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Abstract: The purpose of this article is to build a mathematical model for analyzing the 
sustainability of the development of an enterprise in the fuel and energy complex, integrated into an 
information management system. It is noted that one of the strategic dominants in achieving the 
national goal of accelerating the technological development of any country is to ensure the effective 
functioning of enterprises in the fuel and energy complex. It is substantiated that these enterprises 
represent the basis of the material life of society, thus, ensuring their sustainable development is a 
significant factor for the formation of the structure of sectoral and inter-sectoral industrial complexes. 
In order to analyze the sustainable development of enterprises, an integral indicator is proposed, the 
components of which are the vectors of production, organizational, economic, environmental and 
social characteristics. Due to the weak structure of some characteristics, to solve the problem of their 
synthesis with quantitatively defined indicators, it is proposed to use the mathematical apparatus of 
fuzzy logic. Weakly structured indicators are formally described by linguistic variables. To establish 
the dependence of the integral indicator of sustainable development on production, organizational, 
economic, environmental and social indicators, a fuzzy-logical model has been built, which makes it 
possible to use the knowledge of experts by constructing rules of fuzzy inference. The fuzzy logic 
model is implemented using MATLAB tools. On the constructed model, experiments were carried 
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out to assess the impact of each of the local indicators of sustainable development of an enterprise on 
the integral indicator. The advantage of the constructed model is its adaptability to changes in the 
operating conditions of enterprises. 

Keywords: fuel technology; energy enterprise; sustainable development; mathematical model; 
fuzzy logic 
 

1. Introduction  

The fundamental component of the economy of any state is the enterprises of the fuel and 
energy complex, which form their basic potential. Thanks to their functioning, jobs are created, 
conditions are formed for the development of innovative processes, etc. Due to the fact that these 
enterprises make a significant contribution to ensuring the stability of the country, ensuring the 
conditions for their sustainable development is a key problem in the formation of the national 
economy. Sustainable development is understood as development in which the needs of the present 
should not be satisfied at the expense of future generations. We believe that the concept of 
sustainable development should be the dominant feature of the management of an enterprise in the 
fuel and energy complex that consists of resolving contradictions between three sets of characteristics: 
product quality indicators, as one of the leading components of the enterprise’s competitiveness, as 
well as production and economic indicators, including ecological and social parameters. Solving this 
problem requires analytical approaches related to the development of mathematical models and their 
integration into digital technologies for managing the sustainable development of mining enterprises. 
The use of traditional methods of mathematical modeling is associated with a number of difficulties 
due to the convergence of poorly formalized social and environmental indicators of sustainable 
development with quantitatively de-fined production indicators. Our purpose is to use a fuzzy-logical 
approach to develop a mathematical model for assessing the sustainable development of enterprises 
in the fuel and energy complex, integrating quantitatively and qualitatively expressed economic, 
environmental and social indicators. Accounting for uncertainty conditions required the use of 
intelligent modeling methods based on the mathematical apparatus of fuzzy logic [1].  

2. Literature review 

Within the framework of the scientific discourse on the management of sustainable development 
of enterprises in the fuel and energy complex, it is appropriate to consider a number of works by 
modern authors. In this regard, it should be noted the studies that outline an integrated approach to 
intelligent mining management systems [2–7]. Various aspects in the search for conditions for 
sustainable development of organizations are in articles [8–17]. Works [18–20] are devoted to the 
study of geoecological factors influencing the sustainable development of mining enterprises. The 
issues of the need to study the effectiveness of sustainable development based on the application of 
mathematical methods are reflected in the articles [21,22]. The turbulence of the external 
environment entails the need to develop new principles and business models that allow not only 
maintaining your business potential, but also implementing sustainable development. In this aspect, a 
special place is occupied by mathematical models. The use of these models makes it possible to 
evaluate both the achieved level of development and the effectiveness of its management. The results 
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of the analysis of scientific papers devoted to the application of mathematical methods to the study of 
sustainable development of organizations are summarized in Table 1. A lot of papers published on 
this topic are decomposed into subsets according to the criterion of the methods used. The subsets 
included studies based on econometric methods, peer review methods, decision tree construction and 
hierarchy analysis, Lyapunov function methods, the mathematical apparatus of neural networks and 
soft computing. The results of the analysis have demonstrated the increased attention of modern 
researchers to the application of econometric methods in solving the problems of sustainable 
development of organizations. In this case, the methods of regression analysis, linear modeling, and 
programming [24–26], statistical data processing [27] and econometric modeling [28–30,31,33,34] 
are used. 

Table 1. Analysis of literary sources on sustainable development of enterprises. 

Mathematical methods Literary sources 

Econometric methods, game theory [24–34] 

Methods of expert assessments, decision tree construction, hierarchy analysis [35,36] 

Methods of Lyapunov functions [37–42] 

Neural network [43–46] 

Soft computing [47–53]  

The methods of expert assessments [35] and the construction of a decision tree [36] have 
become effective ways to solve problem situations that arise in the management of sustainable 
development of enterprises. Applied developments on the application of Lyapunov functions in the 
study of the stability of economic systems have been used in articles [37–42]. At present, in 
connection with the development and use of computer systems in all areas of activity, a promising 
direction is the intellectualization of mathematical modeling tools. At present, there is a tendency to 
use the methods of intellectual modeling in solving the issues of sustainable development of 
enterprises. Among the works devoted to this issue, in the studies of many authors, are the 
mathematical apparatus of artificial neural networks [35,43,44,46], soft computing [47–55]. We 
propose an intellectualized approach to the synthesis of economic, environmental and social 
indicators in the analysis of the sustainable development of mining enterprises and its 
implementation through the construction of a fuzzy-logical model.  

3. Materials and methods 

It is indisputable that in ensuring the sustainable development of an enterprise in the fuel and 
energy complex, the determining factor is the quality of its products, which is the foundation for 
ensuring its competitiveness. However, improving the quality of products causes an increase in the 
cost of its manufacture (the use of high-quality materials, efficient technologies, compliance with the 
provisions of social and environmental policy, etc.) and, as a result, a decrease in profitability. 
Therefore, when analyzing the sustainable development of an enterprise, a model toolkit is needed 
that can resolve the contradictions between these factors. The initial data of the developed 
mathematical model for determining the level of sustainability of the development of enterprises in 
the fuel and energy complex is the integral indicator proposed in the article, which are the sets of 
production-economic, environmental and social characteristics, respectively. The components are 
vectors of the elements of which are listed in Table 2. The operating enterprises of the fuel and 
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energy complex are very diverse in terms of the system of characterizing indicators and their 
quantitative expressions. Therefore, the creation of a mathematical model is subject to the requirements 
of flexibility in adapting indicators and to the conditions of functioning of a particular enterprise. 

Table 2. Mining sustainability indicators. 

Indicator group 

sustainability 𝛺௜ ∈ 𝛺 

Identification

indicator 

Verbal description of indicators 𝛺௜௝ ∈ 𝛺௝ 

 

𝛺ଵ ൌ ሺ𝛺ଵଵ, 𝛺ଵଶ, 𝛺ଵଷሻ −  

production and economic indicators 

𝑁ሺ𝛺ଵଵሻ Cost-effectiveness 

𝑁ሺ𝛺ଵଶሻ The level of organizational sustainability of production 

𝑁ሺ𝛺ଵଷሻ Product quality 

𝛺ଶ ൌ ሺ𝛺ଶଵ, 𝛺ଶଶ, 𝛺ଶଷ, 𝛺ଶସሻ − 

environmental performance 

𝑁ሺ𝛺ଶଵሻ Presence in the environmental policy of the environmental 

management system for compliance with international 

standards ISO 14001 

𝑁ሺ𝛺ଶଶሻ Availability of a system of preliminary assessment of the 

impact of the enterprise's activities on the environment 

𝑁ሺ𝛺ଶଷሻ Presence of requirements for efficient use of resources 

𝑁ሺ𝛺ଶସሻ Availability of a response system for emergency and other 

emergency situations 

𝛺ଷ ൌ ሺ𝛺ଷଵ, 𝛺ଷଶ, 𝛺ଷଷ, 𝛺ଷସሻ –  

social indicators 

 

 

𝑁ሺ𝛺ଷଵሻ Presence in the social policy of the procedure for hiring the 

local population 

𝑁ሺ𝛺ଷଶሻ Availability of a system for providing employees with an 

insurance policy 

𝑁ሺ𝛺ଷଷሻ Availability of regular medical check-ups 

𝑁ሺ𝛺ଷସሻ Availability of a system for regular monitoring of working 

conditions 

In particular, the characteristics 𝛺ଵଷ ∈ 𝛺ଵ  of the quality of products of enterprises differ 
depending on the compliance with the main profile of the enterprise and reflect a set of properties 
that meet the needs of consumers. For example, if the model is designed to assess the sustainable 
development of a coal industry enterprise, then the major indicators of the consumer quality of coal 
include the characteristics of humidity, heat of combustion, ash content, volatile matter, etc. 
Depending on the combinations of product properties, the evaluation of the integral quality indicator  
𝛺ଵଷ in the mathematical model is carried out according to a set of generalized verbal characteristics: 
low, medium and, high quality level. The task is to build an economic and mathematical model 𝐹 
that allows to evaluate the value of the integral indicator 𝛺 of sustainable development of an 
enterprise according to the system of characteristics 𝛺ଵ, 𝛺ଶ, 𝛺ଷ, i.e., model 𝐹 must implement 
mapping  𝐹: ሼ𝛺ଵ, 𝛺ଶ, 𝛺ଷሽ → 𝛺. Thus, the multicriteria task of assessing the sustainability of an 
enterprise's development consists in the synthesis of quantitatively and qualitatively expressed 
characteristics. Table 2 shows that the components of the vectors 𝛺ଶ ൌ ሺ𝛺ଶଵ, 𝛺ଶଶ, 𝛺ଶଷ, 𝛺ଶସሻ, 𝛺ଷ ൌ
ሺ𝛺ଷଵ, 𝛺ଷଶ, 𝛺ଷଷ, 𝛺ଷସሻ  are qualitatively defined, poorly formalized characteristics. Therefore, the 
problem of constructing a mathematical model 𝐹: ሼ𝛺ଵ, 𝛺ଶ, 𝛺ଷሽ → 𝛺  belongs to the class of weakly 
structured problems. To solve this problem, we propose the use of an intelligent approach to 
modeling based on the mathematical apparatus of fuzzy logic. The solution of the problem of 
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convergence of quantitatively and qualitatively expressed characteristics of sustainable development 
in the construction of a mathematical model  𝐹: ሼ𝛺ଵ, 𝛺ଶ, 𝛺ଷሽ → 𝛺is carried out by means of a formal 
description of characteristics 𝛺௜௝ ∈ 𝛺௜  by linguistic variables. Linguistic variables are specified by 
tuples 𝛺௜௝ ൌ൏ 𝑁ሺ𝛺௜௝ሻ, 𝑇ሺ𝛺௜௝ሻ, 𝑈௜௝, 𝜇௜௝ ൐, where 𝑁ሺ𝛺௜௝ሻ is the name of the linguistic variable; 

𝑇ሺ𝛺௜௝ሻ − its term-set; ijU
 − universe; ij

 − set of membership functions of fuzzy sets identified 
by elements of the set 𝑇ሺ𝛺௜௝ሻ . In the formal description of linguistic variables 𝛺௜௝  ൌ ൏
 𝑁ሺ𝛺௜௝ሻ, 𝑇ሺ𝛺௜௝ሻ, 𝑈௜௝, 𝜇௜௝ ൐  their names𝑁ሺ𝛺௜௝ሻ are given in Table1. Indicators 𝛺ଵ௜ ∈ 𝛺`ଵ  vector 

𝛺ଵ  ൌ  ሺ𝛺ଵଵ, 𝛺ଵଶ, 𝛺ଵଷሻ  take values from the set ൫𝛺ଵ௝൯  ൌ  ሼ𝐿𝑜𝑤,  𝑀𝑖𝑑𝑑𝑙𝑒,  𝐻𝑖𝑔ℎሽ ,  𝑗 ൌ  1,3  ,the 
elements of which are weakly formalized, verbal expressions: “low”, “medium”, “high”. Indicators 
𝛺ଶ௜  ∈  𝛺`ଶ, 𝛺ଷ௜  ∈  𝛺`ଷ  take values from the set 𝑇൫𝛺௜௝൯  ൌ  ሼ𝑌𝑒𝑠,  𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦,  𝑁𝑜ሽ. The elements 

of these sets reflect the assessment of the presence in the environmental or social management of an 
enterprise of various systems, procedures, requirements through verbal expressions: “yes”, 
“partially”, “no”. Due to the diversity of both the scale of enterprises and the conditions for their 
functioning, the use of a point system is proposed to assess the level of their sustainable development. 
Furthermore, the areas of definition of indicators of sustainable development 𝛺௜௝  ∈  𝛺 are set by 

the universe ijU
 in the form of segments [0,5] that establish the range of score variation for each 

linguistic variable. Relationships between language expressions included in the sets of terms 
𝑇൫𝛺௜௝൯  ൌ  ሼ𝑌𝑒𝑠,  𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦,  𝑁𝑜ሽ  and 𝑇൫𝛺ଵ௝൯  ൌ  ሼ𝐿𝑜𝑤,  𝑀𝑖𝑑𝑑𝑙𝑒,  𝐻𝑖𝑔ℎሽ  and the universe are 

described by a set of membership functions 𝜇ଵ௝  ൌ  ሼ𝜇ଵ௝
௅௢௪, 𝜇ଵ௝

ெ௜ௗௗ௟௘, 𝜇ଵ௝
ு௜௚௛ሽ , 𝜇௜௝  ൌ

 ሼ𝜇௜௝
௒௘௦, 𝜇௜௝

௉௔௥௧௜௔௟௟௬, 𝜇ଵ௝
ே௢ሽ, given in the form of systems of equations that describe the semantics of fuzzy 

sets in an explicit form. To set analytical expressions for membership functions of terms of linguistic 
variables 𝜇ଵ௝  ൌ  ሼ𝜇ଵ௝

௅௢௪, 𝜇ଵ௝
ெ௜ௗௗ௟௘, 𝜇ଵ௝

ு௜௚௛ሽ , 𝜇௜௝  ൌ  ሼ𝜇௜௝
௒௘௦, 𝜇௜௝

௉௔௥௧௜௔௟௟௬, 𝜇ଵ௝
ே௢ሽ , a method of expert 

assessments is proposed, according to which a group of experts is invited to fill in the validity matrix 
𝜆 ൌ  ฮ𝜆௜௝ฮ. The rows of the matrix 𝜆 ൌ  ฮ𝜆௜௝ฮcorrespond to the numbers of experts, and the 
columns correspond to the areas of definition of sustainable development indicators 𝛺௜௝ ∈ 𝛺 , 

specified by the universe ijU
 in the form of segments [0,5]. Each expert with the number assigns 

the value 𝜆௜௝  ൌ  1 (or 𝜆௜௝  ൌ  0 ) to the matrix element, if from his position the verbal expression 
of the term can (or cannot) be estimated by the value 𝛼 ∈  𝑈௜௝ . According to the results of the 
survey of experts, the degree of belonging of the value 𝛼 ∈  𝑈௜௝  to the fuzzy set is determined by 

the formula 𝜇 ൌ  ଵ

௞
∑ 𝜆௜௝

௞
௜ୀଵ , where 𝑘  is the number of experts participating in the study. This 

article presents the results of an expert evaluation of membership functions of terms 𝑇൫𝛺ଵ௝൯  ൌ
 ሼ𝐿𝑜𝑤,  𝑀𝑖𝑑𝑑𝑙𝑒,  𝐻𝑖𝑔ℎሽ for identifiers  𝛺ଵ  ൌ  ሺ𝛺ଵଵ, 𝛺ଵଶ, 𝛺ଵଷሻ. Tables 3–5 present the results of 
expert surveys. Figures 1–3 show the results of processing the contents of tables according to the 

formula 𝜇 ൌ ଵ

௞
∑ 𝜆௜௝

௞
௜ୀଵ   in the form of graphs of membership functions. The constructed graphs 

made it possible to put forward a hypothesis about the triangular nature of changes in the 
membership functions 𝜇௅௢௪, 𝜇ெ௜ௗௗ௟௘ , 𝜇ு௜௚ℎ of fuzzy sets 𝐿𝑜𝑤,  𝑀𝑖𝑑𝑑𝑙𝑒,  𝐻𝑖𝑔ℎ: 

𝜇௅௢௪ ൌ ቐ

0,  𝑥 ൏ 0;
ହି௫

ହ
,  0 ൏ 𝑥 ൏ 5;

0,  𝑥 ൐ 5.

        (1) 
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𝜇ெ௜ௗௗ௟௘ ൌ

⎩
⎪
⎨

⎪
⎧

0,  𝑥 ൏ 0;
௫ି଴

ଷ
,  0 ൑ 𝑥 ൏ 3;

ହି௫

ଶ
,  3 ൑ 𝑥 ൑ 5;

0,  𝑥 ൐ 5.

         (2) 

𝜇ு௜௚ℎ ൌ ቐ

0,  𝑥 ൏ 0;
௫

ହ
,  0 ൑ 𝑥 ൑ 5;

0,   𝑥 ൐ 5.
           (3) 

Table 3. The results of the examination when choosing the membership function of the term low. 

Experts Term 
0 1 2 3 4 5

1 1 1 1 0 0 1
2 1 0 1 1 0 1
3 1 1 0 0 1 1
4 1 1 0 0 1 1
5 1 0 1 1 0 1
6 1 0 1 0 0 1 

 

Figure 1. Membership function of the term “low”. 

Table 4. The results of the examination when choosing the membership function of the middle term. 

Experts Term
0 1 2 3 4 5 

1 0 0 1 1 0 1
2 0 1 1 1 0 0
3 0 1 1 1 1 1
4 0 0 0 1 1 0
5 0 0 1 1 0 1
6 0 0 1 1 0 1 
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Figure 2. Membership function of the term “Middle”. 

Table 5. The results of the examination when choosing the membership function of the term High 

Experts Term 
0 1 2 3 4 5

1 0 0 1 1 1 1
2 0 1 0 1 1 1
3 0 0 0 0 0 1
4 0 1 0 0 1 1
5 0 0 1 1 1 1
6 0 0 0 1 1 1 

 

Figure 3. Membership function of the term “High”. 

Analytical expressions of membership functions of terms 𝑇൫𝛺௜௝൯  ൌ  ሼ𝑌𝑒𝑠,  𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦,  𝑁𝑜ሽ of 
linguistic variables 𝛺ଶଵ, 𝛺ଶଶ, 𝛺ଶଷ, 𝛺ଶସ, 𝛺ଷଵ, 𝛺ଷଶ, 𝛺ଷଷ, and 𝛺ଷସ were constructed in a similar 
way. The results of expert surveys allowed us to draw conclusions about the trapezoidal nature of 
their functions: 
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𝜇ே௢ ൌ

⎩
⎪
⎨

⎪
⎧0,  𝑥 ൏ 0;

1,   0 ൑ 𝑥 ൏ 1;
ହି௫

ସ
,  1 ൑ 𝑥 ൑ 5;

0,  𝑥 ൐ 5.

        (4) 

𝜇௉௔௥௧௜௔௟௟௬ ൌ

⎩
⎪
⎨

⎪
⎧

0,  𝑥 ൏ 0;
𝑥,  0 ൑ 𝑥 ൏ 1;
1,  1 ൑ 𝑥 ൏ 4;
5 െ 𝑥,  4 ൑ 𝑥 ൑ 5;
0,  𝑥 ൐ 5.

        (5) 

𝜇௒௘௦ ൌ

⎩
⎨

⎧
0,  𝑥 ൏ 0;
௫

ସ
,  0 ൑ 𝑥 ൏ 4;

1,   4 ൑ 𝑥 ൑ 5;
0,  𝑥 ൐ 5.

         (6) 

In the fuzzy-logical model for analyzing the sustainable development of an enterprise, the 
central place is occupied by a fuzzy inference system that performs the function of formulating fuzzy 
conclusions based on qualitatively expressed factors about the current state of the enterprise. To 
implement fuzzy inference, there are currently many schemes, the most popular of which are the 
algorithms of Mamdani (Mamdani), Larsen (Larsen), Sagano (Sagano), Tsukamoto (Tsukamoto) and 
simplified inference. The use of each of the algorithms is carried out based on the target orientation 
of the modeling, the method of identifying the used fuzzy variables, interpreting the conclusions 
obtained, etc. The use of the Tsukamoto algorithm for this model is not possible due to the need for 
strict compliance in this system with the requirements of the monotonicity of membership functions 
of antecedents and consequents as fuzzy sets from which implicative statements in production rules 
are formed. Sagano’s algorithm is also unacceptable for solving the stated modeling problem due to 
the peculiarity of building a knowledge base, which implies the representation of the right parts of 
the inference rules as linear functions of input variables 𝑋, 𝑌, 𝑍, described by fuzzy terms 𝐴ଵ, 𝐴ଶ: 
൏ 𝑝ఉ ൐: 𝑖𝑓 𝑋  𝑖𝑠 𝐴ଵ 𝑎𝑛𝑑 𝑌 𝑖𝑠 𝐴ଶ  𝑡ℎ𝑒𝑛 𝑍 𝑖𝑠 𝑎଴ ൅ 𝑎ଵ𝑋 ൅ 𝑎ଶ𝑌. 

Although of Sagano type schemes, provide greater accuracy of the obtained simulation results, a 
meaningful interpretation of the construction of inference rules in the knowledge base and the 
interpretation of inference in connection with the requirements presented entails certain difficulties. 
Regarding the application of the simplified fuzzy inference algorithm, there are also problems 
associated with the representation of consequents of implicative statements in the knowledge base. 

Conclusions in fuzzy production rules are specified in this algorithm discretely in the form of 
clear numerical values 𝑏: ൏ 𝑝ఉ ൐: 𝑖𝑓 𝑋  𝑖𝑠 𝐴ଵ 𝑎𝑛𝑑 𝑌 𝑖𝑠 𝐴ଶ  𝑡ℎ𝑒𝑛 𝑍 ൌ  𝑏. The choice remains 

between the class schemes of Mamdani and Larsen. These schemes are similar to each other in terms 
of the type of knowledge base, but there is a fundamental difference in the approaches to the 
formation of the membership function of fuzzy statements 𝐴ଵ, 𝐴ଶ and the method of determining 
the fuzzy implication 𝐴ଵ → 𝐴ଶ , as a way to specify a fuzzy relation 𝑅 ⊆ 𝑋 ൈ 𝑌. In the Mamdani 
system, the mathematical representation of a fuzzy implication is given on the basis of the 𝑇 - norm 

operation, and the semantics 21 AA 
 of the implication 𝐴ଵ → 𝐴ଶ  is modeled as 

),min( AAAA 2121
  . In Larsen's algorithm, the fuzzy implication is modeled using the 

multiplication operation 2121 AAAA   . Due to the intuitive intelligibility and proximity of 
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the Mamdani system inference rules to the logical thinking of natural intelligence, as well as the 
possibility of their adjustment necessary in the process of the enterprise functioning, the Mamdani 
cash register system was used as an adaptive algorithm of the mathematical model for analyzing the 
sustainability of the enterprise development. In the model, dependence 𝐹: ሼ𝛺ଵ, 𝛺ଶ, 𝛺ଷሽ → 𝛺 is built 
by setting fuzzy production rules of the fuzzy inference system, reflecting the knowledge of 
specialist experts about the state of the enterprise in the process of managing its sustainable 
development. Elements of the system of fuzzy inference rules agreed with respect to the introduced 
linguistic variables, compiled by experts, are formally described by the logical expression: ൏ 𝑝ఈ ൐
: 𝑖𝑓 𝑋 𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑡ℎ𝑒𝑛 𝑌 𝑖𝑠 𝑀𝑖𝑑𝑑𝑙𝑒 , where 𝑝ఈ is the identification of the fuzzy production rule, 
𝑋  and 𝑌 are its antecedent and consequent, respectively. The values of the variables 𝑋  and 𝑌 
are verbal expressions characterizing the current state of sustainability of the development of a 
mining enterprise. In this case, the values of the antecedent 𝑋  and the consequent 𝑌 can be 
specified not only in the form of atomic terms defined by the sets 𝑇൫𝛺௜௝൯  ൌ  ሼ𝑌𝑒𝑠,  𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦,  𝑁𝑜ሽ  
and ൫𝛺ଵ௝൯  ൌ  ሼ𝐿𝑜𝑤,  𝑀𝑖𝑑𝑑𝑙𝑒,  𝐻𝑖𝑔ℎሽ . Variables 𝑋   and 𝑌  can be represented by structured 
linguistic variables connecting atomic terms with logical links “AND”, “OR”, “NOT”: ൏ 𝑝ఉ ൐
: 𝑖𝑓 𝑋  𝑖𝑠 𝐻𝑖𝑔ℎ 𝑎𝑛𝑑 𝑌 𝑖𝑠 𝑀𝑖𝑑𝑑𝑙𝑒  𝑡ℎ𝑒𝑛 𝑍 𝑖𝑠 𝑀𝑖𝑑𝑑𝑙𝑒. 

The system of production rules being compiled is a knowledge base of an intellectual model for 
analyzing the level of sustainable development of an enterprise. Furthermore, it is assumed that the 
fuzzification of all indicators of sustainable development should be carried out by experts who have 
knowledge of the processes taking place in the mining enterprise. 

4. Results and discussion 

Suppose that after identifying the problem of assessing the sustainable development of an 
enterprise and extracting expert knowledge, they are structured in the form of a system of fuzzy 
inference rules 𝑃 ൌ൏ 𝑝ଵ, 𝑝ଶ, . . . , 𝑝௞ ൐ (only a subset of the constructed rules 𝑃 is given in the 
article): 

൏ 𝑝ଵ ൐: 𝑖𝑓 𝛺ଵଵ  𝑖𝑠 𝐿𝑜𝑤 𝑎𝑛𝑑 𝛺ଵଶ 𝑖𝑠 𝐿𝑜𝑤 𝑎𝑛𝑑 𝛺ଵଷ 𝑖𝑠 𝐿𝑜𝑤 𝑒𝑛𝑑 𝛺ଶଵ 𝑖𝑠 𝑁𝑜 𝑎𝑛𝑑  

𝑎𝑛𝑑 𝛺ଶଶ  𝑖𝑠 𝑁𝑜 𝑎𝑛𝑑 𝛺ଶଷ 𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑛𝑑 𝛺ଶସ 𝑖𝑠 𝑁𝑜 𝑎𝑛𝑑   

𝑎𝑛𝑑 𝛺ଷଵ 𝑖𝑠 𝑁𝑜 𝑒𝑛𝑑𝑎𝑛𝑑 𝛺ଷଶ  𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑 𝛺ଷଷ 𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑛𝑑  

𝑎𝑛𝑑 𝛺ଷସ 𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑡ℎ𝑒𝑛 𝛺 𝑖𝑠 𝐿𝑜𝑤 ; 

൏ 𝑝ଶ ൐: 𝑖𝑓 𝛺ଵଵ  𝑖𝑠 𝑀𝑖𝑑𝑑𝑙𝑒 𝑎𝑛𝑑 𝛺ଵଶ 𝑖𝑠 𝑀𝑖𝑑𝑑𝑙𝑒 𝑎𝑛𝑑 𝛺ଵଷ 𝑖𝑠 𝐻𝑖𝑔ℎ 𝑒𝑛𝑑              

 𝛺ଶଵ 𝑖𝑠 𝑁𝑜 𝑎𝑛𝑑 𝛺ଶଶ  𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑛𝑑 𝛺ଶଷ 𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑛𝑑                 

 𝑎𝑛𝑑 𝛺ଶସ 𝑖𝑠 𝑁𝑜 𝑎𝑛𝑑  𝛺ଷଵ 𝑖𝑠 𝑁𝑜 𝑒𝑛𝑑 𝛺ଷଶ  𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑                    

 𝛺ଷଷ 𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑛𝑑 𝛺ଷସ 𝑖𝑠 𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑡ℎ𝑒𝑛  𝛺 𝑖𝑠 𝐿𝑜𝑤; 

൏ 𝑝௞ ൐: 𝑖𝑓 𝛺ଵଵ  𝑖𝑠 𝐻𝑖𝑔ℎ 𝑎𝑛𝑑 𝛺ଵଶ 𝑖𝑠 𝐻𝑖𝑔ℎ 𝑎𝑛𝑑 𝛺ଵଷ 𝑖𝑠 𝐻𝑖𝑔ℎ 𝑒𝑛𝑑              

 𝛺ଶଵ 𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑 𝛺ଶଶ  𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑 𝛺ଶଷ 𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑                 

 𝑎𝑛𝑑 𝛺ଶସ 𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑  𝛺ଷଵ 𝑖𝑠 𝑌𝑒𝑠 𝑒𝑛𝑑 𝛺ଷଶ  𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑                    

 𝛺ଷଷ 𝑖𝑠 𝑌𝑒𝑠 𝑎𝑛𝑑 𝛺ଷସ 𝑖𝑠 𝑌𝑒𝑠 𝑡ℎ𝑒𝑛 𝛺 𝑖𝑠 𝐻𝑖𝑔ℎ . 
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In the rules drawn up by experts, all possible combinations of combinations of verbal 
characteristics of sustainable development indicators 𝛺௜௝ are considered. These rules perform the 
function of teaching the fuzzy-logical model the procedure for assessing the level of sustainable 
development of an enterprise based on the use of expert knowledge.  

The constructed economic-mathematical model for analyzing the level of sustainable 
development of an enterprise makes it possible to study changes in the values of the integral 
indicator 𝛺, as a functional feature, when varying the values of factor variables 𝛺௜௝ ∈ 𝛺. Appendix 
A presents the results of studies of the influence of factor traits 𝛺௜௝ on the functional trait 𝛺. 
Improving the functioning of enterprise is a complex process that must be considered from the 
standpoint of multi-criteria. 

The efficiency of the enterprises of the fuel and energy complex is influenced by a number of 
factors that can also act as a brake on its development. Consequently, the process of improving the 
efficiency of an enterprise consists in the continuous streamlining of dynamically changing 
requirements for various aspects of its activities, which necessitates the improvement of the system 
of indicators, setting priorities between them. In connection with the changing market conditions, the 
issues of adaptation of enterprises of the fuel and energy complex to changes in the impact of the 
external environment are of paramount importance in their activities. 

These circumstances entail the need for continuous improvement of the system of methods, 
tools and tools for sustainability analysis based on a wide variety of technical, economic, 
environmental and social characteristics. 

At present, in the context of research into the sphere of analysis of the effectiveness of mining 
operations, trends have been identified for the inclusion of various indicators of a quantitative and 
qualitative nature, which are part of the integral indicators for assessing sustainability. Along with 
traditional methods, the evaluation procedure includes an expert analysis of the activities of 
organizations, based on the information collected. 

The variety of characteristics that make up integral indicators has given rise to many 
methodological schemes and algorithms for complex assessments. Currently, there is no single 
approach to assessing the level of sustainability and, therefore, there is no general methodology for 
performing this procedure. Therefore, the comparison and diagnosis of various methods remains an 
unusually difficult task, the solution of which is not unambiguous. Among the many approaches, the 
closest to the methods proposed in this article is the scheme developed by Prokofieva E. [23].   

In [23], an expert-analytical model for conducting a technical and economic audit of mining 
enterprises based on production, environmental and social factors is proposed. Based on an expert 
assessment in [23], the measures of influence of each of the listed factors on the integral indicator 
were evaluated (Table 6). 

Table 6. Measures of influence of factors on the integral indicator of technical and economic audit. 

Factors Production factor Environmental factor Social factor 

Assessment of the influence of indicators 𝑃, 𝐸, 𝑆 on 
the integral indicator 

0,23 0,2 0,17 

Assessment of the influence of indicators 𝛺ଵଵ, 𝛺ଶଵ, 
𝛺ଷସ on the integral indicator 

0,95 0,818 0,63 

To compare the methods, indicators were selected that are close in content to the indicators 𝑃, 
𝐸 , 𝑆 : cost-effectiveness 𝛺ଵଵ , the presence in the environmental policy of an environmental 
management system for compliance with international standards ISO 14001 𝛺ଶଵ and the presence 
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of a system for regular monitoring of working conditions 𝛺ଷସ. The comparison was carried out on 
the basis of determining the coefficients of pair correlations of the influence of characteristics 𝛺ଵଵ, 

𝛺ଶଵ, 𝛺ଷସ on the integral indicator 𝛺:𝑟ఆ೔ೕ/ఆ  ൌ  
∑ ሺఆ೔ೕሺ௞ሻିఆ೔ೕሻሺఆሺ௞ሻିఆሻ೙

ೖసభ

ఋ೾೔ೕ
ఋ೾

, where 𝛺௜௝, 𝛺 are arithmetic 

means; 𝛿ఆ೔ೕ
,  𝛿ఆ—standard deviations of indicators  𝛺௜௝, 𝛺, 𝑘—number of experience. 

The result of comparing the methods indicates that the knowledge base of the constructed 
fuzzy-logical model is trained on the basis of the production rules of experts in such a way as to give 
preference to the economic factor, as in the algorithm [23]. 

If it is necessary to strengthen the influence of certain factor characteristics on the integral 
indicator 𝛺 , the mathematical model provides the opportunity to make changes both to the 
composition of the characteristics and to the system of fuzzy inference rules 𝑃 ൌ ൏ 𝑝ଵ, 𝑝ଶ, . . . , 𝑝௞ ൐. 

5. Conclusions 

Ensuring the sustainable development of enterprises in the fuel and energy complex is a key 
element in the development of the national industrial production system, which leads to increased 
attention to solving the problems of their functioning. The level of sustainable development of 
enterprises is significantly influenced by many conflicting factors. In the aspect of sustainable 
development, in addition to production components, environmental and social components are 
distinguished, which play a translational role in the functioning of the enterprise, but are gaining 
increasing importance. Production and environmental factors, as a rule, are poorly formalized and 
their convergence with quantitatively expressed indicators cause a problem in creating a system for 
analyzing and assessing the level of sustainable development. The research results presented in this 
article are devoted to the development of a mathematical model for assessing the level of 
sustainability of the development of an enterprise in the fuel and energy complex based on the use of 
the mathematical apparatus of fuzzy logic. The description in the form of linguistic variables of 
qualitatively and quantitatively expressed indicators makes it possible to synthesize them in an 
integral indicator. The proposed fuzzy-logical model is universal and can be used to analyze the 
sustainable development of enterprises of any orientation. The advantage of the model is its ability to 
adapt to changing conditions for the functioning of enterprises by varying both the membership 
functions represented by fuzzy sets of qualitatively expressed indicators and the production rules 
created by experts to calculate the values of the integral indicator.  

The research results allow us to draw the following conclusions: 
-Assessment of the sustainable development of enterprises in the fuel and energy complex is a 

multi-criteria task that uses quantitatively and qualitatively defined economic, environmental and 
social characteristics as criteria; 

-The proposed intellectualized approach based on the use of the mathematical apparatus of 
fuzzy logic makes it possible to implement the synthesis of formalized and weakly formalized 
indicators in the analysis of sustainable development of enterprises; 

-An adaptive fuzzy-logical model has been built, in which the analysis of sustainable 
development of enterprises is carried out on the basis of expert knowledge of specialists formalized 
in the form of fuzzy inference rules. 
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Appendix A  

Table A1. Basic designations. 

Variable Designation 

𝛺ଵ ൌ ሺ𝛺ଵଵ, 𝛺ଵଶ, 𝛺ଵଷሻ −  

production and economic indicators of 

sustainability 

𝛺ଵଵ Cost return 

𝛺ଵଶ Level of organizational sustainability of production 

𝛺ଵଷ Product quality 

𝛺ଶ ൌ ሺ𝛺ଶଵ, 𝛺ଶଶ, 𝛺ଶଷ, 𝛺ଶସሻ −  

environmental indicators  

𝛺ଶଵ The presence in the environmental policy of an 

environmental management system for compliance with 

international standards ISO 14001 

𝛺ଶଶ Availability of a system for preliminary assessment of the 

impact of the enterprise’s activities on the environment 

𝛺ଶଷ Availability of requirements for efficient use of resources 

𝛺ଶସ Availability of a response system to emergency and other 

emergency situations 

𝛺ଷ ൌ ሺ𝛺ଷଵ, 𝛺ଷଶ, 𝛺ଷଷ, 𝛺ଷସሻ −  

social indicators 

 

𝛺ଷଵ Availability of a procedure for hiring local people in social 

policy 

𝛺ଷଶ Availability of a system for providing employees with an 

insurance policy 

𝛺ଷଷ Availability of a procedure for regular medical examination 

𝛺ଷସ Availability of a regular monitoring system for regular 

monitoring of working conditions 

𝜇ଵ௝ ൌ ሼ𝜇ଵ௝
௅௢௪, 𝜇ଵ௝

ெ௜ௗௗ௟௘, 𝜇ଵ௝
ு௜௚௛ሽ −  

set of indicator membership functions 

𝛺ଵ ൌ ሺ𝛺ଵଵ, 𝛺ଵଶ, 𝛺ଵଷሻ 

𝜇௜௝
௅௢௪ Term membership function «LOW» 

𝜇௜௝
ெ௜ௗௗ௟௘ Term membership function «Mddle» 

𝜇௜௝
ு௜௚ℎ 

Term membership function «High» 

𝜇௜௝ ൌ ሼ𝜇௜௝
௒௘௦, 𝜇௜௝

௉௔௥௧௜௔௟௟௬, 𝜇ଵ௝
ே௢ሽ –  

set of indicator membership functions  

𝛺ଶ௜ ∈ 𝛺`ଶ, 𝛺ଷ௜ ∈ 𝛺`ଷ, 𝑖 ∈ ሼ2,3ሽ 

𝜇௜௝
௒௘௦ Term membership function «YES» 

𝜇௜௝
௉௔௥௧௜௔௟௟௬ 

Term membership function «Partially» 

𝜇ଵ௝
ே௢ Term membership function «No» 

𝜆 ൌ  ฮ𝜆௜௝ฮ 𝜆௜௝ ∈ ሼ0,1ሽ Validity matrix values filled in by experts 
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Table A2. The results of experiments on a fuzzy-logical model. 

№ Production and economic 

indicators 𝛺ଵ  ൌ

 ሺ𝛺ଵଵ, 𝛺ଵଶ, 𝛺ଵଷሻ 

Environmental indicators 𝛺ଶ ൌ

 ሺ𝛺ଶଵ, 𝛺ଶଶ, 𝛺ଶଷ, 𝛺ଶସሻ 

Social indicators 𝛺ଷ  ൌ

ሺ𝛺ଷଵ, 𝛺ଷଶ, 𝛺ଷଷ, 𝛺ଷସሻ 

Integral 

indicator 

𝛺ଵଵ 𝛺ଵଶ 𝛺ଵଷ 𝛺ଶଵ 𝛺ଶଶ 𝛺ଶଷ 𝛺ଶସ 𝛺ଷଵ 𝛺ଷଶ 𝛺ଷଷ 𝛺ଷସ 𝛺 

1 0,216 0,357 0,388 0,3 0,3 0,12 0,474 0,388 0,47 0,38 0,4 1,68 

2 1,13 0,357 0,32 0,45 0,38 0,12 0,48 0,388 0,5 0,38 0,42 1,75 

3 3,54 0,357 0,39 1,1 0,4 0,12 0,55 0,388 0,6 0,38 0,5 2,2 

4 5 0,357 0,4 2 0,47 0,12 0,6 0,388 0,7 0,38 0,63 2,53 

5 0,214 1,13 0,388 0,44 0,4 0,12 0,5 0,388 0,38 0,38 0,4 1,74 

6 3,6 3,54 0,388 1,3 0,5 0,12 0,48 0,388 0,4 0,38 0,51 2,17 

7 0,316 5 0,388 2,1 0,55 0,12 0,6 0,388 0,7 0,38 0,59 2,53 

8 4,5 0,357 1,13 0,29 0,31 0,12 0,45 0,388 0,48 0,38 0,41 1,67 

9 0,216 0,357 3,54 2,21 0,43 0,12 0,49 0,388 0,49 0,38 0,39 2,18 

10 3 0,357 5 2,4 0,51 0,12 0,65 0,388 0,48 0,38 0,47 2,49 

11 2,5 0,357 0,388 2,41 0,53 0,12 0,58 0,388 0,48 0,38 0,48 2,49 

12 3,5 0,357 0,388 1,9 0,5 0,12 0,47 0,388 0,47 0,38 0,31 2,49 
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