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Abstract: The beginning of the 21st century for the fuel and energy complexes of most countries is
characterized as a period of active restructuring and a fundamental shift in developmental priorities.
The basis of these changes is technological development. Industry 4.0 technologies have particular
importance in achieving maximum optimization of production processes. In the same way, they are
applicable in establishing effective interaction between the energy sector and other sectors of the
economy. The authors outline an approach to assessing the country’s fuel and energy balance state
through the selected properties: sustainability, accessibility, efficiency, adaptability and reliability.
Hence, a model of the fuel and energy complex was created on the example of the Russian Federa-
tion, considering the country’s territorial and functional division. The methodology is based on sce-
nario modeling of the influence level of external challenges in conjunction with the accompanying
technological development. The mathematical model allowed forecasting changes in the properties
of the energy system. The scientific significance of the work lies in the application of a consistent
hybrid modeling approach to forecast the state of the fuel and energy balance. The results of the
study are useful in compiling scenarios for the regional and entire development of the fuel and
energy complex. Further model improvements should include an expansion of the number of
counted industries and their relations.

Keywords: scenario modeling; energy strategy; technological demand; energy scenarios;
sustainable energy; global challenges; Industry 4.0; power system development; sustainability

1. Introduction

A rational and planned change in priorities in the structure of the fuel and energy
balance is the guarantor of the sustainable development of society [1-3]. While being a
characteristic of the total fuel and energy complex (hereinafter FEC), this balance under
the influence of global challenges is highly vulnerable [4,5]. Authors refer to the men-
tioned problems: growth of consumption [6], market change [7-9], depletion/lack of re-
sources [10-12], import substitution [13-18], scientific and technological progress [19,20],
global climate change [21,22], and growing demand for energy quality and energy effi-
ciency [23], as well as infrastructure wear and tear [24-27].
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Countries—participants of the global energy market—should not ignore global
changes [28]. These include the energy crisis, partially provoked by the accelerated devel-
opment of renewable energy technologies [29-32] in countries with an insufficient level of
technological development. Under such circumstances, the lack of protection mechanisms
in the form of technology might threaten not only energy security [33,34], but also the
sustainability of the whole country’s economic system [35-37].

Counteraction to this cannot occur due to isolation, since the energy sector is not able
to exist for a long time in isolation from other spheres and external influence [38,39]. As a
response to challenges, end-to-end digital technologies and Industry 4.0 technologies are
developing [40-44], stimulating the restructuring of the energy sector [45]. Authors have
identified seven blocks of technologies, united by common functions or ways of realiza-
tion: digital and IT, smart grid, renewable and Non-conventional energy sources, storage
technologies, and a block of industrial production technologies [46,47].

The assessment of the impact of technological implementation should be carried out
on the scale of the whole country. In this article, the assessment is considered on the ex-
ample of Russia, which, in 2021, was ranked third in the world in terms of energy produc-
tion and consumption [48]. The main energy resource for primary consumption in the
country is natural gas and oil, which account for 41.5% and 35.4%, respectively [48]. Nat-
ural gas is also the main resource for electricity generation, accounting for 41.8%. Due to
the diversity of the country in terms of energy supply conditions and levels of regional
development, the analysis can only be carried out using a comprehensive approach, which
can then be applied to other countries.

Under the pressure of the extent and speed of global changes, it is necessary to track
and predict the state of the FEC of countries by system-forming industries (oil, gas and
coal, as well as electric and heat power). In many ways, they are the key factors of regional
development. In the case of this study, the types of electricity generation were not consid-
ered separately from each other, and all of them are included. However, their ratio is in-
directly reflected in the electricity cost parameter (shown in Table Al in Appendix A).
Thus, in regions with a high share of hydro and nuclear power, this value is lower in
comparison with others. However, when applying this methodology to other countries, it
is possible to consider the percentage of green generation (nuclear, renewables and hy-
dropower) as another parameter (presented in Section 2.1.8).

The oil industry is one of the leading sectors of the Russian economy, with oil and
gas revenues accounting for almost 30% of the federal budget each year. The export of
crude oil and petroleum products accounted for 36% of total Russian exports in 2021 [9].
The Russian Federation has the world’s sixth-largest proven oil reserves, accounting for
about 8.5% of the world’s total [16]. Oil is included in the list of strategic minerals accord-
ing to the Strategy for the Development of the Mineral Resource Base up to 2035, approved
by an RF Government Decree. As of January 2021, the recoverable oil reserves were 12
billion tons [9].

Currently, there is also no problem with the depletion of gas resources in Russia. In
2020, the increment of geological reserves of gas in the country was 1.618 trillion m? and
54.4 million tons of gas condensate [25]. At the same time, due to the geopolitical situation,
Europe considers it necessary to refuse Russian pipeline gas. It creates a risk of uncertainty
not only for the gas market, but also for the energy security and energy supply of con-
sumers in the world in general. Consequently, during 2021, Gazprom delivered less than
145 billion m? to Europe, which is the lowest result since 2016 [26].

In 2021, the volume of coal production in the country reached 439 million tons [18].
Russia’s subsoil contains one-third of the world’s coal resources and one-fifth of the ex-
plored reserves, i.e., 193.3 billion tons [49]. Over the past two decades, the production and
export of this type of fuel in the Russian Federation have grown steadily, on average by
2.9% and 9.6% per year, respectively [50]. The positions of Russian coal companies are
competitive in terms of production costs, which allows them to pass through times of low
prices in the market.
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According to the Ministry of Energy of Russia and the program of the prospective
development of the UESR of Russia for the period from 2021 to 2027, the country is show-
ing an increase in the demand for electricity in the time period up to 2027 [15]. The main
vector of the fight against climate change in this industry is the creation of more environ-
mentally friendly technologies and technological processes that will be accompanied by a
reduction in greenhouse gas emissions. The gradual introduction of more nuclear power
plants and RES, replacing thermal power plants based on coal and other fossil fuels, will
be a reliable course for the decarbonization of the electric power industry in Russia.

About 40% of Russia’s electricity is generated from low-carbon sources, including
nuclear power plants and large hydropower plants [23]. There are a total of 37 power units
(including two floating nuclear thermal power plant reactors) in operation at Russian
NPPs, with a total installed capacity of over 29.5 GW [51]. The share of RES is still rela-
tively small, but it is gradually growing. By 2050, it is planned to increase to 12.5% of the
total generation [52].

The Russian heat power industry was developed under extremely harsh climatic con-
ditions, as a result of which it became one of the largest in the world, ranking first by the
length of heating networks (183,000 km) and fourth by the volume of thermal energy pro-
duced [53]. The main heat consumers are industrial enterprises and households, account-
ing for 49% and 39%, respectively [14]. At the same time, the share of industrial facilities
consuming thermal energy is gradually increasing, which evidences the development of
the national economy and its industrial complexes.

Understanding the initial conditions in the country helps to determine its division
into functional territorial units. In the proposed approach of the assessment, the authors
carried out the zoning of the territory in question into seven local fuel and energy com-
plexes (hereinafter LFEC) according to the territorial division into the UESR (unified en-
ergy systems of Russia [54]), as shown in Figure 1. Energy systems are correlated with
their prevailing industries, on the basis of which it is possible to determine the degree of
influence of external challenges.

Central
LFEC

North-Western

Eastern LFEC

Siberian LFEC

’ External challenges

A 1 - Consumption growth
Bt Industry 2 - Market change

outhern mOil 3 - Depletion / lack of resources
LFEC W Coal 4 - Import substitution
B Gas 5 - Scientific and technological progress
Heat power 6 - Global climate change
Middle VOIga Electric power 7 = Demand for energy quality and

LFEC energy efficiency

8 - Infrastructure wear and tear

Figure 1. Map of the impact of external challenges on the fuel and energy complex of Russia.

Figure 1 partially reflects the relation mentioned above. Thus, the North-Western
LFEC heat power industry is influenced by the growth of consumption and infrastructure
wear and tear as a result of external challenges, and in the electric power industry, among
others, the need for import substitution is highlighted. It is rational to start from the
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standout external challenges when choosing the technologies required for development
within the 4D trends.

In order to take into account a more local level of sector enterprises and to unite pre-
vious trends [55-57], the authors expanded the 3D concept with the fourth component
[68-62]. Hence, 4D trends at the same time included:

Digitalization—the trend towards the change in approaches to business processes
based on the introduction of digital technologies;

Decarbonization—the trend towards the transition to “low-carbon” energy due to the
rationalization of energy source used;

Decentralization —the trend to increase the number of small economic hubs for the
energy supply;

Decrease—the trend to reduce the consumption of all types of resources and materi-
als, as well as the amount of waste produced.

When considering the state of energy systems in the complex of external challenges
and subsequent technological development (taking into account its current level), it is pos-
sible to assess the prospective state of the LFEC. Thus, in scenario forecasting, the authors
started from a whole complex of influencing external factors: from local levels, gradually
growing to the scale of the country.

Despite the large number of articles on scenario forecasting of the development of
the FEC of the Russian Federation, their authors do not take into account regional peculi-
arities and their impact on the overall fuel and energy balance [53,63]. For instance, in [64],
the methodological foundations of modeling the long-term development of the Far East-
ern region are considered, but the targets require updating and are not universal. In addi-
tion, scaling of the results is difficult in a number of articles [65,66]. In turn, forecasting
development based on intelligent algorithms relies on the analysis of previous changes,
which makes it difficult to integrate with scenarios [67-69].

Reliance on foreign models in forecasting within the Russian Federation is impracti-
cal due to the use of statistical data from the EU and a number of countries [70]. The po-
tential of using models for the USA is low despite the similar zoning of the countries. This
is due to the orientation of American models to the specific features of the United States,
in connection with which the vectors of development are not just different from each
other, but also, in current conditions, are characterized by a higher rate of change.

The authors propose a completely new methodology for assessing the impact of in-
dustrial technology implementation in the country, based on its division into smaller en-
tities according to certain criteria. The proposed study is based on taking into account the
initial state of the LFEC, predicting the degree of influence of various factors, taking into
account expert opinions and conducting a final comprehensive forecast assessment. This
process will make it possible to assess the objective functions of the regions in advance. In
turn, this leads to better financing in areas with insufficient support in order to develop
an FEC within the framework of sustainable development. This subsequent connection to
regional development and the comprehensiveness of the consideration of influencing fac-
tors make the authors” approach relevant and effective.

2. Materials and Methods

The research was divided into five stages, which are shown in Figure 2. The research
methodology includes the following steps: initially, a review of the LFEC was conducted
to determine its current state by selected properties and indicative parameters. Then, the
influence of external factors of impact (challenges) was assessed on the basis of an expert
opinion for different time intervals according to three scenarios. Further, when conduct-
ing a survey of specialists in the field of fuel and energy, the dependence between techno-
logical development and changes in the properties of energy systems was identified. The
result of these steps was the predicted value of property changes according to scenarios
in time intervals. Thus, the impact of both global challenges and the process of technolog-
ical development was taken into account at the last stage. At the same time, the current
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state of the FEC and fuel and energy balance within the country was used as the basis [71],
as well as a share of the influence of industries by region. It was allocated based on a
normalized assessment of specific industry parameters.
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Figure 2. Research methodology.

The analysis of expert survey results is based on the Delphi method, which is ex-
tremely common in scenario forecasting in the energy sector and allows summarizing in-
dividual expert opinions [72,73]. A similar method applies to strategic planning. The in-
fluence of external factors was taken into account by analogy with articles [74,75].

2.1. Analysis of the Initial State of Energy Systems

To carry out a scenario analysis of the development of the fuel and energy complex,
it is necessary to set the starting point—the initial state of the energy system. Considering
the prospects for development on a national scale at once is difficult: not indicative and
neither advisable.

The Russian Federation has vast territories and large deposits of minerals. It also
combines several time and climatic zones. For the most accurate forecasting, taking into
account zonal specifics, the country’s energy system was divided into 7 LFECs: Central;



Energies 2023, 16, 3185

6 of 25

Southern; North-Western; Middle Volga; Ural; Siberian and Eastern. That division is pre-
sented in Figure 3 along with the main transport routes, hubs of processing and extraction
of resources.

A Coal mining

B Oil and gas production
/s Coal processing

® Oil refining

® Gas processing
OLNG

— Qil pipeline

— Gas pipeline

Figure 3. Zonal distribution of the fuel and energy complex of the Russian Federation.

The LFEC is a closed territorial circuit that unites the main energy sectors: oil, gas
and coal, as well as electric and heat power. At the same time, each energy complex has
its own dominant industry or even several of them. Each LFEC is characterized by an
objective function that defines the zones of its development and local problems, which
further makes it possible to identify the potential for the introduction and use of the tech-
nology blocks under consideration.

2.1.1. The Current State of the Central LFEC

There are no significant reserves of traditional resources in this region, but the most
important transport routes for the supply of fossil fuels abroad pass through it. The
LFEC’s area is a point of concentration of the managerial layer of most spheres of the FEC.
The location at the intersection of the main international consumer and the territorial area
of resource extraction determines the importance of logistics. Current conditions are forc-
ing managers to reorient supplies, as well as optimize in order to increase efficiency, reli-
ability and environmental friendliness. Energy consumed in the region is mainly spent on
domestic needs. Quite a large share of the region’s electricity is generated by nuclear
power plants, about 42.8% for 2021 [52]. Heat supply in winter and autumn months plays
an important role in ensuring comfortable living conditions.

2.1.2. The Current State of the Southern LFEC

The Southern LFEC is characterized by the absence of any significant connection with
the coal industry in comparison with others. The main focus in the region is on the trans-
portation and processing of oil and gas. Energy and heat consumption is mostly for non-
industrial use, but it is lower in comparison with other regions due to different climatic
conditions and sizes of areas covered. Establishing trade relations with Kazakhstan and
other CIS countries despite large-scale global changes might become a stable driver for
the development of the region’s processing capacities. Nuclear power and hydropower
play an important role in electricity generation in the region, accounting for 28.8% and
18.2%, respectively [52]. RES received 4.1% of the total generation, but they continue to
grow rapidly in the region.

2.1.3. The Current State of the North-Western LFEC

The theoretical possibility of an increase in resource extraction in this LFEC is very
unlikely and is associated with significant costs despite large reserves (for example, in the
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Pechora coal basin). At the same time, the budget of individual districts, including the
Nenets Autonomous Okrug, depends on small production volumes on a national scale.
Similar to the Central LFEC, this region can be called a logistics center, where two Nordic
gas streams and the Baltic pipeline system for oil transportation originate. It is the second
of the most important business centers and central maritime logistics control point. For a
while, the main role of the FEC was assigned to the gas industry, but there is also potential
for the coal industry. The consumption of energy and heat is quite high due to harsh cli-
matic conditions and the demands of detached large cities. The share of electricity gener-
ated in this region from nuclear power plants is 34.9% [52].

2.1.4. The Current State of the LFEC of Middle Volga

Due to the small reserves, the main emphasis in terms of importance in the FEC of
this LFEC is on processing and subsequent transportation by rail, rather than mining. Fur-
ther development of the region might be carried out taking into account the case of the
Orenburg Gas Processing Plant, which is increasing its capacity in the face of sanctions.
The coal industry is of great importance for the region due to the active transportation of
intermediate and final products. Electricity and heat consumption is kept at the level of
the Central and North-Western LFECs because of the concentration of individual indus-
tries rather than the need to provide for the population. Nuclear power plants account for
29.9% of electricity generation and hydroelectric power plants for 18.5% [52].

2.1.5. The Current State of the Ural LFEC

Along with the Siberian LFEC, most of the production capacities are concentrated in
this area (except for the coal industry). Location at the intersection of transport routes and
between regions with the main reserves and domestic consumers of energy resources
leads to regional dependence on the transport infrastructure. The oil industry is of the
greatest importance for LFECs. However, the construction of the Power of Siberia 2 might
provoke a transition from the oil to the gas industry. Energy and heat consumption is
unevenly distributed over the territory, where separate regions with extremely high needs
stand out because of the production facilities. The target function of this region is to ensure
uninterrupted transportation and production. Even under sanction pressure and during
the restructuring of the market, the state of the region is stable.

2.1.6. The Current State of the Siberian LFEC

The Siberian LFEC is the leader in most industries in terms of reserves. Almost the
entire chain from extraction to processing of resources is represented in this area in order
to provide other regions. The development of the LFEC from the position of a business
center is not advisable due to the peculiar climatic conditions and remoteness of the con-
sumption centers of the country. FEC industries are equal in the region. Energy and heat
are mostly spent on production in a fairly large amount due to the climate conditions. At
the same time, a certain level of energy security must be ensured to supply backbone en-
terprises. In terms of electricity generation, hydropower plants play a key role in the re-
gion, accounting for 59.4% of the total [52]. Despite the focus of the region on the extrac-
tion of resources, within the framework, the target function was to preserve territories as nat-
ural reserves due to the degree of forest degradation against the backdrop of climate change.

2.1.7. The Current State of the Eastern LFEC

Against the backdrop of market changes, this region might develop in the strongest
way among others. Mainly it is a point of processing (which is highest in the coal industry)
and transport routes of resources to Asia. Gas processing is also developed, for example,
in the Amur Gas Processing Plant. The basis of the regional FEC is the gas industry and
its transportation through the Power of Siberia and the Sakhalin-Khabarovsk-Vladivos-
tok gas pipeline to the Asia-Pacific countries. The LFEC is characterized by the
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dependence on critical climatic changes and seasonal cataclysms (floods, etc.), which af-
fects the level of target reliability of heat and power supply. Hydropower plants are ac-
tively used for power generation, generating 41% of the region’s electricity [52]. The func-
tion of the region is logistical and industrial.

2.1.8. Determination and Evaluation of the LFEC’s Properties

Qualitative expression of the state of the LFEC is not enough for scenario forecasting.
Therefore, it was required to identify quantitative parameters by industries. To assess the
sustainable development of the energy system, each LFEC is considered through five
properties Ti, where:

Sustainability Ti1—the ability of the FEC to maintain its current state under the influ-
ence of external global challenges;

Accessibility To—the state of the FEC, in which it possesses the necessary amount of
resources prepared for use by consumers ubiquitously and anytime;

Efficiency Ts—the ability of the FEC to achieve an expected result with the usage of a
minimum amount of resources and energy;

Adaptability Ts—the ability of the FEC to adapt to external influencing factors;

Reliability Ts—the ability of the FEC to maintain its performance under given conditions.

In order to carry out scenario forecasting, the initial state of each LFEC was assessed ac-
cording to those five properties. Each property was associated with a number of parameters
Pn (from 2 to 4, depending on the industry in question and the availability of information).

Parameters differ in their units of measurement, which is the reason for the impropriety
of their comparison without further actions. In addition, large values of the parameters in
some cases demonstrated the poorness of development of properties, and not vice versa.

Therefore, to correlate those values with each other in properties, they were normal-
ized according to the Formula (1) in the range [0;1], where 0 —parameter is poorly devel-
oped, 1 —parameter is strongly developed in the LFEC.

X' = (x—=Xmin) (1)

" Gmax—Xmin)’

where X'—normalized value; x —initial value; X,,,, —maximum value in the median in-
terval; X,,;, —minimal value in the median interval.

The sum of normalized parameters by properties is a coefficient, the value of which re-
flects the initial and further state of power systems after the analysis of the data obtained.

Table 1 shows the summarized values of the parameters for the LFEC (where “EP” is
for electric power and “HP” is for heat power). As an example, the authors attach selected
parameters for the gas industry in the Central LFEC by the property T: (sustainability):
the amount of network gas available for the average monthly wage of regional residents
in m? (the normalized value equals 1) and the length of the constructed gas pipelines in m
(normalized value equals 0.98).

Table 1. Total value of the LFEC’s parameters.

Ti LFEC Coal Gas Oil EP HP
Central - 1.98 0.21 1.22 1.71

Southern - 0.99 2.90 0.87 0.29
North-Western 1.00 1.31 2.47 1.18 0.51

Ti Middle Volga - 0.73 1.53 1.02 2.00
Ural - 1.22 1.93 1.50 0.51

Siberian 2.00 1.08 0.33 0.75 0.49

Eastern 0.13 0.00 1.65 1.00 0.22

T2 Central 0.02 0.00 0.32 1.00 1.54
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Southern 0.71 0.40 0.68 0.46 1.54
North-Western 0.40 1.14 1.11 0.22 1.54

Middle Volga 0.03 0.00 1.08 0.75 1.54

Ural 0.06 3.11 3.35 0.85 0.68

Siberian 1.40 1.21 1.83 1.15 1.00

Eastern 1.02 0.08 0.23 - 1.07

Central - 0.13 1.39 1.62 2.70

Southern 0.00 0.99 0.36 0.76 1.61
North-Western 0.20 1.03 0.59 1.19 2.21

Ts Middle Volga - 1.00 1.06 1.58 2.53
Ural 0.24 1.91 2.85 1.00 1.85

Siberian 2.20 0.03 1.04 0.63 1.65

Eastern 0.21 0.38 0.12 0.02 0.00

Central - 1.37 0.00 1.00 2.00

Southern 0.11 1.05 0.94 0.73 0.96
North-Western 0.15 1.05 0.13 1.43 1.14

T4 Middle Volga - 1.18 0.35 0.71 1.19
Ural 0.00 0.68 0.66 0.43 1.53

Siberian 2.00 0.00 1.29 0.29 0.75

Eastern 0.00 0.38 1.85 0.53 0.62

Central 0.00 0.18 1.92 1.69 0.55

Southern 1.00 1.35 1.97 0.90 1.08
North-Western 0.86 0.45 1.62 1.78 1.55

Ts Middle Volga 0.00 0.30 0.89 1.75 0.00
Ural 0.00 0.42 0.67 2.30 1.68

Siberian 1.04 1.14 1.32 1.59 1.32

Eastern 1.87 1.00 1.33 - 1.90

A complete list of parameters without division by LFEC is presented in Appendix A
in Table A1.

The resulting total value for the Central LFEC’s gas industry in terms of property T:
(1.98) exceeds the others. This shows a high degree of sustainability of the gas industry in
the central region. Similarly, it is possible to conduct a primary analysis for other regions
and industries.

2.2. Analysis of the Influence of External Challenges on LFEC

The external impact on the FEC is divided into challenges of five different directions:
technological (K1), economic (K2), environmental (Ks), political (Ks) and legislative (Ks).
The assessment of the degree of influence of each challenge according to the criteria for
three time periods (2020-2025, 2025-2030, 2030-2035+) was carried out in three scenarios:
negative, neutral and positive. Impact assessment moves from the values of the criteria
for the country as a whole to the values of the criteria for industries.

For example, as the first step, it was assumed that in the period of 2020-2025, accord-
ing to the negative scenario in terms of the K2 economic criterion, the economic crisis in
the Russian Federation would have a serious impact on the sustainability of the FEC. In
the neutral scenario for the same time period, there will be a reduction in production ca-
pacity and an outflow of personnel. In turn, according to the positive scenario, the crisis
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will be overcome by reorienting to the domestic market while establishing new foreign
trade relations.

Challenges through five criteria have an impact on the properties: it can be both pos-
itive and negative, which depends on its degree. For instance, economic instability (crite-
rion K2) for all scenarios and periods of time negatively affects the sustainability (property
T1) of the FEC of the Russian Federation in varying degrees. At the same time, legislative
changes (Ks) have a positive effect on the adaptability of the country’s FEC (Ts) in the same
conditions and scenario.

The assessment of the influence of the K- criteria on the properties Ti was initially
carried out in range [-1; 1], where —1—there is a strong negative effect, 0 —there is no ef-
fect, 1 —there is a strong positive effect. As an example, the authors in Table 2 present the
results of the initial assessment for the neutral scenario over three time periods.

Table 2. Assessment of the properties through scenario criteria for neutral scenarios.

Neutral scenario, 2020-2025

Ti K1 K> Ks K4 Ks

T, sustainability -0.8 -0.5 -0.7 -0.9 0.7
T2, accessibility -0.5 -0.6 -0.1 -0.9 0.3
Ts, efficiency -0.4 -0.5 -0.2 -0.5 0.2
T4, adaptability 0.6 -0.9 -0.3 -0.8 0.9
Ts, reliability 0.2 -0.5 -0.2 -0.6 0.6

Neutral scenario, 2035-2030

Ti K1 K> Ks K4 Ks

T, sustainability -0.8 -0.4 -0.8 -0.7 0.5
T2, accessibility -0.5 -0.7 -0.2 -0.8 0.3
Ts, efficiency -0.7 -0.6 -0.2 -0.5 0.1
Ts, adaptability 0.4 -0.9 -0.4 -0.8 0.8
Ts, reliability 0.2 -0.5 -0.1 -0.5 0.5

Neutral scenario, 2030-2035+

Ti K1 K: Ks K4 Ks

T1, sustainability -0.6 -0.3 -0.6 -0.5 0.5
T, accessibility -0.4 -0.5 -0.3 -0.7 0.3
Ts, efficiency -0.4 -0.7 -0.1 -0.5 0.3
Ts, adaptability 0.5 -0.6 -0.3 -0.6 0.7
Ts, reliability 0.1 -0.3 -0.1 -0.5 0.4

Normalization was required for the obtained values, since the degree of influence
depended, among other things, on the number and weight of the found parameters Pn
within the framework of the Ti properties. It was carried out in the range [-n; +n] (where
n—the number of parameters Pn of the property Ti) by Formula (2):

, 0
X'=(x = Xinin) Py + Opin, )

where X'—normalized value (Table 3); x—initial value (Table 2); X,,;, —minimum value
in median range; 0 —interval parameter range (2F,); O, —minimum value in interval
parameter range.
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Table 3. Normalized assessments of properties within the framework of scenario criteria for the
neutral scenario for the gas industry.

Neutral scenario, 2020-2025

Ti Ki K: Ks Ka Ks Median Value
Ty, [-2;2] -16 -1 -14  -1.8 1.4 -0.88
T2, [-4:4] 2 24 04 -36 12 -1.44
Ts, [-2;2] -08 -1 -0.4 -1 0.4 -0.56
T4, [-2;2] 1.2 -1.8 -0.6 -1.6 1.8 -0.2
Ts, [-2;2] 0.4 -1 -0.4 -1.2 1.2 -0.2
Neutral scenario, 2025-2030
Ti K1 K2 Ks Ka Ks Median value
T, [-2;2] -1.6 -0.8 -1.6 -1.4 1 -0.88
T2, [-4;4] -2 -2.8 -0.8 -3.2 1.2 -1.52
Ts, [-2;2] -14 -12  -04 -1 0.2 -0.76
T4, [-2;2] 0.8 -1.8 -0.8 -1.6 1.6 -0.36
Ts, [-2;2] 04 -1 -0.2 -1 1 -0.16
Neutral scenario, 2030-2035+
Ti K K2 Ks Ka Ks Median value
T1, [-2;2] -1.2 -0.6 -1.2 -1 1 -0.6
T2, [-4;4] -1.6 -2 -1.2 -2.8 1.2 -1.28
Ts, [-2;2] -0.8 -1.4 -0.2 -1 0.6 -0.56
Ts, [-2,2] 1 -1.2 -0.6 -1.2 1.4 -0.12
Ts, [-2;2] 0.2 -0.6 -0.2 -1 0.8 -0.16

The division into the LFEC at this stage was not carried out: instead, this step of anal-
ysis was applied to industries. For example, for the gas industry considered in Section
2.1.8, two parameters Prn were identified for the property T: (sustainability). Based on this,
in all scenarios the normalization of property Ti according to the K- criteria was carried
out in the range [-2;2]. The normalization results are presented in Table 3.

To consider this example, authors conclude that the geopolitical situation has the
highest degree of negative impact (criterion K4) on the accessibility (property T2) in the
gas industry according to the neutral scenario in the first of three time periods. At the same
time, legislative features (Ks), on the contrary, have a positive effect on adaptability (prop-
erty T4). Similar conclusions by analogy can be drawn for other industries, time intervals
and scenario conditions.

The values obtained by the authors were averaged for further use in a comprehensive
assessment of the impact of external challenges on the FEC. The results are presented in
Figure 4 for all scenarios (where “=" is for the neutral scenario, is for the negative
scenario and “+” is for the positive scenario) over three time periods (2020-2025, 2025-
2030, 2030-2035+). Grouping by time intervals on the graph for the negative and positive
scenarios is similar to the basic one.
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Figure 4. Influence of external challenges in scenarios over the time period of scenario forecasting
2020-2035+.

2.3. Analysis of the Impact of Technological Development on the Properties in LFEC

To identify the degree of influence of technological development on the change of
properties Tiin the energy industries over three time periods (2022-2025, 2025-2030, 2030-
2035+), a survey was formed for each LFEC. The degree of this impact, according to the
results of the survey, was assessed on a scale from —10 to 10 with a discreteness of 1, where
the values reflect:

-10—maximum degradation of technological development and, as a result, deterioration
in the values of the properties of the energy industry;

0—no changes in the values of industry properties;

10 —maximum technological development and, as a result, the improvement of the values
of the properties of the energy industry.

The duration of the survey was 2 weeks. The selection of the expert group was carried
out from structures related to research and educational activities, as well as from compa-
nies in the fuel and energy sector. During this period, 47 people took part in the survey,
including employees of 12 educational institutions and representatives of 10 industry
companies. This sample of respondents was formed in order to rely on the opinion of
leading experts and professors from educational institutions close to the subject under
consideration. According to the results, the degree of transformation of the properties of
each LFEC and its direction was revealed.

The final assessment went from the local level to the global one. First, it was carried
out for the LFEC by industry at three time intervals and then the median value was ob-
tained. Scenario division was not performed at this stage.

According to Formula (3), median values were identified to characterize the behavior
of properties at given time intervals.

if_
2 SMe—-1 (3)

Me = Xpe + iMe ' e y

where Me—median value; x), —lower limit of the median interval; i, —median inter-
val width; }; f —number of all values; Sy._; —pre-median cumulative frequency; fy.—
number of observations in the median interval.
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As an example, Table 4 shows the obtained values of the impact of technological de-
velopment in the gas industry on sustainability (property T1) for the LFEC and the country
as a whole (median values).

Table 4. Summary of primary and secondary data from the survey for sustainability property (T1)
in the gas industry.

Central

Period

LFEC

Southern North-Western LFEC of Middle
LFEC

Ural Siberian Eastern Median
LFEC Volga LFEC LFEC LFEC Value

2022-2025
2025-2030
2030-2035+

-2

1
1

-2 1 -3 2 2 2 0
-2 2 0 2 2 2 1
1 4 2 3 3 4 25

Based on the data obtained from experts, it can be concluded that the impact of tech-
nological development on the sustainability (T1) of the gas industry in the country will
gradually increase (even though its initial weight is small at the LFEC levels). The highest
final value is predicted for the sustainability of the Ural and Eastern LFEC, while a greater
change in property compared to the initial one was revealed for the Central and Southern
LFECs and the LFEC of Middle Volga.

When assessing, it is important (as in the previous stages) to correlate obtained re-
sults with the number of selected parameters Pn within the framework of the properties
Ti. For this purpose, normalization was carried out according to Formula (2), where the
median values were recalculated to a range of values quantitatively equal to the number
of parameters.

Based on this, primary data were converted to another measurement scale, the result
of which is presented in Table 5 for the example mentioned earlier (sustainability (T1)
property of the gas industry). This normalization was required for further assessment of
the total effect of both external challenges and technological development on the LFEC.

Table 5. Normalized results of the survey for sustainability property (T1) in the gas industry.

Period

Central
LFEC

LFEC of Middle
LFEC Volga

Ural
LFEC

Eastern
LFEC

Siberian
LFEC

Southern  North-Western

LFEC

2022-2025
2025-2030
20302035+

0.8
1.1
1.1

0.8
0.8
1.1

1.1 0.7
1.2 1
14 1.2

1.2
1.2
1.3

1.2
1.2
1.3

1.2
1.2
1.4

2.4. Obtaining Scenario Coefficients for the Development of FEC by Properties

To predict the state of an LFEC, a comprehensive assessment is required. The impact
on the energy system is both external challenges and technological progress. These areas
have been assessed in the previous sections. The summation result is shown in Table 6
using an example similar to the previous sections.
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Table 6. Primary data and coefficient of sustainability (T1) for the gas industry for the neutral sce-
nario in the period 2022-2025.

LFEC

Value of Initial

Average Impact of

Impact of Technological

Total Value

Normalized Total

Conditions  External Challenges Development Value
Central 1.98 -0.88 0.8 1.89 0.95
Southern 0.99 -0.88 0.8 0.91 0.45
North-Western 1.31 -0.88 1.1 1.53 0.76
Middle Volga 0.73 -0.88 0.7 0.55 0.28
Ural 1.22 -0.88 1.2 1.54 0.77
Siberian 1.08 -0.88 1.2 1.39 0.69
Eastern 0.00 -0.88 1.2 0.32 0.16

20

The initial values of the properties Ti were taken as the starting point, and in all sub-
sequent iterations, normalization was performed to the number of found parameters Pn.
Thus, it became possible to sum the results obtained for each period of time in each sce-
nario in order to obtain property coefficients. Further, the obtained value was divided by
the number of found parameters Pr, by means of which the normalization was carried out.

3. Results and Discussion

Based on the results of a comprehensive assessment of the prospects of FEC develop-
ment under the influence of global challenges and technology development, scenario co-
efficients of FEC development were obtained for each of the seven LFECs. The resulting
charts, showing the degree of development of main energy industries for the three scenar-
ios (negative, neutral and positive) for the selected time intervals (2020-2025, 2025-2030,
2030-2035), are presented in Figures 5-11. In these, the division within industries into
neutral (“="), negative (“—”) and positive (“+”) scenarios is similar to the coal industry.
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Figure 5. Industry’s scenario coefficients of the development of properties of the Central LFEC at
three time intervals.
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Figure 6. Industry’s scenario coefficients of the development of properties of the Southern LFEC at

three time intervals.
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Figure 7. Industry’s scenario coefficients of the development of properties of the North-Western

LFEC at three time intervals.
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Figure 8. Industry’s scenario coefficients of the development of properties of the LFEC of Middle

Volga at three time intervals.
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Figure 9. Industry’s scenario coefficients of the development of properties of the Ural LFEC at three

time intervals.
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Figure 10. Industry’s scenario coefficients of the development of properties of the Siberian LFEC at
three time intervals.
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Figure 11. Industry’s scenario coefficients of the development of properties of the Eastern LFEC at
three time intervals.

In all charts, the columns representing the sum of the coefficients of Ti properties are
divided into five groups by the energy industry. The first nine columns describe the coal
industry, and the next nine columns describe the gas industry, followed by oil, electricity
and heat energy. In each group, the first three columns describe the obtained coefficients
for the neutral scenario, the next three for the positive scenario, and the last 3 columns for
the negative scenario.

The significance of the contribution of one of the five properties to the development
of a particular energy sector under the chosen scenario at a certain time interval is deter-
mined by the proportion of the corresponding color in the column under consideration.
For example, the development of the electric power industry of the Central LFEC under
neutral and positive scenarios at all time intervals is mostly influenced by reliability (Ts).

High values of the obtained property coefficients indicate the potential for growth in
the level of development of the industry. On this basis, an almost linear increase in the
values of the coefficients of properties in industries, observed in some cases, reflects re-
gions that prevail in the rate of their development. These rates are related to both the ex-
ternal background and the internal level of technological development.
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The authors have identified that the greatest development in the Central LFEC in all
scenarios is electric and heat power, which is shown in Figure 5. The greatest contribution
to this development in the electric power industry belongs to its reliability Ts, and in the
heat power industry to efficiency Ts. In the heat power industry, large losses occur during
heat transmission, which is the main problem of the industry in conditions of its relatively
high level of development in the central region. Therefore, the main reserve for increasing
it is to improve the efficiency of heat transmission and generation. In turn, due to the high
performance of other properties, the main development of the electric power industry in
the central region might take place precisely because of the increase in reliability.

For the coal and oil industries in the negative scenario, and (in terms of Ts efficiency)
even in the neutral scenario, there are negative values of the coefficients of some proper-
ties. This indicates a regression in the coal industry and a slowdown in the development
of the oil industry, partly due to the lack of large deposits in the central region.

The most developed energy sector of the Southern LFEC in all scenarios is the oil
industry, mostly because of its sustainability T:influence, which is shown in Figure 6.
However, this case is atypical. First, in the time period 2025-2030, there will be a decrease
in the level of industrial development compared to 2020-2025. Then, by 2030-2035, a
growth stage will begin, differing between scenarios only in its rate. The decline in devel-
opment is due to the fact that in this region, the oil and gas industry is represented mainly
by refining facilities and transportation. In any of the scenarios at the initial stage, it is
expected to change the transport chains and to make the reorientation of markets, which
temporarily causes a slowdown in industrial development.

In the negative scenario, the weights of the positive and negative values of the property
coefficients are almost equal. This is a logical outcome of the low connection between the
Southern LFEC and the coal industry at present. This correlation points to the need for con-
sideration of the sustainability and adaptability of the industry as points of future growth.

In the case of the North-Western LFEC, all industries might develop harmoniously,
and it is not reasonable to single out a leader among them. In each of the industries, the
greatest contribution is made by different properties, which is due to their specifics. This
correlation is shown in Figure 7. The coal industry demonstrates a noticeable lag in the
case of the negative scenario. Despite the potential for the development of mining in the
Pechora coal basin, opportunities for this are not presented in a negative scenario. The
main effort goes to the maintenance and development of the more priority industries for
the residents of the region —heat and electricity power.

According to the results of the analysis, the North-Western LFEC is characterized by
gradual high rates of the development of industries, which is expressed by the linearity of
the increase in the contributions of the properties’ coefficients. In the future, this LFEC
might be on the same level as the Central LFEC in terms of industrial development.

The LFEC of the Middle Volga is characterized by the absence of a clearly leading
industry with approximately the same level of development of heat and electric power, as
well as the oil industry. In terms of the oil industry and electric power development, this might
occur in equal proportions at the expense of all properties of energy systems (Figure 8).

This region also lacks large deposits of minerals, but there are many industrial facil-
ities and industries along the Volga River. This stimulates the development of heat and
electric power industries to provide production in positive and neutral scenarios while
increasing the volume of output. The development of the oil industry in this case is caused
by a change in trade relations due to the transport role of the LFEC.

The oil industry is the leading one of the Ural LFEC, the development of which is
supported by increasing accessibility T2, which is proved by Figure 9. The sustainability
T: and Ts efficiency of this industry also contributes greatly to its development in each of
the scenarios. The priority of the oil industry is associated with the concentration of most
of the oil production capacity in the area. In addition, this region is a transportation route for
another oil-producing region, the Siberian LFEC. On this basis, the development of its availa-
bility will be conditioned by the development of oil transportation and storage technologies.
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In the territories of the Siberian LFEC, the strongest development might be in the coal
industry (shown in Figure 10). The joint growth of the level of value of all properties leads
to the fact that the rate of development of this industry becomes the leader in all scenarios.
At the same time, the gas, heat energy and electricity industries develop slower than in
other regions (with the exception of the Eastern LFEC).

This region is a leader in terms of reserves and production of minerals in almost all
industries, but the coal industry might receive special development because of the pre-
dominance of deposit capacity relative to other LFECs. Moreover, unlike the oil and gas
industries, where their development can be supported by the LFEC of the Urals, there is
no such opportunity for the coal industry. The vastness of Siberia’s territory, uneven pop-
ulation density, and harsh climatic conditions slow down the development of heat and
electricity in this LFEC.

The Eastern LFEC is characterized by the low level of development of almost all in-
dustries due to its remoteness from the central regions, low population density and iso-
lated infrastructure. The oil and coal industries will develop the most in all scenarios,
mostly at the expense of accessibility T2 and reliability Ts. It is clearly shown in Figure 11.
The development of the coal industry in Eastern LFEC, however, partly depends on the
level of production in Siberian LFEC.

Thus, modeling of the impact of scenario criteria due to global challenges in the de-
velopment of industries through properties and assessing the impact of technological de-
velopment on their change will allow tracing the mutual influence of challenges and tech-
nological progress on the structure of the energy supply. This, in turn, will make it possi-
ble to determine the problematic points of development and the areas required for invest-
ment in order to maintain the target values of the properties of power systems in the long
term.

4. Conclusions

The influence on the structure and development of Russia’s fuel and energy complex
comes both from external challenges and from slow technological development on the
background of this impact. The future of the energy industry depends on its ability to
adapt to rapidly changing conditions and optimize internal processes for meeting needs.

The state of the energy sector as a whole is made up of local levels of regional devel-
opment. The target functions of these growth points depend on their initial state, deter-
mined by the territorial location and a number of features, including population density
and the development of individual industries.

This article proposes an approach to assessing the state of local fuel energy complexes
(LFECs) through the specific cross-cutting properties of industries characterized by quan-
titative parameters. The impact of external influences (through challenges) and technolog-
ical development on these properties has been assessed. Their combination affects the in-
itial state of the LFEC and makes strategic planning possible. The sectoral properties
within the LFEC that have not been sufficiently realized signal potential points of effective
regional development.

The use of the presented methodology makes it possible to find underdeveloped
points with high potential for any multicomponent power system. The proposed ap-
proach takes into account various aspects of development, thus leading to the most effec-
tive decisions. Its results will make it possible to create a reliable, flexible and uninter-
rupted power supply for consumers, taking into account global trends in the energy in-
dustry and following the concept of Industry 4.0. Similar results can be obtained and ap-
plied for any energy system with different combinations of primary energy resources, as
well as with any territorial features.

A planned further improvement of the methodology will allow the authors to exam-
ine energy systems consisting of more energy industries. This includes RES and nuclear
power (taking into account microgeneration). In addition, an interesting issue is the con-
sideration of complex relations between extraction and generation in the methodology.
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Appendix A

Table A1. Industrial parameters of properties.

Coal Industry Gas Industry

Oil Industry Electric Power

Heat Power

Ti

Parameters

The amount of network gas
available for the average
monthly salary, m?

Specific emission volume of CO2-eq.,
min t

Share of import substitu-

Growth of budget places, % tion, %

Financial balance in the heat supply
sector, billion rub.

T, sustainability Length of the newly con-

EBITDA, thousand rub. L.
structed gas pipeline, km

Specific emission rate of SOx, t/thou- Share of employees with

sand t of raw material higher education, %

Heat output from sources, mln Gceal

LTIFR

Specific emission rate of NOj, t/thou-
sand t of raw material

Explored reserves, billion t Free gas reserves, billion m3

Cost of electricity,

Volumes of explored reserves, mln t kop./kW'h

Share of fuel costs in heat supply, %

The ratio of easily recoverable

. ... Moisture content of coal in the seam, % reserves to the total number of
T2, accessibility reserves, 9
, /0

Length of transmission

Length of oil pipelines, km lines, thousand km

Length of heating networks in need of
replacement, km

I in th ional 1 h of
ncrease m.t e operational length o Number of unique deposits
railway tracks, km

Share in Russian reserves, %

Number of large deposits

Share of hard-to-recover reserves, %

Calorific value of coal, MJ/kg Level of APG utilization, %

Depth of processing, % Wastage, %

Installed capacity utilization factor of
thermal power of heat supply sources
during the heating period, %

Coking coal production, mln t Gas processing volume, m3

Ts, efficiency

Processing capacity, min t Shape factor

Losses of thermal energy in heat and
steam networks, %

Volume of coal processing, thou-
sand t

Oil production volume, min t

Specific fuel consumption for
thermal energy supplied by boiler
houses, kg conventional tons/Gcal

Number of complexly mechanized Share of gasified areas, %
longwall faces

Demand for geological infor-
mation by funds of geological in- R&D spending, mIn rub.
formation, %

Share of gas fuel consumption, %

Ts, adaptabilit
4, adaptability Number of cars with the

possibility of using natural
gas as a motor fuel

Export, %

Balance of electricity

Share of high-viscosity oil, % flows, mln kW- h

Coefficient of annual updating of
heat supply schemes of munici-
palities
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‘ o ini , -
Number of accidents at petro- Number of people injured in acci

chemical and oil and gas pro- SAIDI
cessing facilities

Active storage capacity, min
m?/year

dents at heating networks and
heat supply facilities, thousand
people.

Sulfur content, %

Ts reliabili e heati
5 reliability Share of mines with favorable gas Depletion rate of free gas re-  Estimated technological oil Number of accidents on eatlflg
o SAIFI networks and heat supply facili-

hazard conditions, % serves, % losses, t tes

Regulatory reserve, % to
the maximum
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