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Abstract 
 
The purpose of the work is to develop new approaches to finding economic and environmental 
strategies for field development. The complex method is applied in the work, which includes the 
presentation of possible options of field development in the form of a network model, optimization 
algorithms for searching the most economically attractive strategies. Subsequently, the appraisal is 
made by taking into account the adverse environmental impact of production. For this purpose, the 
strategies ranking occurs according to the level of ecological danger, taking into account the expert 
evaluation, which let to get rid of the most harmful options of the developments, as well as to provide 
additional measures of mitigation the man-made burden on the environment. It is established that the 
use of network models, as well as algorithms for dynamic programming allow to simultaneously 
analyze production from both economic and environmental aspects. At the same time, if it is necessary 
to find the optimal economic solution, then analyze the production in reverse order, that is, from receipt 
of final products and to exploration of the field. And if it is necessary to find an acceptable 
environmental scenario, then analyze it in the direct order, that is at the design stage provide measures 
to reduce man-made burden on the region. Special attention is given to software engineering. 
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1. Introduction 
 
When modeling the change in the state of field reserves at the each stage of the 

productive process, an optimal decision should be made to substantiate the rational 
parameters of exploitation, which are not only compose of reducing the production costs, but 
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also of minimizing the adverse environmental impact. 

Currently, informal (heuristic methods) such as AHP (Ataei et al., 2008), its Fuzzy-
AHP varieties (Iphar and Alpay, 2018), TOPSIS (Mikaeil et al., 2009), TODIM (Dehghani et 
al., 2017), PROMETHEE (Bogdanovic et al., 2012), ELECTRE, VIKOR (Opricovic et al., 
2007) and quantitative decision-making methods: dynamic programming (Yu and Gao, 
2016), decision criterion under uncertainty (Nickel et al., 2019), linear programming (Vujić 
et al., 2011), simulation modeling (Goodfellow and Dimitrakopoulos, 2017), game theory 
(Tulabandhula and Rudin, 2013) are used to make decisions about the optimal strategy for 
field development. In so doing, the use of informal methods is based on a comparison of 
alternatives (using formative assessments of “benefits”) with each other to determine the 
most “influential” criterion to be optimized. That is, obtain the distribution of criteria by the 
level of impact on the final result, resulting from the performed analysis, but there is the 
possibility of choosing ineffective solutions, because efficiency depends on the experience of 
the project developer. Therefore, in our opinion the quantitative methods should be applied 
(Mamaikin et al., 2018), which allow us to obtain a single optimal solution and are 
independent of the project developer's experience. 

Also, during the development of the fields there is a question of technological adverse 
environmental impact, all while the production can be conducted in areas that are value from 
the point of view of biological diversity, recreational areas, so only a comprehensive 
assessment will allow to decide on the feasibility of production. It is worth mentioning that a 
number of works are devoted to the environmental aspect of field development 
(Imanberdieva et al., 2018), but the fields are assessed by the level of negative impact 
"already in fact" (Djibril et al., 2017), when the damage can be only minimized. Thus, we 
can state the problem of the lack of approaches to assess the adverse environmental impact of 
production at the design stage - this study is the solution to this issue. 

The presented work differs in that it proposes a comprehensive approach to field 
development. It is possible to evaluate and make choice in different mining and geological, 
territorial and social conditions, taking into account the great variety of ore bodies and high 
mineral value based on dynamic programming. The first experience of solving problems in 
the choice of optimal strategies for the development of rare and precious metals on the basis 
of dynamic programming is described in work of Grinev et al., (1999). 

The purpose of the work is to develop the approaches to rationalize the parameters of 
the development of valuable mineral deposits in order to minimize the cost of production and 
the adverse environmental impact. The idea is to present the deposit structure and the stages 
of its development in the form of a decomposition system with formalization of tasks at each 
stage. 

When choosing a field development option, both economic and environmental 
assessments are conducted. However, not always the optimal alternative from the point of 
view of production cost or productive efficiency may be better according to the ecology. 
Preference should be given to more safe technology, as there are always situations where 
demand for minerals will fall. 

The application of the software developed by the authors allows to automate the 
process of finding optimal strategies for the fields development and minimizing the adverse 
environmental impact. 

This work is divided in three main parts: 
• development of a model of change of the state of deposits reserves, which 

demonstrates the process of development of a specified deposit for the whole 
production period and allows to find the most economically attractive variant of 
field development; 

• development of a model that allows to analyze the technogenic impact of 
production on the environment; the proposed model will allow to consider safety 
measures at the design stage; 
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• the development of decision-making software, which allows the comparison of 

optimal production scenarios according to the ecologic impact on the environment 
and production costs. 

 
2. Materials and methods 

 
2.1. A model of changing the state of mineral field reserves 

 
To solve this problem, we used methods of discrete mathematics – graphs and 

network models, as well as algorithms for optimization of network models: Dijkstra, 
Bellman-Ford algorithm. The software developed by the authors of the article was used to 
automate the process of finding the optimal solution. The use of graphs and network models 
allows to present in a clear and compact form information about possible technological 
schemes in production, as well as to systematize the data. The developed program allows to 
increase the dimension of tasks. 

The idea is the following – all possible options for the fields development can be 
represented in the form of an ordered structure – a graph (Fig. 1). 

 

 
 

Fig. 1 Alternative graph for determining the development strategy of a gold deposit. 1– 37 – junctions. 
 

Each vertex (1–37) corresponds to a separate decision (alternative) that can be made, 
and the distance between the vertices (edge) has its length, which corresponds to the value of 
the parameter to be optimized (cost, labor, time costs, etc.). The model is structured in stages 
(levels), i.e. peaks (2–4) may correspond to alternative exploration options, (5–10) possible 
exploration options, (11–13) possible development technologies etc. It should be noted that 
in the presented graph (Fig. 1), the vertices are interconnected according to real relationships, 
i.e., vertex 1 corresponds to the beginning of the process, vertices 2–4 of the exploration field, 
the process of exploration begins with the vertex 1 can be connected to vertices 2-4. After 
that we analyze the network model at each stage, if we have selected vertex 2, then there are 
two variants of development (vertices 5, 6) and so on. There are two conditions, if there is a 
connection between the stages of the field development, then the vertices connect, and if not 
– do not connect.  
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For example, there is a route passing through points 1-3-8-11-16, as well as an 

alternative route passing through points 1-12-16, i.e. in the first stage of the field 
development there is a possibility of incomplete exploration of the field. That is, the field 
development occurs at once, but subsequently due to the lack of an adequate strategy, the 
development of the field is stopped. In order to find the best strategy, it is necessary to 
analyze all the steps, that is, to find the shortest route from vertex 1 to vertex 37. 

Thus, in order to find the optimal strategy for the field development, all possible 
options should be presented in the form of an ordered structure – a graph. Then you should 
set the value of the optimization parameter (in our case, the cost of conducting each stage of 
field development) as the distance between the vertices of the graph. The totality of vertices 
that correspond to the stages and distances between the vertices that correspond to the value 
of the optimization parameter form a network model. The Bellman-Ford algorithm should be 
used to find the shortest route. The logic is that the process of finding the optimal solution 
can be carried out, both in the direct order from vertex 1 to 37, and, as a rule, in the opposite 
direction from vertex 37 to 1. For example, if the task is to design the most cost-effective 
production, then the opposite should be applied the order in which the field owner wants to 
reduce the production costs. If the task is to minimize the adverse impact on the environment, 
it is better to set a straightforward order (from 1 to 37), when it is necessary to consider 
additional steps in the form of duilding of additional concentrating factories, etc. Depending 
on the order of consideration of the model, both environmental and economic options for 
field development can be analyzed. 

The shortest route is as follows. Each edge (i, j) has its length tij. In a directed acyclic 
graph, nodes can be seen in integers from 1 to N such that for each edge (i, j) the inequality i 
<j holds true. 

Finding the best solution is to find the shortest path from node 1 to node 37. Let fi be 
the length of the shortest path from node 1 to node i, then fi=0. It also follows from the 
definition of fi that fi +tij is the length of the shortest path from node 1 to node j, under the 
condition that the last edge of the route is an edge (i, j). 

A prerequisite for dynamic programming is the continuity of the optimized process, 
so in this case, a gradual change in the state of the forecasted balance reservs is accepted. 
The shortest path from node 1 to node j must contain some edge as a terminal (Eq. 1). 

)(min
),( ijijiii tff +=  (1) 

 
If an edge exits from the node i and enters the node j, it is denoted as (i, j). For all 

edges entering node j, the inequality (i <j) holds true. This means that expression (1) is used 
to calculate fi for j = 1,2,…, 37. Instead of solving the problem directly, it was immersed in 
the shortest path problem class, namely, calculating fi for all j. This feature is characteristic 
of virtually every model of a multi-step process. 

When optimizing the field development model, in addition to R. Bellman’s optimum 
principle (Gross, 2016), additional requirements should be met: 

- when moving from stage to stage, only connections should be considered—a 
combination of logically or technologically compatible real options; 

- parameters that are managed by a single agency operate at all stages of the process 
of obtaining final products. 

The principle of optimality for our problem: the subpath of the shortest path is the 
shortest path itself. A more universal version of the principle includes the concept of strategy. 
The strategy defines an edge (i, j) that enters each of the nodes j except the first (j = 1). There 
are many strategies for this acyclic network. A strategy is called optimal for node j if it 
detects edges that form the shortest path from node 1 to node j. The optimal strategy 
characterizes the optimal scenario of the field development. On the graph Fig. 1, which 
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describes the process of development of a particular gold field (Grinev et al., 1999), the 
optimal path of the best options at all stages of changing the state of reserves highlighted by 
a bold line: 1–3–8–11–16–19–21–25–30– 35–37. 

At the same time, software (Hrinov and Khorolskyi, 2018) should be used to automate 
the process, because for the model (Fig. 1), which consists of 37 vertices, it is necessary to 
analyze 372=1369 possible variants. 

 
2.2. Model of analysis of technogenic influence of field development on the state of the 
environment 

 
The procedure for such an assessment is to financially compare two development 

scenarios, an economically optimal one with an environmentally friendly one. The procedure 
for model building and its presentation is similar to the procedure described in section 2.1 of 
the study. 

For this purpose, each of the stages can be evaluated from the standpoint of 
technogenic environmental impact. In this case, the assessment can be comprehensive and 
not only take into account the obvious environmental impacts, but also assess the dynamics 
of ecosystem restoration. Suppose that the fields development can take into account the 
nature of changes in the earth's surface from human activity, the air composition goes to the 
surface (Khomenko et al., 2017), changes in the occurrence of aquifers (Karabyn et al., 2018), 
environmental effects of flooding the working with water, the number of areas waste heaps 
(Starodub et al., 2018). 

Each technology is assigned an estimate that corresponds to the degree of ecologic 
impact on the environment, the principle is applied – the less harm, the less assessment. If the 
use of one of the technologies is dangerous and unacceptable, environmental experts can assign 
a maximum value that is much higher than other estimates, it will allow automatically exclude 
this alternative from the calculations. In addition to the degree of environmental impact, you 
can set the "significance" of each criterion. For this purpose, each level will be given priority 
and we will evaluate the alternative by the level of environmental hazard (Fig. 2). 

 

 
 

Fig. 2. Network model for determining the technogenic impact of production on the environment 
 

The problem of minimizing technogenic environmental impact when considering 
stages of production with varying degrees of burden can be solved by interpreting a well-
known problem in graph theory – the problem of coloring a graph. 
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3. Results and discussion 
 
It will be possible to implement the procedure for comparing these options based on a 

methodology for modeling the deposit development at all stages of obtaining final products 
for economic indicators (minimum cost, profit) and modeling the process of deposit 
development, taking into account environmental benefits at all stages of mining and mineral 
processing. The alternative optimal options for the economic and environmental scenarios 
for the development of mineral deposits have been illustrated by the example of the analysis 
of indicators of the real small gold deposit development given in the work (Grinev, 1993).  

The whole process of small gold deposit developing was divided into stages of energy 
supply, transport links, provision of industrial facilities, mining, transportation, and ore 
processing. Figure 3 shows an alternative graph of the development of such a deposit with 12 
nodes and 18 edges. 

 

 
 

Fig. 3. Alternative graph for determining the economic strategy of small gold deposit development: 
1– 12 – junctions 

 
The input data for the search for the shortest path in a directed acyclic graph consist 

of a list of initial nodes II, final ones, –JJ, and elements of the subset T (edge values as 
expenses in CUR per 1 ton of production, transportation, and processing) of the SS set: II – 
JJ – T; 2 – 1 – 69.00; 3 – 1–88.21; 4 – 1–88.21; 5–2 – 53.17; 5 – 3 – 7.46; 5 – 4 – 41.57; 6 – 
5 – 70.00; 7 – 6 – 3.90; 8 – 6 – 3.90; 9 – 6 – 3.90; 10 -7 – 0.36; 10 – 8– 0.03; 10 –9 – 0.27; 
11 – 7– 0.36; 11 – 8 – 0.03; 11 – 9 – 0.27; 12 – 10 –45.23; 12 – 11–4.03. The calculation 
results are given in the following form (Table 1). 

The optimal way: 1-3-5-6-8-11-12, in Fig. 3 highlighted by a thickened line. The 
length of the route is CUR 173.63. Fig. 4 shows the graph for determining the environmental 
strategy for the development of a previously proposed deposit as an example of constructing 
an alternative scenario for the development of small gold deposit stocks. 

As can be seen from Fig. 4 the development strategies are highlighted in different 
colors according to experts (environmentalists) evaluation. At the same time there is a 
ranking on the level of danger from red (the most dangerous) to green (the safest). If the 
most economically attractive strategy is unfavorable according to ecology, an additional 
stage should be envisaged, which includes the construction of an enrichment plant, etc., i.e. 
environmental factors are considered at the design stage in addition to economic ones. 

The presented graph differs from previously published variants of graphical scenarios, 
firstly, by an additional stage, which is implemented after the stocks are approved and signed 
them off to the enterprise, and in modern Ukrainian conditions—after the granting of special 
permits for the use of subsoil, according to the results of the auction. In the case of their 
submission without holding an auction, the initial sale price of such a permit, which is 
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determined on the basis of the value of mineral stocks or mineral resources, or subsoil plots, 
in accordance with applicable regulations, is determinative. 

 
Table 1 Analysis of the results on the search for the optimal option of deposit development 

 
JJ II T Min Fi 

2 1 69.00 0.00 69.00 
3 1 88.21 0.00 88.21 
4 1 88.21 0.00 88.21 
5 2 55.17 69.00 122.38 
5 3 7.21 88.21 95.67 
5 4 41.57 88.21 129.70 
6 5 70.00 95.67 165.67 
7 6 3.90 165.67 169.57 
8 6 3.90 165.67 169.57 
9 6 3.90 165.67 169.57 
10 7 0.36 169.57 169.57 
10 8 0.03   
12 10 45.23 169.60 214.83 
12 11 4.03 169.60 173.63 

 
 

 
 

Fig. 4. Alternative graph for determining the environmental strategy of small gold deposit development. 
0 – 12 – junctions 

 
Secondly, nodes of the graph at all stages of the deposit development are loaded in 

accordance with the environmental benefits, according to independent expertise. The 
assessment of environmental benefits is demonstrated by changing the color of the graph 
nodes, according to the rainbow color rating (red, orange, yellow, green). 

In order to automate the process of finding the optimal strategy, appropriate software 
has been created at the Institute for Physics of Mining Processes (Fig. 5). A new stage 0-1 of 
the deposit development process is characterized by an additional procedure for changing the 
state of stocks, including preliminary modeling of the entire deposit development scenario 
from the beginning to the final product for analyzing priorities by cadastral value and 
possible decision options at the development stages, including environmental benefits. 

The optimal route of the second option: 0–1а–3–5–6–7–10–12, in Fig. 4 is 
highlighted by a thickened line. The length of the route is CUR 10.74+214.95=225.69. The 
alternative option for the deposit development, in addition to an additional zero stage, is also 
distinguished by the processing of raw materials at a new concentration plant with full 
compliance with environmental standards. The financial difference between the economic 
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and environmental scenarios was CUR 52.06 of the cost per 1 ton of production, 
transportation, and processing. 

 

 
 

Fig. 5. Fragment of the program work window 
 
4. Concluding remarks 
 

As a result of the study, a new way of developing environmental scenarios for 
territorial development has been proposed, which is to optimize network models that are 
consistent with environmental strategies for mineral exploration, taking into account the 
production of final products. 

A model of changing the state of the reserves from the exploration stage to the write-
off of the balance reserves was developed, as well as an economic assessment taking into 
account the environmental aspect of the fields development. Unlike economic scenarios, the 
the field development of environmental requirements take into account the rating of 
technogenic environmental hazards at each stage, which allows to assess not only the 
benefits but also the risks of production. 

It is established that the presentation of possible options for the field development is 
conducted in the form of a network model, where the shortest route corresponds to the 
optimal development strategy. In order to find a production scenario with a minimum cost, a 
reverse order should be applied and a straightforward order to design an environmentally 
friendly production. 

The methodology and software for economic assessment of the environmental aspect 
can be applied, if necessary, for the rehabilitation of the infrastructure of regions with 
harmful production. 
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