programming involves a principle of “R. Bellman optimum” when each further step it optimal, i.e. without determining an optimal solution at the previous step, it is impossible to go to the following one.
A calculation scheme is as follows: first, consider the expediency of investing into mine Pivdennodonbaska #1, then—into Pivdennodonbaska #3 and Kapitalna. To do that, the data of previous calculations are determined using formula
[image: image]
According to the modelling results, maximum production gain from the specified three mines is UAH 692.2 thousand in terms of equal distribution for each mine within a 6-year reconstruction period. In case of mine Kapitalna, conditionally optimal volume of investments was calculated (Table 5).
TABLE 5 | Conditionally optimal volume of investments, for mine Kapitalna.
[image: Table 5]The represented results show the potential capacities of the State Coal Company mines. These assumptions are formed using both high indices of economic reliability of enterprises and data of dynamic modelling.
Further studies will be aimed at analyzing connections between enterprises in the generation of energy and metal that will help stabilize situations in the industrial regions. It will require development of a dynamic programming model that will make it possible to trace changes of reserves in time in such links as “coal—coke—metal” and “coal—dressing works—electrical energy.”
CONCLUSION
Solution of the problem of effective allocation of funds among company groups in terms of one legal entity should involve complex evaluation by the “economic reliability” parameter, which takes into account quality of reserves development and level of operation concentration. It has been identified that the most efficient variant of transforming mines of a coal-mining region is compensation of possible reduction of production volumes; they should grow at the expense of additional loading of the most efficient mines and, as a rule, with lower capital costs.
The following results have been obtained:
– level of concentration of operations and development of production-spatial relations are the parameter of efficiency of coal mine activities; —representation of company productivity is stipulated by the amount of raised investments; however, the efficiency of the used funds is determined by economic reliability of a mine that includes a degree of reserves preparation for extraction, length of mine workings, level of organization of operations at an enterprise, and degree of mechanization of operations.
The proposed approaches can be used for complex assessment of coal mines that will help determine a level of state support as well as predict a level of development and concentration of mining operations in space. All that will allow effective managing for the main production resources to increase the potential of technological mining schemes and reduce a level of unprofitability of state coal mines.
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