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Abstract — The paper is concerned with the approach
to modeling the development prospects of the Russian
coal industry. A brief overview of the simulation
modeling experience is given. A profile of the Russian
coal industry and its specific features are given as an
object of research. A research workflow is provided. The
hierarchy of levels of studying the Russian coal industry
and the system of models corresponding to these levels
are shown. The system of models is represented by
optimization and simulation models corresponding
to various hierarchical levels (Russia as a whole,
federal districts, federal subjects, and companies).
Separate optimization models have been developed to
make projections of the development of production,
consumption, and supply of steam and coking coal.
Consumer costs of coal purchase and transportation
are minimized provided that a given demand for
coal and other constraints are met. The simulation
models are of four types, corresponding to different
levels of hierarchy and aspects of consideration. An
aggregated diagram of the relationships between the
models is studied. We detail the most frequently used
types of models that either represent the last option for
certain studies or are typical of a given category. To fit
each study, either previously developed models were
adjusted or new ones were developed. References to the
studies carried out using the tools covered in this paper
are provided.
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hierarchy, a system of models, research workflow,
optimization model, a simulation model.
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1. INTRODUCTION

Modeling the development and operation of the coal
industry is presented in the research published in Russia
and other countries [1-2 2]. Models were developed to study
the prospects for the entire industry, coal-mining regions,
and companies. A significant number of publications are
concerned with modeling of various aspects and conditions
affecting the development of coal mining, i.e. hazardous
seismic conditions [ 5 ], hydrological conditions [ 18, 19 ],
coal consumption and coal prices [ 22 ], and others.

In their studies of the development prospects for the
coal industry, the scholars in Russia and elsewhere most
frequently use optimization and simulation models [1, 3,
15, 17], and also logistic, static, and dynamic models [2].

The experience accumulated in Russia in the field of
modeling the development of the coal industry spans 70
years [11-17]. The Energy Research Institute (ERI) of the
Russian Academy of Sciences has developed a system of
simulation models that enables one to identify the most
efficient directions of the industry development based on
the projected scenarios of the development of the Russian
economy [12]. The Melentiev Energy Systems Institute of
the Siberian Branch of the Russian Academy of Sciences
has investigated and projected the development of the
national and regional coal industries as part of the energy
sector for over 50 years [ 2 1]. These studies rely on
optimization and simulation models. A research workflow
that takes into account the specific features of the Russian
coal industry has been developed, and a system of models,
software and information support [16,17,23] have been
implemented.

The hierarchical approach, also known as the
integrated approach, allows considering the coal industry
in interaction with other industries of the economy, at
the level of individual regions and companies within the
model. It is widely used in modeling the development of
the coal industry in various countries [1,3,6,7,21]. Multiple
links between the coal industry and other industries of the
economy and the internal structure of the industry are most
comprehensively taken into account in the coal market
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module of the U.S. National Energy Modeling System
(NEMS) [1]. The Russian government, unfortunately, does
not have a tool of this kind.

The conditions for the development of the coal industry
vary significantly from country to country. These are social
and economic situation; the development of transportation
system; the tariff policy for coal transportation; competition
with other energy resources (gas, hydropower, etc.); mining
and geological, hydrological, and other conditions of coal
production. The difference in quality characteristics of coal
leads to their use in a variety of fields, the main of which
are energy, by-product coke production and, in the long
run, the coal chemistry sector. One of the essential features
of the Russian coal industry is a large share of the exported
coal. In 2018, it accounted for more than 50% of total coal
supplies [2 4].

This paper presents an approach to modeling the
development of Russia’s coal industry and a system of
models that take into account the specific features of the
coal industry. Both of the above have been developed with
the participation of the authors at the Melentiev Energy
Systems Institute, SB RAS.

II. RUSSIA’S COAL INDUSTRY AS AN OBJECT OF STUDY

Modern science views the national coal industry as one
of the energy systems that possess certain properties [14,
25]. Such properties of the coal industry as its structural

complexity, scale, inertia, dynamism, pro-active nature

and limitedness (balance reserves, resources, demand,

interchangeability of the product, etc.) predefine the
complexity of building the models of the coal industry
operation and arranging a computational experiment.

The Russian coal industry, as an object of modeling, is
characterized by the following:

e a large number of components, the numerous
relationships between which are rather difficult or
impossible to define by an analytical function;

» constraints on the resource base, transportation, and
other resources, including those related to regional
features of coal production and consumption;

* alarge number of technical and economic indicators to
be factored in;

* a high degree of uncertainty inherent in the projection
of economic development scenarios, based on which
the demand for coal is calculated, the constraints on
the development of the industry are set, and other
indicators necessary for research;

» the effect of various factors on the development
of the coal industry, which are difficult to consider
analytically.

Coal is the marginal fuel, the consumption of which
increases or decreases depending on climatic conditions.
Coal consumption also depends on whether or not the
transportation infrastructure operates or it is constructed
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Fig. 1. The workflow of the coal industry development study
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Fig. 2. An aggregated diagram of hierarchical levels and relationships between models in the system of models.

for the implementation of new coal-mining projects.
Among the climatic conditions, the most significant effect
is due to cold/warm winters and water content of rivers
that determine the hydroelectric power plant output in the
regions where the hydropower industry is developed.

One of the options to overcome the complexity of
the structure, including the existence of multiple links
and poorly structured problems in large energy systems,
is to construct them using the principle of hierarchy.
Hierarchical (multi-stage, multi-step) modeling implies
using a hierarchy of mutually complementary models to
make a projection of the development and operation of the
coal industry.

III. A WORKFLOW OF THE RESEARCH INTO THE COAL
INDUSTRY DEVELOPMENT IN RUSSIA AND ITS REGIONS

Making projections of the coal industry development
involves solving the following range of problems:
» assessment of resources and possible volumes of coal
production;
projection of coal demand;
projection of coal price;
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projection of coal production volumes;

projections of volumes of inter-regional coal supplies;
an economic evaluation of investment projects for the
development of coal-mining companies.

The above problems are interrelated. The sequence
of solving them forms a workflow for studying the
development of the coal industry (Fig. 1).

The problems of studying the industry can be described
as poorly structured and multi-criteria problems. Poorly
structured problems are the problems whose solving process
apart from the well- known formalizable procedures also
contains components characterized by uncertainty and
heterogeneity inherent in them. Formalization of such
problems is challenging and they are similar to unstructured
ones in terms of the effort to be made by experts. They
require human participation to arrive at the most preferable
solution. Four levels of the hierarchy have been identified
to study the development of the Russian coal industry:

1. the energy sector of Russia;

the coal industry of Russia;

regions (federal districts and federal subjects);
companies (coal-mining and coal-processing companies).

2.
3.
4.
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IV. A SYSTEM OF MODELS FOR RESEARCHING THE COAL
INDUSTRY DEVELOPMENT IN RUSSIA AND ITS REGIONS

The system of economic and mathematical models
has been developed and used to solve the problems
corresponding to different hierarchical levels (Fig. 2):

1. Amodel of the energy sector development (optimization
of the territorial and production structure of the regional
energy sector);

2. Models of the development of the coal industry of the
country and its regions (optimization of production,
inter-regional supplies, and the use of steam coal [COAL
TRANS] and coking coal [COKE] by consumers);

3. Simulation models of regions and coal basins;

4. A model of financial and economic analysis of

investment projects of coal mining companies and

groups of companies.

Mutual alignment of solutions to the above problems
can provide an optimal solution to the entire initial
problem. Depending on the problem statement, the models
can be used jointly or independently. Several problems can
be solved using one model.

At the levels of the energy sector and the coal industry,
the computational experiment is carried out with the
models stated in the form of linear programming problems.
The objective function, as a rule, contains financial and
economic indicators.

The models used at the levels of individual regions and
companies are simulation models.

The energy sector development model is designed
to study the dependence of the main parameters of the
Russian energy sector development on the level of
energy consumption, the extent to which the territories
are provided with primary energy resources, etc. for the
time horizon of 10-25 years. The energy sector model is
used to determine the demand for coal for electric power
generation and district heating.

The coal industry development model COAL TRANS
is designed to make projections of the structure and
volumes of inter-regional supplies of steam coal for
the case of changes in prices, transportation tariffs, coal
demand and possible constraints on supply volumes. This
model quite comprehensively considers the geographical
administrative division by distinguishing between over
80 coal consumers in the corresponding federal subjects
(territories, regions, and republics) and over 30 suppliers of
brown coal and hard coal, and the established supply chain.

The model is built as a linear programming problem.
Consumer costs for the purchase and transportation of
coal are minimized for a given coal demand by individual
federal subjects and available coal resources. The quality
of coal is factored in through the heating value and the
demand for mandatory supplies. The coal-fired power
plants in Russia were designed for a certain quality of fuel
or coal from certain deposits, which affects the supply
chain. The consumer price is calculated given the current
tariff policy for coal transportation, the distance from the
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site of production to the consumer, and other parameters.

To analyze the development prospects of the coal
industry, the results of calculations obtained for the federal
subjects and individual companies are aggregated by
federal districts, areas of use, mining methods, etc.

The COKE model of the development of coking coal
production and consumption is similar to the COAL
TRANS model.

The COKE and COAL TRANS models are designed
to project the structure and volumes of inter-regional coal
supplies for the case of price changes. These models have
a similar structure but differ in some parameters. The need
to develop individual models is primarily due to significant
differences in the calculation of the demand for coking and
steam coal, the units of measurement, and the supply chain.
In the COKE model, coal is delivered to by-product coke
plants, while in the COAL TRANS model the destination is
federal subjects. The demand for coking coal at by-product
coke plants depends on the composition of coal charge as
per coal grades. The coal charge at the Russian by-product
coke plants can contain both domestic and imported coking
coal grades. The model takes into account the specific
features of coking coal mining and processing. For process
reasons, mines and open-pit mines can produce several
grades of coking coal and run-of-mine steam coal. In the
process of coking coal preparation, coke concentrate and
low-grade processed products are produced, which are
suitable for use only as an energy fuel (Fig. 2). Steam coal
resources are formed from steam coal resources proper
and coal resources derived from coking coal processing
at coal-preparation plants and accompanying steam coal
production during coking coal mining. A significant amount
of coal mined in Russia is exported [23]. The models allow
determining coal resources available for export. The most
exported product is coal concentrate. The constraint on
resources for coal export is a lack of demand for low-grade
products of coal processing in the energy industry.

When modeling the development of the coal industry,
it is difficult to take into account the entire set of factors
affecting the development of the properties of facilities and
links to consumers, including transportation. Optimization
models provide projections that need further refinements.
Simulation models are the most suitable for refining the
solutions. The final solution is obtained with the direct
participation of an expert, which allows considering
most features of the operation and development of coal
production, processing, and consumption.

The specifics of scientific research are such that
practically for each of the above processes respective
simulation models had to be developed based on the
previously developed ones. Lack of opportunity to create
tools for simulation models with fixed input and output is
due to significant differences (uniqueness) in coal industry
facilities; uncertainty inherent in the available source
data; the unpredictability of the volume and algorithm of
provisional calculations of performance indicators.
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Table 1. Characteristics of simulation models.

Model Level of detail Coal market Result
participants
INVEST COAL Enterprise or company Technical and economic 1) Efficiency indicators

1) Direct problem
2) Inverse problem

performance indicators
of the project

2) Coal price or other indicators

BALANCES Coals, FD Groups of companies* Projection of demanded coal production and
delivery in the country and FD

REGIONAL BALANCES Coals, FSs, coal-mining Consumers: FDs, export Projection of demanded coal production, schemes

companies, deliveries, exports and volumes of coal supply, and coal balances for
FSs and FDs
FEDERAL Companies, coal-preparation Coal-mining companies Projection of demanded coal production and
SUBJECT plants, marketable products, FD processing in FSs, coal deliveries to RF regions,
areas and coal balances in FSs
Four types of simulation models have been reliability of the estimates obtained, a stability analysis is

implemented, each corresponding to different hierarchical
levels and aspects of consideration (Table 1).

The INVEST COAL model is designed to evaluate the
economic performance of the operation and development
of a company or a group of companies. This model
can also be used to solve the inverse problem, i.e. the
determination of the coal price or other indicators for a
given performance indicator. The model calculates the pre-
tax profit; net profit; product profitability and cash flow;
and proceeds from the sale of products. Coal production
costs include electricity, heat, materials, and labor costs;
depreciation; taxes; industrial services; loan interest, and
other costs. The indicators that serve as criteria include
current account status; discounted current account; net
present value; profitability index; product profitability;
internal rate of return, and payback period. To improve the

|
Coal mining
company

Supply

A
Coal processing
company

i A4

— Marketable products

(3 - 1) Imbalance

(1-3) Volumes of possible
supplies

performed, which is a calculation of the dependence of the
summarizing financial and economic indicators on certain
changes in the initial parameters of the project.

The simulation models “BALANCES”, “REGIONAL
BALANCES” and “FEDERAL SUBJECT” differ in their
level of detail and some other aspects, without significant
differences in their structure. They contain three functional
modules: "Production", "Consumption", and "Coal
Balances"(Fig.3). Models of the same type created for
specific studies differ depending on the composition of
the information available and the objectives of the study.
Depending on the level of detail, the market participants are
types of coal, coal mining and coal processing companies,
and regions. Supply volumes and transportation costs
represent links between market participants. Coal supply
and consumption are projected given the established trends

O
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producing region

Demand

Demand in the other regions of
the Russian Federation

Export demand

(2 -3) Consumption
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0

Fig. 3. Structure of the “balances”, “regional balances”, and “federal subject” models.
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in coal supply and consumption.

The "BALANCES" model allows projecting the
demand for and supply of coal outside the region based on
the potential coal mining opportunities and coal demand.

The "REGIONAL BALANCES" model supplements
the COAL TRANS optimization production and
transportation model of the Russian coal industry, and the
"BALANCES" model.

The FEDERAL SUBJECT model is intended for the
study of the coal industry development at the level of a
federal subject. It provides most completely the details of
the indicators for coal-mining companies, coal-preparation
plants, consumption of certain coals in the context of the
federal subject given its division by any features it has
(administrative, transport accessibility, etc.), and so on.

To research the development prospects of the coal
industry, an information and model system has been
developed, which includes an information system [ 2 3],
a system of models [ 16, 1 7], projections of constraints
and conditions of prospective development, and programs
for building models and processing calculation results. The
composition and structure of the system take into account
the hierarchy of models for the study of the development
prospects for the coal industry, corresponding to the
second, third, and fourth levels of the hierarchy.

Dual estimates in the LP problem determine the
marginal coal prices.

The models make use of the indicators, the main of
which are:

* projections based on individual economic development
scenarios: demand for coal; constraints on steam coal
resources; constraints on the production of steam and
coking coal,

estimates of the opportunities for the development of
coal mining companies;

quality characteristics of coal,

technical and economic performance indicators of
companies;

data for calculating resource requirements, such as
capital expenditures, electricity, heat and labor, and
corresponding specific indicators;

the existing coal supply chain;

historical data on coal supply and consumption.

The results of the calculations are consistent with the
historical data. They contain projected indicators in the
form of tables (with varying degrees of detail for different
models) in the context of the administrative division of the
country and its regions:

* potential opportunities for the development of coal
mining and possible volumes of export quality coal
production;

volumes of coal supplies, including those for export;
volumes of demanded coal production, including those
by individual company;

potential coal resources for the energy industry;

new capacity additions in the coal industry;
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coal processing volumes;

output of marketable coal products;

balances of coal in general and steam coal in particular;
the demand for resources to maintain and develop
coal production: capital expenditures; labor power;
electricity and heat;

directions of the coal industry development (new
construction projects, capacity expansion);

the structure of production (surface mining vs.
underground mining; brown coal vs. hard coal; steam
coal vs. coking coal) and processing;

tables and charts to be used in printed matter.

V. CONCLUSION

The hierarchical approach to the studies of the coal
industry development in the country and its regions
using the presented system of models allows considering
different aspects of the coal industry development,
solving many interrelated and stand-alone problems with
different development criteria, which would otherwise
be difficult to reduce to a single model. The use of
simulation models, in addition to optimization models,
enables experts to consider the variables that are difficult
to factor in analytically. In different years, the presented
models were used to make projections of the development
of the coal industry of the country, Eastern Siberia, the
Far East, and individual federal subjects (Republic of
Sakha; Amur, Sakhalin and Irkutsk regions; Chukotka
Autonomous Okrug; etc.) [26-3 3].
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