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Abstract: In the last decade, global discussions on the role of the Russian Federation in the energy
supply system have continued to be relevant. Taking into account this context, the purpose of
the article is to study the impact of the Russian oil and petroleum products market on sustainable
development in the conditions of the “energy transition” declared in the country and to substantiate
the mechanism of transition to a diversified energy model during the period of global geo-economic
turbulence. The authors propose a methodological approach for conducting a comparative assessment
of the level and dynamics of the development of the industry in the country and regions, based on the
use of a set of objective indicators and the concept of taking into account the level and quality of life of
the population. Using panel data on the country, federal districts and vertically integrated companies
of Russia from 2005 to 2020 for empirical research, we found the determining influence of external
and internal factors on sustainable development. The results revealed the problems regarding the
current state of the Russian oil and petroleum products market. Summing up, it can be argued that
the results presented in this article prove the need to solve industry problems and form innovative
strategic directions of development in Russia in modern conditions of energy transformation.

Keywords: oil and petroleum products market; economic development; oil companies; engineering

1. Introduction

One of the important conditions for the sustainable development of the market econ-
omy and its integration into the world economy is a comprehensive and deep moderniza-
tion of the domestic oil and petroleum products market, aimed at the successful functioning
of the economy in the changed economic conditions. The oil market was the engine of
modern industrial development throughout the twentieth century. However, the transition
of society from an industrial type of development to a post-industrial (informational) type
is accompanied by the transformation of market mechanisms, including segments of the oil
and petroleum products market in the direction of effective economic growth and emerging
new factor proportions of the reproductive process. In the 21st century, the oil market is
characterized by high volatility, due to the restructuring of the regional structure of oil
production, changes in the qualitative characteristics of the extracted oil, the structure
and directions of international oil supplies, the transformation of the role of oil in the
programs of energy strategies for the development of the world’s largest economies against
the background of increasing environmental requirements in society.

The relevance of the study of the economic aspects of the development of the national
oil and petroleum products market of the Russian Federation is due to the need to study its
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current state in conditions of turbulence and ongoing socio-political processes that have
a decisive impact on the development of the Russian economy. In Russia, the oil and gas
sector plays a leading role in economic development, as its share in federal budget revenues
has been stable over the past ten years and is in the range of 40–50%. It should also be noted
that the nature and impact of the oil and petroleum products market on the economy of the
country and regions has not been sufficiently studied, which determines the relevance of
research in this field of scientific knowledge [1–7].

When conducting a practical study based on a descriptive-correlation approach, an-
alytical grouping, parallel series, and graphical methods were used. In total, extensive
statistical data were collected for the period 2005–2020. From the websites of the EIA
(Energy Information Administration) [8], BP Statistical Review of World Energy [9], OPEC
Annual Statistical Bulletin [10], The Bureau of Labor Statistics (BLS) [11], the Federal State
Statistics Service of the Russian Federation (Rosstat) [12], the Analytical Center under the
Government of the Russian Federation [13]. The selected sample also includes data on
federal districts and the largest Russian vertically integrated oil companies.

2. Research Results

The analysis of the national oil and petroleum products market will be carried out
in the context of comparison with the main oil-producing countries, since the Russian oil
market is a single interconnected phenomenon functioning on the basis of changing rates
of development of the world oil market, fluctuations in supply and demand, schemes for
promoting goods on world markets.

One of the most important development problems that have a direct impact on the
dynamics of oil production growth is the adequacy of the replenishment of the resource
base. Proven reserves are oil reserves, which, based on the analysis of geological and
engineering data, can be said with a high degree of confidence that they are commercially
recoverable from a certain date, based on known reserves and in current economic condi-
tions. Proven reserves is a term used by the world’s most widespread global classification,
which takes into account not only the probability of finding oil and gas in the field, but
also the economic efficiency of extracting these reserves. Some statistics in this list are
controversial and contradictory, as different sources (OPEC, CIA World Factbook [14,15], oil
companies) give different figures, and there are different types of oil. In addition, the results
of the calculation of proven reserves in certain countries may change, since previously
economically inefficient deposits can be assessed as effective.

The study of oil reserves considered by us in comparison with the main oil-producing
countries showed their extremely uneven distribution across the countries and regions of
the continent. Table 1 presents data on oil reserves and production volumes in the main
oil-producing countries of the world [16].

Based on the data in Table 1 compiled on the basis of the Statistical Review of World
Energy for 2020 by British Petroleum, it can be emphasized that the proven world oil
reserves in the world are estimated at 242.17 billion tons, of which OPEC countries ac-
counted for 70.5% of world reserves. The countries with the largest proven oil reserves
were: Venezuela, with 300,878 billion barr. or 19.9%; Saudi Arabia, with 297,700 billion
barrels, or 16.7%; and Iran, with 211,600 billion. barr. or 11.9% of the global reserves.
Additionally, among the 10 largest countries were Canada, Iraq, the United Arab Emirates,
Kuwait, Russia, Libya and Nigeria. In the table, in addition to the number of oil reserves,
the projected year of depletion of oil reserves in the current production and production
of oil in the countries of the world is indicated. So, in Russia, according to forecasts, if no
new deposits are discovered or current consumption does not decrease, oil reserves may be
exhausted by 2039. In general, according to experts, the world’s oil reserves are sufficient
to meet the growing global demand for about 40 years.
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Table 1. Ranking of the world’s countries by proven oil reserves, 2020. (Oil reserves in the
world by country list 2021. Proven reserves. [electronic resource]. Access mode: https://
www.xn-----7kcbmkfaolw0acwp3ak9a0lg.xn--p1ai/zapasi-nefti-v-mire-po-stranam, accessed on
20 October 2022).

No. Country
Reserves,

Billion Barr.
Reserves,

Billion Tons
Share, %

The Year
of Exhaustion

1 Venezuela 300,878.0 41.0 16.9 2380

2  Saudi Arabia 297,700.0 40.6 16.7 2368

3  Iran 211,600.0 28.9 11.9 2163

4  Canada 169,709.0 23.1 9.5 2144

5 Iraq 142,503.0 19.4 8.0 2106

6  United Arab Emirates 105,800.0 14.4 5.9 2104
7  Kuwait 101,500.0 13.8 5.7 2113
8  Russia 80,000.0 10.9 4.5 2039
9 Libya 48,000.0 6.6 2.7 2149

10 Nigeria 37,062.0 5.1 2.1 2069

The Russian Federation ranks 8th in proven oil reserves with reserves of 80 billion.
barrels, which is 4% of global reserves, and for the production conditions of the Russian
Federation, the use of this volume is likely to be 22.5 years. At the same time, the availability
of reserves in the main oil-producing countries is: 86 years in Saudi Arabia, and more than
100 years in Iran and Venezuela. Assessing the oil reserves of the Russian Federation by
districts, it should be noted that the state reserves balance takes into account 2525 oil fields,
of which about 2/3 of the explored reserves are concentrated in 150 large facilities, and
most of the Russian fields are medium and small and their share in many regions reaches
20–50%. Empirical analysis of oil reserves in the context of federal districts revealed their
shares in the domestic market [17]: Ural, 36%; Volga, 22.6%; Siberian, 16%; Far Eastern,
7.8%; Northwestern, 6.6%; Southern, 5.7%; North Caucasian, 5.3%. Another problem is the
inefficient structure of the reserves being developed, and as a result, oil production at 50%
of the country’s fields is unprofitable, and the share of hard-to-recover and low-efficiency
reserves in the total balance of proven reserves has reached 55%.

Next, let us look at the dynamics of oil production by the leading countries of the
world—Table 2 [18].

Analysis of the dynamics of oil production by the leading countries of the world has
shown that the dynamics of replenishment of oil and gas reserves in the world does not
correspond to the dynamics of production.

The structure of the modern Russian oil and petroleum products market, formed at
the beginning of the XXI century, is a set of markets: resource oil raw materials, extraction,
transportation, petroleum products, production of goods and services, and consumption.
At the same time, the oil market of recent years has been characterized by its serious
transformation, manifested in a significant diversification of its institutional structure,
in the functioning of traditional, innovative market segments: spot market and forward
contracts, and a futures segment, which is accompanied by a change in the positions of the
main participants and the emergence of new players. The scheme of the national oil and
petroleum products market of the Russian Federation is shown in Figure 1.
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Table 2. Dynamics of oil production by the leading countries of the world and the share in world
production for 2015–2021, million tons (Compiled according to the “Statistical Review of World Energy
2022”, British PetroleumBp Statistical Review of World Energy/2022 p. 16 [Electronic resource]. Ac-
cess mode: https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdf/energy-
economics/statistical-review/bp-statsreview-2022-full-report.pdf, accessed on 20 October 2022.

Country 2015 2016 2017 2018 2019 2020 2021 Share, %

1  USA 567.1 542.6 574.1 669.1 749.9 711.6 711.1 16.8
2  Russia 544.6 558.5 558.5 567.9 573.4 524.4 536.4 12.7

3  Saudi Arabia 568.0 586.7 559.3 576.8 556.6 519.6 515.0 12.2

4  Canada 216.1 218.8 236.6 257.7 263.5 252.0 267.1 6.3

5 Iraq 195.6 217.6 222.4 227.0 234.2 202.0 200.8 4.8

6  China 211.6 199.7 191.5 189.3 191.6 194.8 198.9 4.7

7  Iran 180.2 216.1 231.9 219.2 158.3 143.2 167.7 4.0

8  United Arab Emirates 176.1 182.4 176.2 176.7 180.5 166.6 164.4 3.9

9  Brazil 132.2 136.7 142.6 140.6 151.2 159.3 156.8 3.7

10  Kuwait 148.2 152.7 145.0 146.8 143.4 130.3 131.1 3.1
World total 4364.9 4379.6 4386.4 4486.8 4477.6 4170.9 4221.4 100

Figure 1. Structure of the national oil and petroleum products market of the Russian Federation.

The modern Russia, steadily developing the oil and petroleum products market,
significantly affects the pace of economic development, and trends show that the main
macroeconomic parameters of the country are characterized by positive dynamics: the
growth of the most important economic indicators of development, a decrease in inflation,
population growth, and the preservation of high oil prices. However, the growth of the
main economic parameters is not sustainable over the long term, due to their provision, to
a large extent, and due to the favorable conjuncture of the world oil markets.

The stability of the extractive industries largely depends on the volume of prepa-
ration and quality of the mineral resource base (MSB), the parameters of the process of
reproduction of reserves. In the period from 1991 to 2004, there was a steady decline in
the rate of preparation of the raw material base of oil; in 2004, the increase in reserves

4
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amounted to only 218 million tons, or 47% of the current level of oil production in the
country. However, with the rise in world oil prices and the need to replenish the raw
material base, the growth rate of reserves began to grow, and in 2008, for the first time in
15 years, the volume of preparation of new reserves corresponded to the level of current oil
production (500 million tons).

In the period after 2004, up to 2010, there was a steady excess of the increase in oil
reserves over production. The increase in oil reserves as a result of geological exploration
carried out at the expense of the federal budget and subsoil users in 2020, according to the
Ministry of Nature of Russia, amounted to 614 million tons, an increase of 29 million tons or
5.0% compared to the previous year. In general, the dynamics of oil production, its reserves,
as well as the multiplicity of replenishment of oil reserves in the Russian Federation for
2004–2010 is presented in Figure 2 [19].

Figure 2. Dynamics of oil production and availability of oil reserves in the Russian Federation for
2005–2020. Compiled by the authors according to: Regions of Russia. Socio-economic indicators.
2021. 612–613. Region_Pokaz_2021.pdf (accessed on 5 October 2022).

It follows from the data in Figure 2 that the reserves of crude oil in Russia for the
period from 2010 to 2020 decreased by almost a third. Thus, oil reserves in the country in
2010 amounted to 28.2 billion tons, and in 2020, this value was 19.1 billion tons. At the same
time, compared to 2019, 2020 stocks increased by 2.1%. The minimum increase in reserves
over the past decade was noted in 2017, when it compensated for a decrease of only 3%.
In 2019, the excess of growth over production was 14%. In 2020, the excess increase in oil
reserves amounted to almost 70%, due to a sharp decline in production and a significant
increase due to exploration.

In the production of liquid hydrocarbons in Russia over the past decade, positive
dynamics has been observed and an increase of 9.3% has been noted. Oil production in
Russia peaked in 2019 at 561.0 million tons. During the analyzed period, the exception was
2020, which revealed a decrease in oil production. According to the results of 2020, the
volume of national crude oil production decreased by 48.4 million tons (−8.6%) compared
to 2019 and amounted in absolute terms to 513.1 million tons at least over the past 10 years.

5



Energies 2023, 16, 1614

Against the background of the spread of coronavirus, restrictive measures were introduced
in many countries of the world, which led to a reduction in business activity, a decrease
in consumer demand and prices for hydrocarbons. The decrease is also due to Russia’s
fulfillment of its obligations to curb national oil production at the level of quotas established
under the OPEC+ agreement, which eliminated the entire ten-year growth.

Another important factor in the efficiency of the industry is the territorial location of
production. The grouping of the federal districts of the Russian Federation by the volume
of production of liquid hydrocarbons in Russia by federal districts is presented in Figure 3.

Figure 3. Grouping of federal districts of the Russian Federation by oil production volume, 2020. Com-
piled by the authors according to: Regions of Russia. Socio-economic indicators. 2021. 612–613. [Elec-
tronic resource]. Access mode: https://rosstat.gov.ru/storage/mediabank/RegionPokaz_2021.pdf;
Oil production by the subjects of the Russian Federation (thousand tons) Electronic resource] ((date
of application 7 October 2021). Access mode: https://www.gks.ru/bgd/regl/b08_13/IssWWW.exe/
Stg/d3/13-27.htm (date of application 7 October 2021).

Based on the data in Figure 3, it is possible to draw conclusions about the territorial
localization of oil production in the federal districts of the Russian Federation, which
showed that in 2020 they excelled in industrial production: Ural (60.7%) and Volga Federal
districts (21.2%). In Group 2, the Siberian (5.8%), Far Eastern (3.6%), Northwestern (6.3%)
federal districts. The lowest level of oil production is in two federal districts: the Southern
(1.8%) and the North Caucasus (0.4%).

Figure 4 shows the dynamics of oil production by federal districts of the Russian
Federation for 2005–2020.

The presented statistical data in Figure 4 allow us to conclude that the leader in
2020 in oil production is the Ural Federal District, in which about 67% of Russia’s oil
reserves are concentrated and 284.5 million tons of oil were produced. In the Khanty-
Mansiysk (KhMAO) and Yamalo-Nenets Autonomous Okrugs, which are part of the
district, oil fields are exploited, which belong to the West Siberian oil and gas province. The
Volga Federal District was in second place in terms of oil production, where in 2020, oil
production amounted to 106.6 million tons. The largest oil-producing entities of the district
are the Republic of Tatarstan and the Republic of Bashkortostan, within which the main
oil production regions are located, which are part of the Volga-Ural oil and gas province.
In third place was the Siberian Federal District, where there is a tendency to increase oil

6
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production due to the discovery of new fields in Eastern Siberia. Thus, oil production in the
district increased almost 4 times: from 14.3 million tons, in 2005, to 45.2 million tons, in 2020.
Next on the list are the Far Eastern District, with an oil production volume of 34.7 million
tons, and the Northwestern Federal District, where the volume of oil production in the
region amounted to 27.6 million tons. The Southern and North Caucasian Federal Districts
complete the rating, with production volumes of 13 and 0.9 million tons, respectively.

 

Figure 4. Dynamics of oil production by federal districts of the Russian Federation for 2005–2020,
million tons. Compiled by the authors according to: Regions of Russia. Socio-economic indicators.
2021. 612–613. [Electronic resource]. Access mode: https://rosstat.gov.ru/storage/mediabank/
RegionPokaz_2021.pdf; Oil production by the subjects of the Russian Federation (thousand tons)
Electronic resource]. Access mode: https://www.gks.ru/bgd/regl/b08_13/IssWWW.exe/Stg/d3/1
3-27.htm (accessed on 5 October 2021).

The presented statistical data in Figure 4 allow us to conclude that the leader in
2020 in oil production is the Ural Federal District, in which about 67% of Russia’s oil
reserves are concentrated, and 284.5 million tons of oil were produced. In the Khanty-
Mansiysk (KhMAO) and Yamalo-Nenets Autonomous Okrugs, which are part of the
district, oil fields are exploited, which belong to the West Siberian oil and gas province. The
Volga Federal District was in second place in terms of oil production, where in 2020, oil
production amounted to 106.6 million tons. The largest oil-producing entities of the district
are the Republic of Tatarstan and the Republic of Bashkortostan, within which the main
oil production regions are located, which are part of the Volga-Ural oil and gas province.
In third place was the Siberian Federal District, where there is a tendency to increase oil
production due to the discovery of new fields in Eastern Siberia. Thus, oil production in the
district increased almost 4 times: from 14.3 million tons, in 2005, to 45.2 million tons, in 2020.
Next on the list are the Far Eastern District, with an oil production volume of 34.7 million
tons and the Northwestern Federal District, where the volume of oil production in the
region amounted to 27.6 million tons. The Southern and North Caucasian Federal Districts
complete the rating, with production volumes of 13 and 0.9 million tons, respectively.

Oil companies are currently of decisive importance in the Russian oil industry. In 2020,
285 organizations with licenses for the right to use the subsoil carried out oil production on
the territory of the Russian Federation, including: 98 organizations included in the structure
of 11 vertically integrated companies; 184 independent mining companies; and 3 companies
operating under the terms of production sharing agreements. The main volume of national
oil production formed by the five largest vertically integrated companies is large joint-
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stock companies controlled by the state (Rosneft, Gazprom Neft) and private shareholders
(LUKOIL, Surgutneftegaz, etc.). In fact, the share of the free oil market in the Russian
Federation is about 15–20%, which indicates its oligopolistic nature.

Figure 5 shows the dynamics of oil production by the largest Russian vertically inte-
grated oil companies for 2005–2020 [20–25].

Figure 5. Dynamics of oil production by Russian vertically integrated companies for 2005–2020,
million tons. Compiled by the authors according to: The annual report of PJSC NK Rosneft. 2020.
22. [Electronic resource]. Access mode: https://www.rosneft.ru/upload/site1/document_file/
a_report_2020.pdf; Annual Report of OAO Lukoil. [electronic resource]. Access mode: https:
//lukoil.ru/FileSystem/9/553791.pdf; Annual Report of Gazprom Neft.2020, [Electronic resource].
Access mode: https://www.gazprom.ru/f/posts/57/982072/gazprom-annual-report-2020-ru.pdf;
Annual report of PJSC Tatneft. [electronic resource]. Access mode: https://www.tatneft.ru/uploads/
publications/61725c8bbfaca243850193.pdf (accessed on 9 October 2021).

An analysis of the dynamics of oil production by Russian vertically integrated compa-
nies in Figure 5 showed that in 2020, there was a decrease in oil production, as the OPEC+
countries, including Russia, reached an agreement to reduce oil production by 2 million bar-
rels per day, which was the largest reduction since the beginning of the Aids-2019 pandemic.
Thus, PJSC Rosneft accounted for the largest amount of oil production, the volume of which
amounted to 230.2 million tons, in 2019, and 204.5 million tons, in 2020. In second place
was PJSC Lukoil, with 85.9 and 73.5 million tons, respectively. Next is PJSC Surgutneftegaz,
whose operating data for 2020 showed that oil production amounted to 54.7 thousand
tons, which is 10% lower than in 2019. Revenue also decreased synchronously by 31% in
2020, but profit increased almost 7 times compared to the previous year and amounted to
742 billion rubles.

During the analyzed period, there is a tendency in the structure of oil production
to reduce the share of vertically integrated companies and strengthen the positions of
independent producers. Thus, in the structure of oil and condensate production, 78.5% is
accounted for by vertically integrated companies, 17.9% of hydrocarbons are produced by
independent companies, and 3.6% of production is accounted for by companies operating
under production sharing agreements. The average growth rate of oil production by
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independent companies over the past 10 years was 7.8%, and the crisis of 2020, to a lesser
extent, affected the level of their production, in which production decreased by 3%, while
vertically integrated companies were forced to reduce production by 10%.

Another important segment of the oil market is the refining sector. According to the
Ministry of Energy of the Russian Federation, in 2020, 32 large oil refineries, 250 mini-
refineries, 6 specialized plants for the production of specialized oils and lubricants operated
in the country, with their placement being closer to the places of consumption [26]. The
volume of refined petroleum products was 6.9 million barrels daily, with a volume of 7% of
the world market. The leader of the international oil refining market was the USA, with
a 20% share, 130 refineries and a production volume of 18.9 million barrels per day. The
second place was occupied by China, with a market share of 17% and an oil refining volume
of 13.5 million barrels. per day.

In the Russian Federation, the largest refining capacities belong to the refineries of
Rosneft, Lukoil, Gazprom Neft and Surgutneftegaz. The main volume of primary oil
refining is accounted for by PJSC Rosneft, which operates 9 refineries in the country
(Komsomolsk (Komsomolsk-on-Amur city, Khabarovsk Territory, Tuapse (Tuapse city,
Krasnodvrsky Territory), Kuibyshevsky (Samara city, Samara region), Novokuibyshevsky
city of Novokuibyshevsk, Samara region), Syzransky (Samara city, Samara region), Achin-
sky (Bolsheuluysky district of Krasnoyarsk Krai), Saratov Refinery (Saratov city, Saratov
region), Ryazan Refinery (Ryazan city, Ryazan region) and Angarsk Petrochemical Com-
pany (Angarsk city, Irkutsk region)). In general, the plants of PJSC Rosneft processed
77.5 million tons of oil in 2020, which is 3.2 million tons or 4.1% less compared to 2019. The
refineries of PJSC Lukoil processed 45.6 million tons of oil in 2020, which is 0.8 million
tons less than in 2019. There are fewer indicators of Rosneft plants. At the same time, it is
necessary to take into account the average production per enterprise, which is 12 million
tons of oil per year. In this aspect, Surgutneftegaz Joint-stock Company is the leader, since
with only one enterprise, its capacity amounted to 22 million tons.

The regional structure of the oil refining sector evidently represents the territorial
location of oil refineries in the federal districts of the Russian Federation. The largest
number of enterprises are located in the Volga Federal District, with 14 large factories and
16 mini-factories, and in the Central District, with 5 large factories and 16 mini-factories.
The grouping of the federal districts of the Russian Federation by volume of oil refining,
for 2020, is presented in Figure 6 [27].

The analysis of Figure 6 shows that in terms of oil products production for 2020, the
leaders are: Volga, 116.4 million tons (42%), and Central, 41.8 million tons (14.6%), federal
districts. In Group 2, the leaders are: the Siberian, 38.1 million tons (14.2%), the Southern,
27.3 million tons (11.0%), and the North-Western District, 26 million tons (9.9%), districts.
In the group of outsiders, the leaders are: the Far Eastern, 13 million tons (4.6%), and the
Ural 8 million tons (2.9%), districts. In the North Caucasus District, the production of
petroleum products has been discontinued.

In the regional industry structure, the Volga Federal District occupies the first place in
terms of primary oil refining, which accounts for 36.4% of primary oil refining in Russia.
The district has large oil refineries owned by Lukoil (Nizhegorodnefteorgsintez and Lukoil-
Permnefteorgsintez), with a capacity of 17 million tons and 13.1 million tons, respectively.
Significant capacities in the district are concentrated in the Bashkir group of enterprises and
in the factories of the Samara region (Novokuibyshevsky, Kuibyshevsky and Syzransky).
The region also has the most technologically advanced plants with a processing depth of
about 99% (“Mari”, “TANECO”).
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Figure 6. Grouping of the federal districts of the Russian Federation by volume of production of
petroleum products, 2020.

The second region in terms of primary oil refining is the Central District, with a
primary refining volume of 14.6%, in which three large oil refineries are located with a total
refining volume of 40.9 million tons in 2020, which is 0.8 million tons less than the previous
year, due to the overhaul of technological installations. The third region is the Siberian
Federal District, with a market share of 14.2% and four large oil refineries, in which the
volume of primary oil refining in 2020 amounted to 39.2 million tons, but decreased by
0.9 million tons compared to 2019.

The fourth region is the Southern Federal District, geographically closest to the export
markets of petroleum products through ports on the Black and Caspian Seas. Eight large oil
refineries are concentrated in the Southern District, and the largest of them is the Volgograd
plant of LUKOIL with an installed capacity of 15.7 million tons of raw materials per year.
In 2020, the volume of oil refining in the district amounted to 27.3 million tons, or 11.0% of
the all-Russian indicator. In the North-Western District, 9.9% of Russian oil is processed, in
which three large plants with a refining volume of 26.0 million tons operate. One of the
largest Russian oil refineries, Kirishinefteorgsintez, is located in the district, with a volume
of primary processing of raw materials of more than 18 million tons per year.

Our analysis has shown that the majority of Russian oil refineries are characterized
by: the use of imperfect technologies, a low proportion of deepening processes; a fairly
significant degree of depreciation of fixed assets; an insufficient level of conversion of
crude oil into more valuable refined products. In addition, oil refining capacities are
unevenly distributed throughout the country, which leads to the creation of prerequisites
for the formation of regions that are excessive in production and regions that are “deficient”
in the provision of petroleum products and an increase in the load on transport for its
transportation. Almost all refineries are located in the interior of the country, away from
the border and sea export terminals, which reduces the efficiency of exporting petroleum
products by increasing transportation costs.

An important characteristic of the oil market of the Russian Federation is the dynamics
of the utilization of refining capacities, which in 2020, amounted to 270 million tons, and
the degree of utilization of primary oil refining units decreased to the lowest level since
2007, amounting to 82.3%. The overall reduction in the volume of primary processing of
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crude oil at Russian refineries was accompanied by a decrease in the production of all major
types of petroleum products, namely, motor gasoline, diesel fuel, heating oil and aviation
kerosene, which was largely due to the different dynamics of the reduction in external
and internal demand for these fuels from consumers in the conditions of COVID-19. In
addition, the dynamics of primary oil refining was influenced by legislative decisions in
the field of taxation, which reduce the attractiveness of exports of dark petroleum products,
as well as the process of state regulation of the domestic market of petroleum products.

An important value representing the technological efficiency of the industry is the
depth of oil refining, which means the total yield as a percentage of all petroleum products,
except for the non-converted residue used as boiler fuel. With shallow oil refining, the profit
is 13.7 billion rubles, and with a deep chemical scheme, 41.9 billion rubles, i.e., the growth
is more than 300%. In 2010, the refining depth of Russian refineries was 70.9%, in 2015, the
indicator reached 74.2%, in 2017, the result was 81.3%, and in 2019, it was 83.1%. In 2020,
the average depth of oil refining in the country increased by 1.3 percentage points to 84.4%.
Despite the reconstruction and modernization of many enterprises and the improvement
of the oil refining complex, the products were still more focused on domestic consumption,
due to the low quality of oil refining. For comparison, in the USA, the average depth of
oil refining is 90–95%, and at the most modern American refineries—up to 98%; in OPEC
member countries, average depth is 85%, and in European countries, 85–90%. That is, we
state that Russia is noticeably lagging behind in this indicator.

In 2020, Russian oil companies increased the depth of oil refining compared to the
scale of 1.2–2.5%, and accordingly, the output of light oil products increased. Thus, the
refineries of PJSC Lukoil had the greatest refining depth, 88.8%, which allowed them to
increase the share of light products output from 69.3%, in 2018, to 73%, in 2020, respectively,
reducing the share of fuel oil produced from 22%, in 2014, to 11%, in 2020. The greatest
depths of oil refining were recorded in NOVATEK-Ust-Luga (99.9%), Antipinsky (99.5%),
Novoshakhtinsky (99.1%), and Omsk (98.9%) refineries. However, a number of plants retain
low refining depth indicators: Achinsk (65.6%), Tuapse (65.4%), Komsomolsk Refinery
(63.1%). PJSC Rosneft, with the largest number of refineries, stood out for a relatively
low level of refining depth of 74.4%. The analysis made it possible to note a significant
differentiation of oil refineries by processing depth and to determine the average value for
the federal districts, which in 2020, amounted to 79% in the North-Western District, 74% in
the Siberian, 72% in the Volga, 70% in the Central, 62% in the South, 61% in the Far East,
55% in the Urals.

Thus, the conducted research showed that the state policy of Russia in the oil refining
industry over the past few years has been aimed at increasing the level of oil refining depth
and increasing the yield of light petroleum products. The main trends in the Russian oil
refining industry in 2020 were the modernization of refineries, the renewal of equipment
and technological capacities, the growth of production of high-octane gasoline that meets
Euro-5 standards and higher, and the organization of “oil-free” production. As a result,
the processing depth in comparison with 2014 increased by 15% in 2020 and amounted to
83.1%. Against the background of a reduction in the production of fuel oil by 42%, the share
of the output of motor gasoline and diesel fuel increased, and a positive trend was observed
in terms of the dynamics of production indicators. At the same time, the analysis of the oil
refining sector market revealed a feature of the territorial structure of the refining sector,
which is expressed in a higher level of dispersion across the country than the structure of
its reserves and production.

Oil is the most important export commodity of the Russian Federation and provides
more than 20% of cash receipts from foreign trade. According to the Federal Customs
Service, in 2020, oil and petroleum products in monetary terms provided 35% of revenues
to the budget of the Russian Federation from foreign trade. The dynamics of exports of oil
and petroleum products from Russia for the period 2005–2020 is presented in Figure 7.
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Figure 7. Dynamics of oil and petroleum products exports of the Russian Federation for 2005–2020.
Compiled by the authors according to: The Central Bank of Russia [Electronic resource]. Access
mode: https://cbr.ru/statistics/macro_itm/svs/export_energy/; http://global-finances.ru/eksport-
nefti-iz-rossii-po-godam/ (accessed on 17 November 2021).

A study of the dynamics of the volume of exports of oil and petroleum products
for 2005–2020 in Russia showed that on average, about 250 million tons were exported
per year. In the period 2010–2014, there was a decrease in the volume of oil exports, and
for the period 2015–2019, there was a steady increase in exports, and a record volume of
269.2 million tons was achieved in 2019. The growth compared to 2018 was 8.5 million tons
or 3.3% [28]. However, in 2020, due to the complex of problems encountered, there was a
decrease in exports by 11.3% to 238.6 million tons per year. Revenues from the export of
oil and petroleum products for 2020 amounted to USD 141.7 billion, a decrease of 36.1%
compared to the same period in 2019. Exports are mainly: crude oil and crude oil products
to China (33%), the Netherlands (13%), and Germany (9%); and petroleum products to the
Netherlands (15%), the USA (9%), and Turkey (5%). The analysis of the Russian oil market
over the past ten years has revealed that as a result of rising world prices and an increase
in oil supplies, the export revenue of Russian oil companies from oil sales has increased
by more than 5 times (from USD 25 billion up to USD 135 billion), and revenue from oil
products increased 7 times (from USD 10 billion to USD 70 billion).

One of the important indicators affecting GDP growth and the standard of living of the
population is the volume of oil consumption, since the countries and regions that consume
oil receive the maximum profit. There is a certain interdependence between the average
per capita volume of oil consumption and the size of the gross domestic product (GDP) per
capita: the higher the consumption, the higher the level of GDP per capita. Table 3 shows
the volumes of oil consumption in the developed countries of the world.
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Table 3. Oil consumption in developed countries in 2020.

Country
Consumption Volume,

Barrels per Day
Market

Share, %
Country

Consumption Volume,
Barrels per Day

Market
Share, %

1. USA 19,780,000 19.2 11. Germany 2,281,000 2.28
2. EU 15,000,000 15.0 12. Iran 2,018,000 2.01
3. China 14,225,000 14.2 13. Mexico 1,733,000 1.7
4. India 5,271,000 5.3 14. Indonesia 1,628,000 1.6
5. Japan 3,812,000 3.8 15. France 1,530,000 1.5
6. Saudi Arabia 3,788,000 3.7 16. Singapore 1,339,000 1.3
7. Russia 3,317,000 3.3 17. Italy 1,262,000 1.2
8. South Korea 2,760,000 2.7 18. Spain 1,226,000 1.2
9. Canada 2,403,000 2.4 19. Great Britain 1,118,000 1.1
10. Brazil 2,398,000 2.39 20. Australia 1,046,000 1.0

Compiled by the authors according to: Organization of Petroleum Exporting Countries (OPEC). [electronic
resource]. Access mode: https://www.opec.org/opec_web/en/index.htm (accessed on 13 October 2021).

The analysis of Table 3 shows that 78% of oil and petroleum products from the total
volume of world consumption are consumed in the 20 leading countries of the world.

The largest consumer in the world is the USA, with a market share of 19.2%; the EU
countries are in second place—15.0%; China is in third and fourth place—14.2%; and India
has a share of 5.3%. It should be noted that in Russia, over the past decades, there has been
a decrease in the consumption of oil and petroleum products from 223 million tons in 1995
to 146.9 million tons in 2020, and the country ranks 7th in terms of consumption. At the
same time, the share of consumption per capita of the world volume is only 3.3% [13]. In
the leading countries, in terms of oil consumption in 2020, the volume of consumption in
the United States was 19.8 million barrels per day; in China—14.2 million barrels per day;
in India—5.3 million barrels per day. Total global oil consumption, according to OPEC data
for 2020, amounted to 90.8 million barrels per day, and according to experts’ forecasts, this
indicator will continue to grow to 96.9 million barrels per day.

Let us further consider the volume of consumption of one of the main petroleum
products—motor gasoline in the Russian Federation—grouped by us by federal districts of
the Russian Federation—Figure 8.

In the whole country, the total volume of gasoline consumption in 2020 amounted to
35.2 million tons. The leaders in the volume of consumption according to federal district
were: Central—9.11 million tons (29.2%); Volga—5.98 million tons (19.2%); and Siberian—
4.33 million tons (13.9%). This is followed by: the Southern district—3.24 million tons;
Northwestern—3.2 million tons; Ural—2.8 million tons; North Caucasian—1.57 million
tons; and Far Eastern—0.97 million tons; which complete the rating [29].

The revealed imbalances in gasoline consumption are due to several factors: the level
of stability of the region, the degree of development of the economy and infrastructure,
the standard of living of the population, geographical features, and the number of cars
in the district. To a significant extent, the volume of consumption of petroleum products
is directly dependent on oil prices. It should be noted that the current structure of the
Russian oil market is due to the imperfection of domestic pricing, its dependence on the
global pricing system for oil and petroleum products, as evidenced by the lack of a unified
methodology for determining them, and the presence of many oil prices in the country.
The competitive oil market, which should be the basis of pricing in Russia, is oligopolistic
and controlled by several vertically integrated companies, which practically deprives this
segment of a competitive environment.

A comparison of Russian domestic prices for petroleum products with export prices
proves the existence of a clear relationship between the Russian and European markets,
which causes an increase in domestic prices in the Russian Federation in proportion to
their growth in the world markets. The lowest gasoline prices were formed in Venezuela,
Kuwait, Iran, the UAE, and Saudi Arabia, and mainly high gasoline prices are noted in
the European Union. Gasoline prices in countries may vary depending on the availability
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of raw materials, refineries, types of taxes, excise taxes and other costs. The dynamics of
Russian prices for brands of motor gasoline and diesel fuel is shown in Figure 9.

Figure 8. Grouping of federal districts of the Russian Federation by volume of gasoline
consumption, 2020.

Figure 9. Dynamics of Russian prices for motor gasoline and diesel fuel for the period 2000–
2020, rubles/liter. Compiled by the authors according to: https://www.gks.ru/bgd/free/B04_
03/IssWWW.exe/Stg/d02/15.htm; Average consumer prices in the Russian Federation in 1992–2007.
[electronic resource]. Access mode: https://www.gks.ru/free_doc/new_site/prices/potr/tab5-cen.
htm (accessed on 10 October 2021).

The statistics given in Figure 9 allow us to conclude that over the past two decades, the
increase in prices for automobile gasoline of various brands averaged 449% or 4.49 times for
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the AI-92 brand, and 441% or 4.41 times for the AI–95 brand. The average producer prices
for automobile gasoline and diesel fuel in 2020 were: automobile gasoline—45.9 rubles;
and diesel fuel—48.7 rubles.

To identify the factors of price growth, we will consider the pricing structure of motor
gasoline in Russia based on the average cost of 1 L of motor gasoline in the Russian
Federation and conduct a comparative analysis with the structure of the cost of gasoline in
the United States—Table 4.

Table 4. The structure of the average cost of 1 L of gasoline in Russia and the USA, 2020.

Indicators Russian Federation USA

The cost of raw materials, % 12 54
Taxes and excise taxes, % 69 18
Production costs, % 6 5
Costs of delivery and sale of goods, % 8 17
Profit, % 5 6

Compiled by the authors according to: Rosstat, the Oil and Gas Information and Analytical Center (IACNG), EIA
(Energy Information Administration), the US Federal Bureau of Labor Statistics (The Bureau of Labor Statistics,
BLS). (accessed on 10 October 2021).

The analysis of Table 4 showed that: in Russia, in the final price of gasoline, the cost of
raw materials is 12%, whereas in the USA, this cost is 54%; taxes and excise taxes in the
Russian Federation (VAT, mineral extraction tax, income tax) reach almost 70%, whereas in
the USA, the cost is 18%; and profit in Russia is 5%, where in the USA it is 6%.

3. Discussion and Conclusions

In the process of globalization of the oil and petroleum products market and its
relationship with the economic development of the country, we have identified the problems
of the current state of the Russian and regional markets and justified the determining
influence of external and internal factors on its development.

1. The current state of the Russian oil market is characterized by the presence of problems
that create real prerequisites for reducing the level of oil production and export
volumes in the future. The probable instability is caused by a reduction in the growth
of industrial oil reserves and the absence of a significant reserve of large deposits, due
to a decrease in the pace of exploration in recent years.

2. Despite the significant increase in production observed in recent years, the issue of
long-term sustainability of the achieved production volumes remains relevant. About
50% of oil production in Russia falls on fields put into operation before 2000, a level
of production which is characterized by high rates of natural decline in production:
8–10% annually on the rolling stock of wells. Drilling of new wells makes it possible
to slow down the reduction in production, but it is not possible to reverse the trend,
as the water content of the fields increases. So, for the period from 2008–2020, oil
production in Western Siberia decreased by 10%. To compensate for the natural decline
in production at mature fields, it is necessary to actively introduce new reserves into
development. Currently, in the structure of residual oil reserves, more than 2/3
are difficult to develop and require the use of technological innovations, which is
associated with significant costs.

3. Oil production is characterized by an undeveloped material and technical base (only
14% of the oil equipment operated in Russia corresponds to the world level). The pro-
ductivity of existing oil wells and the quality of the extracted oil continue to decrease,
as well as the quality characteristics of the raw material base of the industry, which
is manifested in the high depletion of exploited oil reserves. This makes it necessary
to involve in the turnover of difficult-to-develop deposits that require significantly
higher costs and the use of more complex technologies, which the industry currently
does not have in sufficient volume.
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4. Economic factors are functioning inefficiently; in particular, there is an underfunding
of the industry due to the high level of taxation and insufficient motivation of oil
companies to increase capital investments. Due to the need to increase the level
of oil production to 530–600 million tons per year (in accordance with the “Energy
Strategy of the Russian Federation until 2030”), the volume of oil production financing
should be from USD 22 to USD 25 billion per year, while the volume of real capital
investments is, on average, USD 7.8 billion per year. With such a volume of investment,
it is impossible to achieve an innovative level of development of the industry that
meets international standards.

5. In general, the domestic market is characterized by a high degree of consolidation
and the virtually oligopolistic nature of the sphere of production (extraction and
processing), low processing depth, weak competition in small wholesale and retail
sales. The state has a dominant role in the hydrocarbon market due to its control of
the largest oil producer PJSC Rosneft (40% share in production), the largest operator
of the oil pipeline system PJSC Transneft, as well as control over tariffs and tax policy.

6. Problems are increasing due to insufficient state regulation of the oil market and an
increase in the number of mothballed unprofitable wells. In the conditions of favorable
conditions of world oil prices, Russian oil exporters do not receive incentives for
technical and technological re-equipment, which leads to a lag in the industry.

7. Sectoral sanctions were imposed on Russian companies by the United States and the
European Union countries, suggesting restrictions on cooperation between Russia
and Western countries in the energy sector. In particular, sectoral sanctions have
actually imposed a ban on the supply of equipment for production on the deep-water
shelf, the implementation of projects on the Arctic shelf and the development of
shale oil reserves. After the sanctions were imposed, almost all joint projects on the
development of unconventional reserves and the development of offshore reserves in
Russia were suspended.

However, it should be noted that the restrictions imposed are mainly aimed at reducing
the long-term potential of Russian oil production and are not able to significantly affect the
level of production in the coming years. In the longer term, the impact of sectoral sanctions
on oil production in the country may be tangible. The success of the Russian oil industry
will depend on the ability to create Russian technologies for offshore operations and the
development of unconventional reserves. The increase in production in the last decade
was associated with the start of production at new large projects, the implementation of
which compensated for the natural decline in production at mature fields. According to
our estimates, oil production at new fields will stabilize in the coming years.

The methodology of comprehensive improvement of the institutional structure of
the Russian oil and petroleum products market, in our opinion, should be based on the
following approaches:

– Development of new oil fields;
– An increase in the export share of products of the petrochemical and oil refining

industries with high added value, rather than an increase in the volume of sales of
raw materials of the Russian oil market;

– Conducting an active geographical diversification of the sales markets of Russian oil
and petroleum products, and development of the countries of the Asian region and
the USA;

– Improvement of the institutional structure of the Russian oil and petroleum products
market;

– Improvement of the legislative framework, rental policy of the state, tax regime;
– Increasing the investment attractiveness of the domestic market of oil and petroleum

products.

Currently, the geopolitical factor has become relevant and the functioning of the oil
market is influenced by political factors in the conditions of the actual absence of a market
mechanism. This is a further direction for ongoing research in the energy sector.
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Abstract: This article consists of the development of a set of methodological provisions concerning
the identification of the features of the influence of the business environment on the effectiveness
of the implementation of the company’s financial strategy and the development of a system for its
adaptation to the conditions of a dynamic external environment. The purpose of this article is to build
an economic and mathematical model to identify the main elements of the business environment
that affect the company’s strategy, the formation of methods for evaluating the effectiveness of the
implementation of a financial strategy taking into account such influence. The author’s contribution
consists in the development of an effective financial algorithmic strategy of the energy holding,
considering the influence of the environmental factors. Hypothesis: the use of mathematical models
of the business environment will increase the efficiency of energy holding management in the field of
finance and investments. The scientific novelty of this article lies in the development of an algorithm
that allows for obtaining an integral assessment of the impact of external and internal factors
of the energy holding’s business environment on its financial strategy using taxonomy methods,
multidimensional statistical analysis and cluster and discriminant models. Results: the authors have
developed a model of the influence of the energy holding’s business space, which allows improving
the interaction of financial flows within the holding and obtaining an optimal distribution of financial
resources, taking into consideration the dynamic factors of the company’s external environment.

Keywords: financial analysis; energy holdings; financial strategy; environment

1. Introduction

Modern conditions of the functioning and development of industrial complexes, in
general, and production facilities and enterprises, in particular, are characterized by uncer-
tainty and ambiguity of the influence of the external environment, increased competition,
the emergence of new market participants and products, increased globalization processes
and the formation of new requirements from consumers. A characteristic feature of the
functioning of modern enterprises is that the orientation towards maximum efficiency has
been replaced by an orientation towards economic development. Constantly changing
working conditions caused by fluctuations in the external environment create an imbal-
ance between existing production opportunities and possible alternatives to the economic
development of the enterprise.

At the same time, it should be noted that the specifics of the interaction of an enterprise
with its environment and business environment are not limited to direct relationships but
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are characterized by a significantly higher level of complexity and subordination. Thus, the
activity of an industrial enterprise is significantly influenced by economic (economic policy
of the state, taxation system, inflationary fluctuations, market conditions, development
of market infrastructure, investment attractiveness of the country, etc.), political (stability
of the government, development of the legislative framework, the nature of government–
business relations, etc.), social (labor potential of the region, population dynamics, level
and quality of education of potential employees, etc.) and technological (technical and
technological development, the results of the introduction of scientific and technological
progress, prospects for the production of domestic equipment, etc.) environmental factors.

The conditions of instability and uncertainty, the constant impact of the external
environment and competition require the enterprise to create such a system of countering
destabilizing factors that would ensure its effective functioning, the ability to resist not
only the threat of destruction of the organizational structure and status but also obstacles
in achieving key development goals.

Thus, these circumstances necessitate the development of a comprehensive adaptive
mechanism that will ensure the response of the enterprise to the impact of external factors
in terms of ensuring its competitiveness and sustainability as well as the adaptation of the
financial strategy to the dynamism of the environment.

The financial strategy of the company is one of the main plans for business develop-
ment in the future. The forecast of the development of the business environment is the
basis for the formation of strategic plans and programs. The need to adapt the financial
strategy of an enterprise to changes in the external environment necessitates the need
to make certain adjustments to its internal systems and divisions in order to ensure that
their functioning corresponds to the state of the business environment. There is no doubt
that the introduction of appropriate changes should be carried out comprehensively and
purposefully in a certain order using a systematic approach, which requires the organized
management of this process.

The task of analyzing the impact of the business environment on the effectiveness
of the implementation of the financial strategy of the enterprise and, accordingly, sub-
stantiating the directions for improving the mechanism of its adaptation to disturbances
and turbulence of the external environment is especially relevant for domestic industrial
holdings since they form a significant share of the economic potential of the country;
however, as a result of the adverse impact of business environmental factors, the stability
of their functioning is disrupted and financial stability and the level of competitiveness
are reduced.

In this context, we note that the problem of research and the assessment of the impact
of the business environment on the effectiveness of the company’s financial strategy, as
well as the organization of the adaptation process, management requires its own theoretical
justification and practical solution, which, in general, determines the choice of the topic of
the article, forms the conceptual basis of the research and determines the scientific tools
of cognition.

Scientific research and analysis in the field of creating an effective financial strategy
were carried out by foreign economists, which include [1–6].

Articles [7–10] were devoted to the analysis of individual elements of the company’s
financial strategy.

The analysis of the scientific and expert literature shows that the formation of a
financial strategy of a business entity is the subject of active study by leading economists
and scientists in different countries of the world. However, at the same time, it is necessary
to pay attention to the fact that the study of the influence of business environmental factors
is only an integral part of scientific works and today does not fully take into account the
dynamism of markets, the peculiarities of the development of economic systems, especially
in the context of digital transformations and the widespread introduction of information
and communication technologies.
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Given the volatility of the external environment, Russian companies are forced to
quickly adapt to new conditions, using different methods to ensure the use of their strategic
capabilities. The need for analysis in relation to assessing the effectiveness of the imple-
mentation of the financial strategy of Russian enterprises, depending on external factors,
determined the choice of the strategy, its target orientation and the complexity of the tasks
solved during the study.

2. Literature Foundations

The most difficult conditions for the energy holding from the point of view of strategic
management of the financial situation are the conditions of the transnational environment,
characterized by a combination of powerful pressure to standardize and the tangible
influence of local forces.

In the process of implementing the new paradigm of managing business entities,
world practice pays considerable attention to analytical tools that allow for justifying a
financial strategy using flexible technologies for its adaptation to changes in the business
environment. However, the key problems of using this tool are simplified ideas about the
meaning and role of strategic analysis of the business environment in the management
system, the use of rather primitive methods, criteria for choosing specific methods and
approaches to their application.

The essential characteristics of the place and role of the financial strategy in the
strategic program and plans of the enterprise are highlighted in Table 1.

Table 1. Key content characteristics of the energy holding’s financial strategy.

Characteristics Content and Essence of the Characteristics

One of the types of functional strategy of the
holding company

The functional content of the financial strategy is that it covers only one of the
activities of the industrial holding and its development is part of the key functions

of financial management

The most important in the complex of
functional strategies of the holding

The financial strategy provides the necessary resources for the implementation of
all other functional strategies, thereby ensuring the coordination and integration of
the efforts of all the holding’s divisions in the process of achieving the set goals

and key development targets.

It covers all the financial relations of the
holding and the key areas of development of

its financial activities

The development and justification of the financial strategy is part of the key tasks
of strategic management. A comprehensive accounting of all possible forms of

financial relations of the holding, as well as the prospects for the development of
its financial activities, makes it possible to ensure the growth of its market value in

the long term.

Forms specific financial goals for the
long-term development of the holding

Taking into account the specifics of the financial activities of the holding, the
financial strategy should contribute to the implementation of the mission and the
achievement of the key benchmarks of its corporate strategy, on the one hand, and
on the other, without contradicting, support the implementation of the tasks of the

other functional strategies.

Promotes the selection of the most effective
tools and methods for achieving the financial

goals of the holding

The choice is ensured by selecting and evaluating more progressive and effective
ways to solve the set tasks and finding and justifying optimal financial solutions

and their appropriate gradation according to the criterion of maximizing the
market value of the holding

Takes into account and adequately responds
to changes in the external conditions of the

holding’s financial activities

The modern, progressive paradigm of developing and shaping the development
strategy of the energy holding determines that the fundamental content of its

strategic behavior is not in the clear implementation of the tasks provided for but
in the ability to respond adequately to changes in the external environment

without delay, with the appropriate adjustment of the tasks set.

Provides adaptability to changes

This characteristic allows us to implement, first of all, a change in the approaches
and methods of accumulating and using the financial resources of the holding.

Adaptive financial potential management is an effective tool for making
adjustments to the ways and forms of achieving the holding’s strategic goals

Generalization of the authors’ [11–17] research allows us to conclude that the strategic
analysis of the business environment of market economic entities is carried out using
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various methods of assessing and predicting the state of their external and internal envi-
ronment, which have specific applications and are characterized by certain advantages
and disadvantages.

Thus, the financial strategy is the unifying factor of the financial and strategic aspects
of the management of the energy holding, which determines the financial goals for the
long term and the means to achieve them.

Mathematically, the structure of the set of business environmental conditions that
affect the financial strategy of a business entity can be represented as follows:

W(t) =
{

WE(t), WI(t)
}

(1)

where W(t) is the general set of operating conditions; WE(t) is a subset of external operating
conditions; WI(t) is a subset of internal operating conditions.

At the same time, despite the widespread practice of analyzing the business environ-
ment, insufficient attention is paid to the coverage of quantitative and qualitative methods
of its implementation. In addition, for domestic business entities, one of the main problems
is that the analysis of the business environment is considered as an ideology of doing
business and not as a tool for strategic management. Practical experience indicates an
incomplete understanding and incorrect application of business environmental analysis
methods in the course of identifying market opportunities and justifying strategic priorities
for the financial development of a business entity.

In the process of studying the features of assessing the state and degree of influence of
the business environment on the implementation of the financial strategy of the Russian
energy holding, three key problems can be identified:

- The formalization of the information necessary for the study of the business environ-
ment and the sources of its receipt;

- The specification and identification of environmental factors that affect the finan-
cial strategy;

- The selection and justification of the most flexible, appropriate and most optimal
methods of analysis.

Let us consider in more detail the problem of forming an information base for assessing
the state and degree of influence of the business environment on the implementation of the
financial strategy of the Russian energy holding.

Based on the generalization of the information obtained from the analysis of scientific
papers, it can be argued that there is a close relationship between the factors of the business
environment and the energy holding, and the influence of each of them to a certain extent
affects its financial strategy.

Considering the factors and conditions of the business environment that affect and
determine the financial strategy of the energy holding, they can be grouped depending on
the group influence with which they enter into a relationship, namely:

(1) Consumers (Icn);
(2) Competitors (Icm);
(3) Suppliers (Is);
(4) Intermediaries (In);
(5) Contact audiences (Ica).

Accordingly, the level of integral influence of business environmental factors on the
financial strategy of the energy holding can be expressed as follows:

IBE = f (Icn, Icm, Is, In, Ica) (2)

The task of analyzing the macroenvironment is becoming increasingly important
for the energy holding when forming its financial strategy in the context of globalization
and tougher competition in international markets. This is primarily because the financial
condition of any enterprise that operates in a transnational dimension and is essentially an
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open system, is completely dependent on the outside world in terms of consumer demand,
supply of resources, energy and personnel [18].

Within the microenvironment, it is possible to distinguish the contour of the industry
and the near environment of the energy holding. The first circuit can be characterized by
the actual and potential size of the industry, its development prospects and the stages of
the life cycle of products and services produced, the structure of industry expenditures, the
scale of competition, the logistics and sales system used, and the trends in the development
of industrial production within this industry [19]. The analysis of the industry features
allows for the analysis to get an idea of the effectiveness of the planned activities provided
for by the financial strategy of the holding.

The formed information base forms the foundation for assessing the impact of the
business environment on the financial strategy of the energy holding and, accordingly,
determines the need to choose specific methods and approaches that allow for fundamental
analysis, within which it is possible to identify general trends, as well as to implement
applied research detailing specific manifestations, spheres and factors of influence.

Table 2 outlines an approximate, conditional list of research works and typical tasks
that can take place when conducting both fundamental analysis and applied research.

Table 2. Indicative list of research works in the process of assessing the state and degree of influence of the business
environment on the implementation of the financial strategy of the Russian energy holding.

Types of Research Works Typical Tasks

Assessment of financial market parameters

- study of the structure and profitability of financial
instruments;

- analysis of the dynamics of inflation;
- research of positions of key currencies;
- investment risk analysis;
- evaluation of credit offers on the market;
- analysis of the Central Bank’s discount rate;
- study of own debt load, capital adequacy,

profitability and liquidity;

Quantitative research of consumers and competitors

- analysis of price expectations;
- evaluation of brand indexes of the competitive

environment;
- building maps of the perception of competitors;
- quantitative assessment of consumer choice motives;
- determining the vectors of switching consumers to

competitors‘ offers;

Expert analysis
- assessing threats and opportunities;
- determining short-term trends in the market

environment;

Analysis of the product range and sales volumes

- customer base assessment;
- evaluation of the economic efficiency of assortment

items (ABC analysis);
- assessment of sales stability (XYZ analysis).

Next, we will specify the factors of the energy holding’s business environment that
affect both the choice of the financial strategy and the results of its implementation.

Among the key characteristics of the external environment is the interconnectedness of
factors: complexity, uncertainty, mobility. These characteristics of the external environment
indicate a significant dynamic and variable nature of the changes that occur in it.

In this context, according to the author, it is necessary to take into consideration two
conceptual aspects:
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(1) All components of the macroenvironment of the energy holding are in a state of
interaction, that is, changes in one of the components necessarily lead to changes
in the other components of the macroenvironment. Therefore, their analysis should
be carried out in a comprehensive manner, tracking specific changes in individual
components of the environment and assessing their impact on other components;

(2) The strength of the disturbing effects of individual components of the macroenviron-
ment on different holdings is not the same. For example, the degree and intensity of
influence have different expressions and forms of manifestation, which depend on
the industry and territorial affiliation of the holding, the size of the holding, and so
on. For this reason, when analyzing the macroenvironment, it is necessary to use a
homomorphic model with the allocation of only those parameters that significantly
affect the financial strategy of an industrial holding and can be measured with greater
or lesser accuracy.

According to the author, considering the peculiarities of the development of modern
markets, as well as taking into account the specifics of the work of energy holdings in
Russia, the factors of the external environment’s influence on the financial strategy can be
grouped into four aggregated categories:

- Forming factors: the factors that determine the dynamics of a financial strategy;
- Regulatory factors: factors that influence the dynamics and changes in the forming

factors, which accordingly determines the regulatory impact on the financial strategy;
- The market: this group consists of factors that have a multidirectional influence, they

can initiate both the emergence of opportunities and the emergence of difficulties and
threats to the financial strategy;

- Warning factors: the threshold values of these factors signal that the economic system
is out of dynamic equilibrium, as a result, there is the possibility of crisis phenomena.

Typical internal threats include imperfection of the organization of the financial man-
agement system; inefficiency of investment activities; non-compliance with liquidity indi-
cators; abuse and incompetence of managers (accounting fraud, falsification of expenses,
misappropriation of income, etc.); weak marketing policy; an inefficient financial monitor-
ing system; the presence of information leakage channels; low capitalization.

Having determined the sources of information and the factors of the business environ-
ment that affect the financial strategy of the energy holding, we focused on choosing and
justifying the most flexible, appropriate and optimal methods of analysis.

To study the impact of business environmental factors on the activities of business
entities, in general, and their financial strategies, in particular, various methods were
used, most of which are based on expert assessments and the implementation of a certain
sequence of stages: the selection of the object of analysis (enterprise, structural unit, etc.),
the justification of criteria and the formation of a group of experts, the development of
a form for analysis and filling out questionnaires, etc., the evaluation of results and the
formulation of final conclusions [20].

The theory and practice of studying the business environment and its impact on
market participants have developed and proven the effectiveness of using such methods of
fundamental analysis as SWOT analysis, PEST (STEP) analysis, SLEEP analysis, STEEPLE
analysis, ETOM analysis, QUEST analysis, etc. [21].

The essential features of economic processes in the Russian economy are the incom-
pleteness and fragmentary nature of the initial data, the limited information (short samples),
the unidentified nature and type of relationships between the output and input variables,
and the absence of a normal distribution in the static sample. These features significantly
limit the use of traditional methods of analysis, in particular, the ARIMA model and
other univariate extrapolation regression models, and require the development of new
non-traditional approaches and methods based on artificial intelligence. Accordingly, in
this case, the most acceptable is the use of methods based on the Fuzzy Logic methodology.

In turn, the diversity and uncertainty of the external and internal environment condi-
tions determine the objective need for a timely and rapid response of the energy holding’s
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financial strategy management system to changes with minimal costs, so in this case, the
most appropriate and effective was the use of neural network analysis technologies that
allowed for not only the collection and analysis of information about the factors of the
business environment, as well as to quantify and qualitatively measure them, but also to
assess their overall impact on the main components of the financial strategy. Additionally,
neural network control systems demonstrate high efficiency if there is no complete set of
data, or in the case when a complex object is analyzed [22].

It should be noted that the boundaries between the different approaches are unclear.
In addition, practice proves that the use of hybrid analysis technologies based on the
combination of traditional management methods, Fuzzy Logic and Neural Network, allows
for the creation of intelligent assessment and management systems that are effective in a
wide range of situations.

The desire for structural knowledge of the factors that influence the business environ-
ment on the financial strategy of business entities and the need to level out uncertainty
is a natural desire of any management. It was this fact that led to the emergence of a
methodology for dividing the factors of influence into “hard” and “soft”. The starting point
of this approach is the recognition that the success or failure of a strategic decision in the
financial sphere depends on the uncertainty of the initial conditions and possible changes
in the conditions of its implementation under the influence of a changing environment [23].

However, a significant number of factors of the business environment are not subjected
to such a precise and formalized analysis because they do not have clear and precise
manifestations, are not amenable to mathematical evaluation, they are difficult to quantify,
and, in addition, their impact and the consequences of such impact are unpredictable. Only
predictions can be made. In this case, it is also difficult to choose the right strategic decision
of the financial behavior of the business entity. This type of factor is classified as “soft”.
Therefore, some alternative approach is needed, which includes the absence of the answer
checked by the conditions of the problem in advance [24–27].

This feature characterizes the difference between two types of opposite factors of the
business environment of modern business entities (Table 3).

Table 3. Identification of “hard” and “soft” factors.

Hard Factors Soft Factors

Unambiguous understanding of the
factors and directions of their influence.
The assessment, analysis and management
tools are unambiguous.
It is known what the factor is.
You know what you need to know about it.
The problem of factor influence is clearly
structured.

There is no single approach to factor
identification.
It is not known what the influence factor
and the tools of its influence are.
The information that needs to be
established is difficult to identify and
formalize.
The method of evaluation and analysis is
not obvious.
The clear limits of the influence of the
factor are not clear.

Considering the strategic problems of managing e-holdings in the modern business
environment, in the author’s opinion, in most cases, the factors of its influence should
be referred to as “soft”. However, the question immediately arises of how to identify in
time the actions (and what those actions are) to choose for a business entity in the event of
the influence of “soft” factors, when it is not only impossible to build algorithms, but it is
often difficult to clearly characterize the factor itself, not to mention building a sequence of
actions to solve emerging problems.

In this case, the theory of fuzzy logic and fuzzy sets is indispensable, because it is one
of the most promising areas of scientific research in the field of analysis, forecasting and
modeling of uncertain and stochastic economic phenomena and processes [28–30].
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It is obvious that after selecting specific methods and approaches of analysis, a sep-
arate refinement and formalization requires an algorithm for conducting evaluation and
analytical procedures.

Let us consider the algorithm developed by the authors for assessing the state and
degree of influence of the business environment on the implementation of the financial
strategy of the energy holding (Figure 1).

Figure 1. Algorithm for assessing the state and degree of influence of the business environment on the implementation of
the financial strategy of a Russian energy holding.

Let us consider in more detail the features of using the proposed algorithm. The
first step in assessing the factor space is to analyze and form a system of indicators of the
external and internal business environment that affect the financial strategy of the energy
holding. As mentioned earlier, when forming this system, the information base is the
official publications of international organizations and rating agencies, information from
public authorities, statistical reports, periodicals, official materials, etc.
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The next step after the formation of the system of indicators of the factor space was
the assessment of local and general integral indicators of the factors of the external and
internal environment by the method of integral rating assessment.

The value of the integral indicator traditionally varies in the range from 0–1. The closer
the value of the integrated assessment approaches 1, the more favorable the impact of this
factor on the financial strategy of the energy holding and the results of its implementation.
At the same time, it should be noted that all factors considered were divided into two
groups based on the nature of the impact of each of them on the financial strategy, and
depending on this, they can be stimulators and discouragers. In case of the negative
influence of external and internal factors, it is important for the holding company to
coordinate its activities in a timely manner, which will allow it to maintain financial
stability. The positive influence of factors enables the implementation of promising areas to
ensure financial stability.

At the third stage of the algorithm implementation, the classification and interpretation
of the states of the factor space were carried out. To determine the types of the state of
the external and internal environment, it is advisable to cluster factors using hierarchical
(natural classification methods) and iterative (K—means method) methods. The obtained
statistical characteristics were the basis for the interpretation of the states of the external
and internal environment: neutral, unfavorable and aggressive.

Additionally, in the third stage, the indicators of the factor space of the external and
internal environment of the energy holding were predicted to determine future develop-
ment trends.

To predict the values of factors, according to the author, it is necessary to use the
methods of dynamic econometrics, namely VAR analysis, since it takes into consideration
the entire set of cause-and-effect lag relationships and is an adequate forecasting tool for
several time series.

The last and fourth stage of the algorithm was the recognition of the future states of
the factors of the external and internal environment, which is advisable to carry out on the
basis of the use of methods of discriminant analysis and the construction of discriminant
classification functions, which allowed for a forecast state of the factors to be made, and,
as a result, the possible results of the implementation of the financial strategy of the
energy holding.

We formalized the factors of the external and internal environment and compiled a list
of information sources that allowed us to form a base for research. We conducted a critical
analysis of various methods and tools for assessing the state and degree of influence of the
business environment on the implementation of the financial strategy of the energy holding
and considered, in practice, the features of using the recommendations, approaches and
methods of action.

3. Results

Using the example of PJSC NOVATEK, using intelligent systems based on SWOT
analysis and neural network modeling technologies, we assessed the state of the holding’s
financial strategy and determined the impact of the business environment on the results of
its implementation.

First of all, we note that it is advisable to build and analyze neural network models
using modern software packages that implement the appropriate technologies. Among
them are the following: Neuro office, NeuroSolution, NeuroShell, STATISTICA Neural
Networks, and others [31–33].

To assess the impact of business environmental factors on the financial strategy of
PJSC NOVATEK, it is necessary to design neural networks and study their effectiveness in
one of the above software packages.

The initial variable a of the neural network can be such indicators as the amount
of profit from operating activities, the number of losses, the probability of break-even
activities, the effectiveness of financial activities, the risk of liquidity and financial stability,
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the index of the ratio of debt and equity, and many other economic indicators of the
financial activities of the holding.

The choice of the final indicator/output variable of the neural network determines
the set of input variables. Therefore, they can be summarized as follows:

P =
{

Pp
}

, p = 1, n represents the set of factors of direct influence of the external
environment, where the lower index p = 1, for example, characterizes the impact of factors
initiated by suppliers, p = 2—financial institutions, p = 3—by consumers, p = 4—competitors,
etc.

Ppjp , p = 1, m, jp = 1, Jp represents the many factors of direct influence of the external
environment of the lowest level of the hierarchy;

Jp is the number of factors of direct influence of the environment at the lowest level of
the hierarchy in the p—the group of factors at the top level;

K = {Kk}, k = 1, n represents a set of factors directly affecting the internal environ-
ment, where the lower index k = 1 characterizes the influence of factors related, for example,
to the professionalism of managers, k = 2—the presence of financial and other restrictions,
k = 3—risky behavior in the financial market, k = 4—creditworthiness, etc.

Kkjk , k = m, jp = 1, Ik represents the many factors directly affecting the internal
environment of the lowest level of the hierarchy;

Ik is the number of factors of direct influence of the internal environment of the lowest
level of the hierarchy in the k-th group of factors of the upper level;

Zl , l = 1, 10 represents the artificial neurons of the first layer;
S represents the artificial neural network of the output layer.
For example, if a is interpreted as the probability of a successful launch by a division

of PJSC NOVATEK of the development of a new field (in full, just in time), then the set of
input variables is given as follows:

P1 = f (P11, P12, P13), where P11 is the price for the supply of spare parts for vehicles;
P12 is the price of equipment and mechanisms; P13 is the terms of delivery of necessary
consumables and the renewal of fixed assets of production;

P2 = f (P21, P22) where, P21 is the salary of service personnel, P22 is the working
conditions;

P3 = f (P31, P32, P33, P34), where P31 is the type and brand of extracted natural re-
sources; P32 is the terms of delivery to customers; P33 is the distance and difficulty of the
route, P34 is the demand for products;

P4 = f (P41, P42, P43), where P41 is the demand for competitors’ products; P42 is the
competitiveness of the holding company; P43 is the prices for a similar type of product
from competitors;

P5 = f (P51, P52), where P51 is the tightening of customs legislation; P52 is the tax
burden on this type of operation;

K1 = f (K11, K12), where K11 is the qualification of senior managers, K12 is the organi-
zation of financial management, requirements for continuous training and development of
new analysis technologies;

K2 = f (K21, K22, K23), where K21 is the presence of financial encumbrances on the
property, K22 is the availability of outstanding loans, K23 is the presence of overdue debt;

K3 = f (K31, K32), where K31 is the purchase of risky securities, K32 is investment in
risky projects with an indefinite payback period.

All levels of the selected influence factors can be changed both quantitatively and
qualitatively. For this purpose, it is necessary to define a linguistic variable “Level of
parameter X”, the carrier of which is a certain region of parameter X, and the term-set of
values forms fuzzy subsets “very low level”, “low level”, “medium level”, “high level”,
“very high level” [34–36].

Thus, an increase in the strength of the influence of one qualitative factor is accom-
panied by a corresponding decrease in the influence of the neighboring factor. At the
point μ = 0.5, the maximum degree of information uncertainty is reached, that is, in it, all
neighboring qualitative characteristics have the same strength (identical). In the middle of
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the upper faces of the trapezoids of the classifier, there are nodal points that can be used as
a system of weights in the process of aggregating vaguely defined data [37,38].

In practice, to analyze the impact of factors of the external business environment of
PJSC NOVATEK on its financial strategy, the use of fuzzy set tools can have the follow-
ing form.

Let us assume that the base factor (suppliers of equipment and spare parts), the influ-
ence of which is analyzed, has three component characteristics (pricing policy; reliability;
image) with a weight of 0.6, 0.3 and 0.1, respectively. The level of each of them is estimated
by the expert at 0.2, 0.6 and 0.5, respectively.

The functions of the membership of the carrier X to the corresponding fuzzy subset
has the following form:

High factor level:

(X) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0, 0 ≤ X < 0.55
10(X − 0.55), 0.55 ≤ X < 0.65

1, 0.65 ≤ X < 0.75
10(0.85 − X), 0.75 ≤ X < 0.85

0, 0.85 ≤ X < 1

Average factor level:

μ(X) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0, 0 ≤ X < 0.35
10(X − 0.35), 0.35 ≤ X < 0.45

1, 0.45 ≤ X < 0.55
10(0.65 − X), 0.55 ≤ X < 0.65

0, 0.65 ≤ X < 1

Low factor level:

μ(X) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0, 0 ≤ X < 0.15
10(X − 0.15), 0.15 ≤ X < 0.25

1, 0.25 ≤ X < 0.35
10(0.45 − X), 0.35 ≤ X < 0.45

0, 0.45 ≤ X < 1

Feature level recognition detects that the first one has a probability of 0.5 low or very
low; the second one is unambiguously high; the third one has a probability of 0.5 medium
or high. In order to assess the strength of the influence of the “suppliers” factor on the
financial strategy of the holding, we constructed a matrix that made it possible to calculate
the intensity of the impact of each of its characteristics separately (Table 4).

Table 4. Matrix required for conducting an integral assessment of the impact of the “suppliers” factor on the financial
strategy of PJSC NOVATEK».

Factors
Weight Char-

acteristics

Accessory Functions

Very Low Low Average High Very High

Pricing policy 0.6 0.5 0.5 0 0 0

Reliability 0.3 0 0 0 1 0

Image 0.1 0 0 0.5 0.5 0

Nodal points 0.075 0.3 0.5 0.7 0.925

In this case, the theory of fuzzy logic and fuzzy sets is indispensable because it is one
of the most promising areas of scientific research in the field of analysis, forecasting and
the modeling of uncertain and stochastic economic phenomena and processes [39].
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Thus, the calculation based on the data in Table 4 looks like this:

SW = 0.6 × (0.5 × 0.75 + 0.5 × 0.3) + 0.3 × 1 × 0.7 + 0.1 × (0.5 × 0.5 + 0.5 × 0.7) (3)

The calculation shows that the influence of the “suppliers” factor on the financial
strategy of PJSC NOVATEK is determined by 80% as average and 20% as high. Simi-
larly, matrix folding can be performed when switching from individual indicators of the
strength/weakness of the influence of a certain factor of the holding’s business environ-
ment to an integral indicator. To do this, the weight of the basic factors in the integral needs
to be determined.

Furthermore, according to the authors, a significant interest in the process of assessing
the state and degree of influence of the business environment on the implementation
of the financial strategy of an industrial holding using intelligent technologies is the
procedure for selecting a specific type of strategy, depending on the capabilities, resources,
limitations, advantages and potential of the holding itself, i.e., on the characteristics of its
internal environment.

Using neural network calculations, we assessed how the advantages and disadvantages
of the internal organization of PJSC NOVATEK affected the choice of its financial strategy.

The holding company is faced with the task of choosing one alternative out of four
possible options for financial strategies:

(1) The strategy of financial support for Accelerated Growth (A1);
(2) Strategy for Financial Support of Limited Growth (A2);
(3) Financial Security Support Strategy (A3);
(4) Individual Production Support Strategy (A4).

Each of these strategies has certain characteristics.
Strategy A1—it is focused on taking a leading position in the market. This goal can be

achieved when the holding company has some advantage over its competitors and also
has the potential to reduce the cost of production. At the same time, the implementation of
this strategy provokes the emergence of price competition.

Strategy A2—the goal of this strategy is to increase the specialization and concentration
of the holding’s activities to meet the requirements of a specific segment of consumers.
This strategy assumes the need for additional financial investments, but at the same time,
it will take a leading place in technological development.

The A3 strategy does not provide for any radical changes; it is aimed at maintaining a
stable financial position of the holding.

The A4 strategy requires additional investments directed to the readjustment of
production lines, which will expand the product range. The implementation of this strategy
allows for expanding the circle of consumers and contributing to the redistribution of the
market between the participants.

To evaluate alternatives, we used the following criteria: C1, production costs; C2, sales
costs; C3, costs of marketing activities and research; C4, product quality; C5, the availability
of free cash from the holding; C6, the state of the market and the holding’s position on it;
C7, the risk of unpredictable losses.

The relative humidity was estimated using a linguistic variable.
W = {very important; important; important enough; not very important, practically

not important}. The values of the reduced terms of the set were given by fuzzy numbers
with a triangular form of membership functions.

The criteria were assigned the following linguistic ratings of relative importance: a =
{a4 = not important; a3 = sufficiently important; a2 = important; a1 = very important}.

To evaluate alternatives by criteria, we used the linguistic variable S = “satisfaction” =
{very low; low; medium; high; very high}. Figure 2 shows the membership functions of
terms that have the form of triangles:

- extremely low = {1.0/0.0; 0.0/0.0};
- low = {0.0/0.0; 1.0/0.2; 0.0/0.4};
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- average = {0.0/0.3; 1.0/0.5; 0.0/0.7};
- high = {0.0/0.6; 1.0/0.8; 0.0/1.0};
- very high = {0.0/0.8; 1.0/1.0}.

Figure 2. Membership functions for criteria importance terms. 1—extremely low, 2—low, 3—medium,
4—high, 5—very high.

Table 5 shows the grouped estimates of the selected alternatives obtained as a result
of a survey of the heads of various divisions of PJSC NOVATEK.

Table 5. Evaluation of the quality of alternatives according to the selected criteria.

Criteria
Evaluating Alternatives

A1 A2 A3 A4

C1 very high high average average

C2 very high high average average

C3 very high average average average

C4 high high average low

C5 average average very high average

C6 high high low low

C7 very high high low low

We calculated the weighted estimate of the j-th alternative by the formula:

Rj =
n

∑
i=1

αjRij

where Rij is a fuzzy number that represents the evaluation of the j-th alternative by the i-th
criterion; αj is the normalized coefficient.

The estimates for each strategy are presented in Table 6.
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Table 6. Calculation of weighted estimates for each alternative.

Criteria
The

Importance of
the Criterion

A1 A2 A3 A4

Estimation Weighted Estimation Weighted Estimation Weighted Estimation Weighted

C1 0.7 0.9 0.63 0.8 0.67 0.5 0.35 0.5 0.35

C2 0.5 0.9 0.43 0.8 0.43 0.5 0.41 0.5 0.41

C3 0.2 0.9 0.34 0.7 0.57 0.5 0.27 0.3 0.54

C4 0.7 0.8 0.2 0.5 0.37 0.6 0.56 0.6 0.28

C5 0.2 0.5 0.23 0.6 0.29 0.9 0.25 0.4 0.33

C6 0.5 0.8 0.67 0.8 0.64 0.2 0.64 0.5 0.46

C7 0.2 0.9 0.54 0.7 0.67 0.3 0.78 0.4 0.41

Weighted estimates Rj 2.95 2.68 1.47 1.18

Divide the resulting Rj by the maximum value. The generalizing criterion of the
membership function (additive convolution μJ (j)) gives the following result: μJ (j) =
{1.00/A1; 0.908/A2; 0.498/A3 0.4/A4}, which allows us to consider the strategy of taking a
leading position in the A1 market as the best alternative.

The most acceptable strategy is A1, which assumes a leading position in the market
and, accordingly, the choice of promising areas of activity.

In the process of choosing a financial strategy, the task is to choose one division from
the available alternatives-NOVATEK-Kostroma (A1), NOVATEK-energo (A2), Arktikgaz
(A3), Rostok LNG (A4).

To assess the creditworthiness of the borrowing units, we used their reporting data.
Based on these data, we calculated the following credit ratios: absolute liquidity ratio (K1),
intermediate coverage ratio (K2), total coverage ratio (K3), financial independence ratio
(K4) and product profitability ratio (K5). The calculation results are shown in Table 7.

Table 7. Regulatory and actual levels of credit quality criteria for the divisions of PJSC NOVATEK».

Criteria
The Value of the Criterion for the Division Normative

ValueA1 A2 A3 A4

K1 0.964 1.133 1.128 1.265 0.1–0.25

K2 2.842 3.467 3.662 3.584 0.5–1.0

K3 3.57 4.3 4.608 4.368 1.0–2.5

K4 0.628 0.577 0.721 0.526 0.6

K5 0.157 0.167 0.17 0.156 The more, the
better

An analysis of the regulatory and actual levels of criteria shows that all divisions can
qualify for funding.

Sensitivity Analysis of the Model Using the Membership Function

The advantages of each division can be determined by constructing membership
functions. We constructed membership functions that correspond to the concepts of “the
most preferred absolute liquidity ratio”, “the desired intermediate coverage ratio”, “the
best profitability ratio”, etc.

We will determine the specific values of the membership functions according to the
quality criteria K1, K2, K3, K4 and K5.

The fuzzy sets for the five criteria have the following form:

μK1(a) = 0.64 ÷ 0.964 + 0.66 ÷ 1.133 + 0.68 ÷ 1.128 + 088 ÷ 1.265

μK2(a) = 1.0 ÷ 2.842 + 1.0 ÷ 3.467 + 1.0 ÷ 3.662 + 1.0 ÷ 3.584

μK3(a) = 1.0 ÷ 3.57 + 1.0 ÷ 4.3 + 1.0 ÷ 4.608 + 1.0 ÷ 4.368

μK4(a) = 0.8 ÷ 0.628 + 0.74 ÷ 0.577 + 0.96 ÷ 0.72 + 0.71 ÷ 0.526
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μK5(a) = 0.51 ÷ 0.157 + 0.58 ÷ 0.166 + 0.68 ÷ 0.17 + 0.53 ÷ 0.156

Let us perform a convolution of the received information. The set of optimal alterna-
tives C is located at the intersection point of fuzzy sets that contain estimates of the selected
alternatives according to the selection criteria. The operation of the intersection of fuzzy
sets corresponds to the choice of the minimum value for the j-th alternative:

μC
(
aj
)
= minμKi

(
aj
)

The optimal alternative is the one that has the maximum value of the membership
function for set C.

For the situation under study, the set of optimal alternatives is formed as follows:
C = {min {0.64; 1.0; 1.0; 0.8; 0.51}
min {0.66; 1.0; 1.0; 0.74; 0.58}
min {0.68; 1.0; 1.0; 0.96; 0.68}
min {0.88; 1.0; 1.0; 0.71; 0.53}}
The obtained data allow us to conclude that the optimal alternative is a3, which

corresponds to a maximum value of 0.68. The second, third and fourth places are occupied
by alternatives a2 → 0.58, a4 → 0.53 and 1 → 0.51, respectively. Most of the financial
resources of the funds should be provided to the division of Arktikgaz.

Thus, the conducted neural network modeling allowed, taking into account the
influence of factors of the internal business environment of PJSC NOVATEK, to choose the
best financial strategy according to the specified criteria, which is focused on occupying
the leading position of the holding in the market and, in addition, to justify the choice
of a specific division, the development of which should be emphasized in the process of
implementing the chosen strategy.

4. Discussion

Considering the above, the article structures a model of the mechanism of the relation-
ship of factors of the business environment of an industrial holding, which allows us to
establish that the key elements and conditions of the business environment that affect and
determine its financial strategy can be classified depending on the influence groups with
which the holding enters into relationships, namely, consumers, competitors, suppliers,
intermediaries and contact audiences.

In addition, guided by the developed model, the author has identified a list of data
necessary for analyzing the factors of the global macroenvironment and microenvironment
of an industrial holding, as well as sources of information, which will allow the creation and
maintenance of an up-to-date information system for monitoring the business environment.
In addition, a conditional list of research work and typical tasks has been compiled that can
be carried out in the process of conducting both fundamental analysis and applied research
necessary to assess the environment of an industrial holding and identify key trends in its
changes and areas of influence.

A critical analysis of the methods and tools for assessing the business environment
directly allowed us to state a number of shortcomings and problems of using traditional
approaches and methods in the context of globalization and the dynamic interaction of
an industrial holding with its environment. In this regard, the expediency of using intelli-
gent systems based on traditional methods and neural network modeling technologies is
substantiated in the work.

The use of fuzzy set theory makes it possible to overcome the disadvantages of
probabilistic and minimax approaches [40,41], as well as to coordinate various management
decisions in the presence of fuzzy goals, constraints, coefficients and initial conditions.
The approach used in the work to assess the state of the external business environment
of PJSC NOVATEK is characterized by the function of belonging to the corresponding
fuzzy number, which allowed us to form a full range of possible scenarios for the state
of the holding. The advantage of combining a fuzzy output system with an analytical
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evaluation system is the possibility of using a single information space: source data for a
fuzzy description and visualization results in the form of diagrams and data tables.

Moreover, using neural network computing, the work assessed how the advantages
and disadvantages of the internal organization of PJSC NOVATEK affect the choice of its
financial strategy. A significant advantage of the developed fuzzy model in comparison
with known models is that the relationship between the input data and the output parame-
ter is described using natural language concepts, which are objectively much “closer” to
expert analysts than abstract mathematical concepts. This ensures a high level of adequacy
of the formalization of expert knowledge about the impact of the indicators of the internal
organization of the holding on its financial strategy.

5. Conclusions

Approbation of the use of fuzzy sets and SWOT analysis tools for the analysis of the
external business environment was carried out on the example of PJSC NOVATEK.

To assess the state and degree of influence of the business environment on the imple-
mentation of the financial strategy of the Russian industrial holding, an algorithm was
developed in the course of the study that enabled us to obtain an integral assessment of the
impact of external and internal factors of the business environment of the industrial holding
using taxonomy methods, multidimensional statistical analysis, cluster and discriminant
models. The result of applying this algorithm in practice are econometric dynamic models
of the causal interaction of factors of the external and internal environment, which make
it possible to make a reasonable forecast of the financial condition of the holding and
determine strategies for its further development.

Based on the obtained research results, this paper identifies the key factors of the
internal and external business environment of an industrial holding that form the opportu-
nities and threats of its effective development through the prism of the implementation
of a financial strategy. In the system of factors of the external business environment, a
group of formative factors, regulatory and warning factors are identified, which make it
possible to assess the external competitive environment of an industrial holding and the
economic situation in the country as a whole. The system of factors of the internal envi-
ronment includes a group of information, investment, personnel and innovation factors, a
comparative analysis of which will determine the internal reserves for the implementation
of the financial strategy, as well as the possibilities of ensuring the stability and stability of
the functioning of the industrial holding as a whole.

The perspective of the research is the development of a system of sub-indices for
making important decisions on key areas of development of the energy holding. To do this,
subordination will be introduced into the system of factors in the form of the formation
of priority cereals and the aggregation of several indicators into one group. Based on the
solution of such a question, the question of the optimal distribution of investments among
the companies (divisions) of the holding will be raised. The economic effect will be a
further increase in the holding’s profit.
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Abstract: In this article, the problem of modeling a time series using the Minimax method is con-
sidered. The expediency of using Minimax to identify points of change in trends and the range
of changes in the graphical figures of technical analysis is justified. Spline approximation of the
dynamic process with range constraints was performed to improve the quality of the model. In-
vestors are advised to refrain from making hasty decisions in favor of holding reliable shares (such
as PJSC Novatek shares), rather than selling them. The purchase of new shares should be carefully
analyzed. Through an approximation of the dynamic number of the applicable optimization problem
of minimizing the maximum Hausdorff distances between the ranges of the dynamic series and
the values of the approximating function, the applied approach can provide reliable justification
for signals to buy shares. Energy policy occupies the highest place in the list of progress ratings
according to news analytics of businesses related to the energy sector of the economy. At the same
time, statistical indicators and technologies of expert developments in this field, including intellectual
analysis, can become an important basis for the development of a robotic knowledge program in
the field under study, an organic addition to which is the authors’ methodology of development
in energy economics as in energy policy. This paper examines the model of approximation of the
multivalued time series of PJSC Novatek, represented as a series of ranges of numerical values of the
indicators of financial markets, with constraints on the approximating function. The authors consider
it advisable for promising companies to apply this approach for successful long-term investment.

Keywords: Minimax; dynamic ranges; multivalued dynamic series; Hausdorff distances; approximation
model; constraint; financial market

1. Introduction

The problem of multivalued dynamic series (in particular, interval data analysis) is
the most important problem facing the modern e-business industry and technological
development [1,2]. An industry company can and should take its rightful place if it has a
high potential in terms of internal factors, external conditions and financial leverage [2–7].
Due to the recent avalanche-like growth [8] of the volume of information, both internal
and external, well-known data processing methods, such as methods of adaptive time
series forecasting, one-dimensional and multidimensional GARCH models, copula models,
methods of wavelet analysis, neural networks, and many others [9–13], are no longer
applicable. Moreover, with an increase in the volume of heterogeneous and unstable
information, these methods can produce significant and uncritical results, while the use of
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filtering and smoothing of data leads to a decrease in the quality of the obtained model due
to the loss of significant information about the analyzed process [14], so it cannot be used
as the basis of the toolkit [15–17]. The problems of modeling a time series using various
methods were studied by many authors, including, D.A. Dickey, W.A. Fuller [18]), C.A. Sims
et al. [19], and Schumaker L.L. [20]. However, the question of mathematical modeling of the
multivalued dynamic series regardless of the distribution law, with additional restrictions,
has received little attention from researchers. In this paper, multivalued dynamic series is
the term used to define a sequence ordered in time ranges of the numerical values of a given
object. Current research does not consider the criterion of uniform approximation for use
in multivalued mappings using the Hausdorff distance [21], including the restrictions on
the approximating function. One of the effective methods for the analysis of unambiguous
time series of different natures is the criterion of uniform approximation described by
Chebyshev [22]. However, when considering the ranks of the specified ranges, there is a
problem with the rationale behind the selection of the point inside the range, which makes
it possible to achieve the most adequate model approximation. It is especially difficult [23]
to resolve this issue if there is no information about the law distribution of the financial
indexes within the range.

Reducing approximation errors makes it possible to produce a forecast using standard
technical analysis indicators (MA, ROC, MACD, ETC.). However, the use of technical
analysis indicators does not solve the problem of creating a noise-resistant decision-making
model, with justification based on mathematical trend optimization. The trend in technical
analysis is perceived so narrowly that it can be the result of an intuitive decision or the
successful selection of a graphical scale, designed in terms of an interval or line chart. The
high level of competition in the energy and oil and gas industries requires a model that
allows the investor to apply a buy signal-oriented approach when they wish to buy new
shares in the company of interest.

As an assumption, it is necessary to take into account the regular receipt of dividends
and the desire to invest more money in the company in order to increase the well-being
and the success of the company. This approach is not a form of technical analysis; on the
contrary, it is part of fundamental analytics in terms of applying technical analysis signals
to replenish the portfolio with new shares in the company of interest at a good price.

Of course, the sale is also possible if the investor needs money. Such decisions are
rare; the main goal is confidence in stability. Stability can be achieved by a competent
approximation, according to the key data identified in the complex analysis based on the
Minimax criterion and the Hausdorff metric. This approach is fundamentally new and
has not previously been considered in research. The fundamental basis of Minimax and
algorithmization is laid down in [24–26]. Econometric analyses of robust (noise-resistant)
estimates based on standard methods are presented in the works of many authors [27],
but the criterion of noise filtering refers to the OLS zone or fuzzy logic; in this paper,
we offer a reliable and balanced method and guarantee its high stability compared to
standard methods, confirmed by practice. The new method can be safely applied in
practice; there is not a single limitation, except for the presence of an algorithmic database
and qualified programmers-analysts who are able to perform the data processing according
to the author’s methodology.

In [28], the emphasis is on econometric forecasts, taking into account the apparatus
that existed earlier. The authors propose a fundamentally new apparatus that makes it
possible to take into account non-stationary influences and noises (several of the most
important), based on sound mathematical tools. The advantage of this approach is the
ability to do without other tools; that is, integrity and self-sufficiency increase the accuracy
of problem-solving. There are no contradictions with standard approaches; however,
standard approaches do not always work, and our goal is to expand the fundamental base
of analysis and evaluation and make a reasonable decision on forecasting.

In earlier works, we considered methods for modeling interval data and spline approx-
imation models based on the Hausdorff distance and the Minimax criterion. We proposed
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a mathematical justification for a new method for modeling the estimated characteristics
of time series using the Minimax criterion for a linear multiple regression model. The
approach of modeling dynamic series of interval data in the Hausdorff metric is applied,
differences are revealed in comparison with other works where distances between graphs
are considered, and a uniform metric is adopted when the deviation of the segment (inter-
val) from the value of the polynomial is taken point-by-point, after which the maximum of
these values is calculated, which should be minimized by choosing the coefficients of the
polynomial. The approach featured alternative properties, which include a far-reaching
continuation of the properties of the Chebyshev model, by selecting a number of nodes
that carry all the key information about the process, the number of which does not exceed
the power of the polynomial by two. The fundamental difference was the construction of
the so-called amplitude functions proposed by the author and the complete solution of the
problem, even if it is ambiguous. This model already makes it possible to select the joining
points of the splines. Further, the constraints made it possible not only to improve the
model mathematically, but also to proceed to the approximation by combined splines with
exact moments of joining. However, in this earlier paper, the restrictions on the joining of
splines were precise, in contrast to the current study, in which the restrictions were reduced
to ranges, thereby increasing the accuracy of the model. In addition, in contrast to previous
studies, we propose a hierarchical procedure for finding the points of joining of splines.
Each subsequent spline receives an improved mode of joining, which makes it possible to
build a high-precision model suitable for identifying graphic shapes and forecasting. The
novelty of this study lies in the use of the Hausdorff distance in the model, the improvement
of the approximation model due to splines with dynamic (interval) constraints, and the
iterative procedure for selecting the points of joining of splines.

We propose not only a method, but also a computerized system of the computational
process and an algorithm for implementing the approach.

The statistical apparatus of interval data is developed in [29,30]. The proposed appa-
ratus of mathematical statistics of interval data allowed us to create a mathematical basis
for processing dynamic series of interval data. However, the methods of analysis, approxi-
mation, estimation, and forecasting contain a set of data regularization techniques, fuzzy
logic principles, and probabilistic approaches that make it possible to obtain a solution
to a particular problem by taking into account the interval setting of the parameters. The
task becomes more complex, data processing slows down, and decision-making cannot
contain clear recommendations. However, the solution to these problems is obtained in
terms of the theory of fuzzy sets; it retains a high degree of uncertainty, and its reliability
depends on the values of the argument. As an approximation criterion, we use a modi-
fied Minimax, which requires the introduction of weight coefficients for different points,
the evaluation of which introduces an additional error into the resulting solution. When
working with noisy data obtained as a result of superimposing a signal over different time
periods, the problem of choosing an approximation criterion that is resistant to the type
of noise arises. Traditionally, data are transformed to filter or smooth out noise effects,
because it is believed that they create the maximum volatility. However, it is possible to
lose useful information about the process, since the law governing the distribution of the
indicator within different noise intervals may not be known or defined, which prevents the
use of mixed probabilistic models. In such cases, it is advisable to use methods that are
more resistant to the influence of local noise approximation methods. One of these is the
Minimax criterion. When approximating a dynamic series of interval data, it is advisable
to minimize the maximum distance from the approximating function to the far end of the
range (that is, the maximum of the Hausdorff distances between the values of the function
and the fixed ranges of the indicator).

The purpose of this article is to develop a methodology and tools for decision-making
based on the use Minimax approximation multivalued [31,32] dynamic series of financial
indexes in the Hausdorff metric.
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The object of the study is the interval data obtained from the results of trading Novatec
shares.

The subject of the research is instrumental tools in financial markets and mathematical
programming of decisions, based on the Hausdorff metric.

The research hypothesis is as follows. The high level of uncertainty in stock market
dynamics can be overcome by using the Hausdorff metric and Minimax approximation
principle; the economic effect will be an increase in the investor’s profit [33]. This model
can be used for forecasting in isolation or in conjunction with other known methods of
processing dynamic series.

Many works are devoted to the construction of financial and practical models in
the field of financial management of large companies that create the oil and gas base of
a given country. Such companies as PJSC Gazprom, PJSC Rosneft, PJSC Lukoil, PJSC
Surgutneftegaz, and PJSC Novatek provide an opportunity to analyze the current level of
the created energy structure and to understand the optimal form of managerial influence on
the process in order to improve the development of promising companies. Many modern
scientists are engaged in research in the field of financial monitoring and energy policy.
Thus, in the work by Sun et al. (2021), an effective predictive model of risk factors associated
with volatility was developed based on the statistical apparatus and modeling of an expert
system based on neural network technology. However, the stability parameters of this
model depend on the mode of forecasting oil price fluctuations caused by changes in both
fundamental and transient risk factors. Achieving the disintegration of the multi-scale risk
structure of the crude oil market using the decomposition of the variation mode is a very
difficult task, even taking into account modern computerized systems; the solution must be
repeatedly tested, and the statistical parameters may change, which is a separate problem.
Other modeling approaches that serve as high-stability filters, such as the Minimax model,
are needed. The Hausdorff metric makes it possible to take into account the noise-tolerant
filter mode for constructing a multi-mode spline model in the interval data mode.

Aguirre and Ibikunle (2014) examined the factors influencing the growth of renewable
energy sources at the level of raw material supplier countries, applying a sample analysis
and evaluation of the backbone companies of the partner companies in the raw material
structural complexes, including Brazil, Russia, India, China and South Africa. We use
methods based on the far-reaching generalization and development of the least squares
method (OLS) and its modifications, in terms of improving the FEVD model to PCSE,
for sampling data on long and short ranges. However, these methods are not without
the disadvantages inherent in all statistical estimates: strong dependence on changes in
data, the complexity of diagnosing the key moments of trend changes to obtain a spline
approximation, and low resistance to the interference associated with random errors and
external factors. The use of interval data in the implementation of this model is not possible,
which shows the feasibility of our approach.

A fundamentally new approach based on robust (noise-resistant) risk assessments is
considered in [34]. Related models are based on the principles of Minimax optmimization
over a non-smooth convex functional. These include, for example, a model based on the
Chebyshev problem, a far-reaching generalization to interval data, which is our novel ap-
proach to the research problem of estimating, approximating, and modeling interval data,
taking into account the constraints for both single-valued and multi-valued data. However,
the problems associated with the complexity of modeling interval data in the spline ap-
proximation of stock market dynamics for an oil and gas company are not considered in
this paper.

The authors of [35–38] diagnose the fact that in the Russian energy and gas complex,
many system-forming companies and raw materials structures are unable to raise capital
for the development of high technologies, and therefore are required to sell raw materials
at the minimum market price. The pricing policy is also not significantly aimed at the
development of high-tech exports, due to the fragmented valuation base. The authors
touch upon the problems of the policy in the field of the energy complex, aimed at decen-
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tralization, efficiency, and economy. As for the oil industry, such problems are particularly
acute. We need mathematical models that implement the solution to the problem in the
optimization mode.

In the works of the mathematicians, Subbotin et al., the spline approximation is based
on achieving an optimal function over the entire analytical segment [39–41]. Unlike similar
works, the authors focus on econometric forecasts, taking into account their own Minimax
methodology, which are localized and improved (due to limitations) when new data appear;
it is the improvement of fragmentary dynamics, and not revision, that makes it possible
to make optimal decisions. Our approach does not contradict the known methods; it is
an independent theoretical and reliable method, worthy of existence on a par with other
methods of approximation of dynamic processes. Practice shows that at present, our
methodology works better than standard methods based on MNCs, approximation by
trigonometric polynomials, wavelets, and fuzzy logic methods.

We indicate the need to introduce mathematical models, such as the wavelet anal-
ysis of dynamic series [42]. This method is advisable to use when evaluating dynamic
series. The disadvantage is the high complexity of the model problem and the need to use
unique software. The Minimax approach, like the wavelet analysis, allows us to evaluate
problem situations and key points (“bursts” of changes), but it features a noise-resistant
zone, the possibility of using interval data, the introduction of limiting conditions, and
high-level algorithms with a highly efficient block of software calculations, which we
mathematically justify.

2. Mathematical Model of Minimax

Designations: tk—the number of the period when stock prices were fixed (trad-
ing days), from the minimum y1,k up to the maximum y2,k. We have the multivalued
dynamic series of financials (Hall and Lemer, 2010), market index (for example, price
of share). For every point, tk, we introduce into consideration the set of points (grid):
T = {t0 < . . . tk . . . < tN}. The following stock price values are recorded in each node of
the grid T: y2,k is the top and y1,k the bottom bound of price, so the range (all boundaries
included) is [y1,k; y2,k], so y1,k ≤ y2,k, k = 0, . . . ,N.

A mathematical model of multivalued time series (interval time series) is represented
as algebraic polynomial of n degree with coefficients as components of vector A (unknown
variables in the problem):

pn(A, tk) = a0 + a1tk + . . . + antk
n

/

Therefore, we need to determine [35] the coefficients of the polynomial

A = (a0, a1, . . . , an) ∈ Rn+1

Consider at each point (node) of the discrete grid T the Hausdorff distance between the
price range and the value of the polynomial (the coefficients of which should be calculated).
Given that the value of the polynomial is a single point, this distance can be written as:

f (A, k) = max
{

y2,k − pn(A, tk); pn(A, tk)− y1,k
}

, k = 0, . . . , N.

In our approach, the polynomial coefficients are found based on the problem of
minimizing the maximum of the Hausdorff distance for a given discrete time series [43].

Next, we select the maximum of such distances and obtain the objective function ρ(A),
which should be minimized:

ρ(A) = max
k=0,...,N

f (A, k) → min
A∈Rn+1

(1)

In expression (1), the minimum is the objective function containing the maximum
of their components, each of which expresses the maximum deviation of the value of the
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approximating function from the upper bound of the approximated range, and is the main
criterion (Minimax).

Note that prior research did not consider the application of the criterion of uniform
approximation for multivalued mappings using the Hausdorff distance.

In [44], solving the problem without constraints does not satisfy the required con-
straints; that is, the constraints are significant.

Problem (1) belongs to the field of non-smooth convex analysis, but the solution is
achieved using our approach, which is a far-reaching generalization of the problem of
approximating a single-valued discrete function by an algebraic polynomial of fixed degree.

The purpose of the further analysis was to develop a method of approximation for
ranges that would be more successful than the one obtained using the method of least
squares.

To this end, as the approximation criterion we use the distance (metric) Hausdorff.
Hausdorff distance for some discrete values tk equals the maximum of the difference
between the highest value of the index y2,k and the value of the algebraic polynomial,
and the difference between the value of algebraic polynomial and the lowest value of the
index y1,k.

The use of the least squares method does not always lead to success, since the indicator
prediction is aimed at the latest data, which is used to verify the significance of the process.
However, the data could be fundamentally larger and the level of significance and the
forecast change after each new event, which we perceive as a projection of the data sample
on the real picture of the dynamic series. The subsequent errors are high, and the key
points of changing dynamics have to be found among the nodes of the revision of the trend
indicators of the technical analysis.

We conducted a series of experiments aimed at developing the Minimax approach
(the Nausdorff metric) and improving it for predicting dynamic series of interval data with
limiting conditions and modified data ranges, aimed at the accurate joining of splines.

It should be noted that the Minimax method for interval data and “range” type
constraints was tested in practice (ten solid companies were identified, in terms of financial
condition, with market indicators worthy of investors’ attention (the opportunity to buy
shares in an open sale)).

Currency markets, due to the restrictions adopted in 2020, were not considered in
this study.

Thus, important companies were filtered out and experiments were performed. The
highest level of success was demonstrated by the company PJSC Novatek, which showed a
growth in the indicators used in the fundamental analysis (rating, financial integral index,
return on equity). At the same time, the ratio of borrowed sources of financing of PJSC
Novatek to its own sources of financing, as an indicator of risk, was lower than that of
the leading companies of competing industries (PJSC Gazprom is certainly better in all
the indicators; however, this is not a struggle for a place in the oil and gas industry, on
the contrary, orientation towards the market leader makes it possible to create a healthy
position in the industry for each company and turn competitors into friendly developing
parties to the overall process of knowledge-intensive technological development for leading
Russian industries).

3. Methodology

3.1. Constraints of Type Equality

In order to obtain a significant approximation and identify key points, the general
trend, and significant trend breaks, as well as to obtain a long-term forecast, we propose
to use a combined methodology based on the search for key events for the moments of
coupling of the saplines and the choice of the optimal mode of coupling within the range
of constraints, assuming the dynamic inclusion of the coupling moment from the bottom
to the upper limit of the range of constraints. We substantiate the essential role of the
bounds that allow us to find the n solution in a finite number of iterations of the method.

42



Energies 2022, 15, 366

The internal points of the docking ranges do not significantly affect the solution of the
problem, as in the “interrupted range” alternance. We introduced the term to interpret the
phenomenon of alternation in the maximum deviation from the lower (upper) boundaries
of the initial dynamic series, taking into account changes in each subsequent node; the
interruption of the alternation is caused by a constraint and depends on the nature of the
deviation in the last node.

The introduction of modifications related to additional constraints requires the intro-
duction of a new algorithmic solution to problem (1).

Such a solution to the problem of approximation modeling of a nonstationary noisy
process is obtained in the work of [45]. This article proposes a methodology for predicting
the stabilization level of a chaotically developing system based on Minimax estimates of
the model quality and our indicators of the instantaneous elasticity of the process, which
allow us to judge the dynamics of the global trend.

The system of formation of spline forecasting on the last segment of the analysis using
the Minimax approach is developed, the joining of splines for conditional approximation
occurs according to a mathematically based algorithm.

Such a solution to the problem of approximation modeling of a nonstationary noisy
process is obtained in the work of [46]. The resulting solution is tested for evaluating the
parameters of economic functions, for making informed decisions in the field of financial
management, and for approximating non-standard, noisy and stepwise developing dy-
namic processes (demography, financial markets, medicine, mechanics, communications
and telecommunications.

In [46], we propose a methodology for predicting the stabilization level of a chaotically
developing system based on Minimax estimates of the model quality and the author’s
indicators of the instantaneous elasticity of the process, which allow us to judge the
dynamics of the global trend.

In [47], analytical experiments were performed for the company PJSC ROSSETI. The
“Rosseti” experiments provided real data; the aim of investigation was the development of
a system for the formation of spline forecasting in the last segment of the analysis using the
Minimax approach. The joining of splines for conditional approximation occurs according
to a mathematically based algorithm.

The proposed methods are based on splines (n-polynomial, n-1,2 at maximum, at
combination) in the Minimax approach to optimal prognozation. We attempted to prove
these theoretical propositions, so we created numerical methods of data analysis and
approximation of data through complex decisions, but with several splines, which we
developed the basis of Minimax approach and its application. The suggested method
makes it possible to detect trends in the stock market at an early stage of analysis and to
create reasonable trading strategies for shareholders and investors, as well as a procedure
for predicting the stability loss and transition into chaos of a network of oscillators lying
on a curve, where each of the oscillators can move in two perpendicular directions. The
dynamics of the coupled oscillators are governed by the sixth-order PDE, which is directly
derived using the classical hypotheses of a curvilinear flexible beam movement theory [48].
Was applied the FDM (Finite Difference Method) to reduce PDEs into ODEs, and reach
an optimal number of calculation studies and algorithm steps, as well as to obtain spatial
coordination of a number oscillators that were involved in the approximating methodology
due to the dynamics of our continuous structural member, as important key positions, with
the overall aim of achieving stability.

The new methodology and procedure offer many advantages over the classical ap-
proaches, and make it possible to approach the connection of splices using complex algo-
rithms and the Minimax approach, presiding in real time over key moments (connection
points). The new methodology is illustrated and discussed through a fundamental analysis
of the company PJSC Novatek.
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Consider the criterion (1), for example, for the limits associated with the condition of a
fixed location of a point in an algebraic polynomial at a grid node, ts ∈ T: pn(A, ts) = ys [49]:

ρ(A) = max
k=0,...,N

f (A, k) → min
A∈D

,

D =
{

A ∈ Rn+1 : pn(A, ts) = ys

}
, ts ∈ T

(2)

Give algorithm for the situation when y2,s = y1,s := ys. In [50] it is proven that this
is the only decision. The solution to the problem (2) consists of two main stages: (1) the
problem (1) is solved if the solution belongs to the set D, then the process is completed; the
case when such a condition is not fulfilled is fundamentally interesting.

Let us introduce the notation. The basis is an ordered set of (n + 2) points of the form

σ =
{

tj0 < . . . < tjn+1

} ⊂ T.

We consider the bases for which ts ∈ T.
With the amplitude on the basis of σ, we call the functions φ1−i,k(σ) defined by the

formulas:

ϕ1−i,k(σ) =

{
iy2,jk + (1 − i)y1,jk , k − even,
iy1,jk + (1 − i)y2,jk , k − odd,

k = 0, . . . , (n + 1), i = 0 or i = 1.
(3)

We formulate discrete Chebyshev problems for amplitude functions [51]:

ρi(A, σ) = max
k=0,n+1

∣∣ ϕi,k(σ)− pn(A, tjk )
∣∣ → min

A∈Rn+1
,

i = 0, 1.

By the criterion of solving a discrete Chebyshev problem, the numbers for problems
(3) are uniquely determined h0(σ) and h1(σ), satisfying the equalities (for i = 0 or i = 1):

hi(σ) =

{
y2,jk − pn(Ai(σ), tjk ), (k + i)− even,
−y1,jk + pn(Ai(σ), tjk ), (k + i)− odd,

ρi(A, σ) = hi(σ),
k = 0, n + 1.

Next, as follows from [52], problem (2) features an unambiguous solution. A subtask
of the problem (2) is considered on each basis. To find the coefficients of the approximating
polynomial in problem (2) it is necessary to carry out the iterative solution of systems of
linear equations (to avoid redundancy in characters, the argument (σ) by ϕi , k(σ), hi(σ)
omit, use ϕi , k and hi):

φ0,jk − pn(A0, tjk ) = (−1)kh0, k = 0, n + 1\{r}
, pn(A, tjr ) = ys,

or
φ1,jk − pn(A1, tjk ) = (−1)kh1, k = 0, n + 1\{r}

, pn(A, tjr ) = ys, ts = tjr

The solution will be polynomial coefficients Ai, for which turned out ρ(A) = hi for
i = 0 or i = 1.

From the original multivalued time series, (n + 2) selector corresponding to a discrete
ascending points in time tjk , k = 0, . . . , n + 1 is selected arbitrarily; the knot ts must
necessarily be present among these nodes.

Were considered two variants of the choices from among the tops and bottoms of
the ranges.
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Each time alternates the upper, the lower bound of the range, as before, by considering
the two choices of bound of the range directly left and right of the point constraints: the first
option is taken from the upper bounds of the ranges, and, in the second embodiment, from
the lower bounds of the ranges. The procedure for changing the basis is optimized [53].

3.2. Splines by Range Constraints

Considering the criterion (1), the next constraints are used [54], so we receive the
following problem:

ρ(A) = max
k=1,...,N

f (A, k) → min
A∈DD

(4)

where
DD =

{
A ∈ Rn+1 : u1,sj ≤ pn(A, tsj) ≤ u2,sj

}
,

u1,sj < u2,sj , tsj ∈ T, sj ∈ {0, . . . , N}
(5)

The polynomial at (4)–(5) in the all points tsj must be included in the ranges [u1,sj ; u2,sj ].
From the original multivalued time series (n + 2) selector corresponding to a discrete

ascending points in time tjk , k = 0, . . . , n + 1 is selected arbitrarily; the knot all tsj must
necessarily be among these nodes necessarily.

The choice of the selector of a multivalued mapping from (n + 2) is similar to paragraph
2. When we consider the top bound of the constraint “from left and from right”, we use the
top bounds of the ranges, but when considering the lower bound of constraint “from left
and from right”, we use the lower ends of the ranges.

In [55] it is proven that to obtain the coefficients of the approximating polynomial
at (4)–(5), it is necessary to carry out the iterative solution of systems of linear equations.
The iterative process is finite and leads to a decision that is proven through the optimal
provided analysis of financial data.

4. Computational Experiments Splines, DSS (Decision Support System)

Spline approximation includes three stages (the decision support system, DSS, pre-
sented in Figure 1):

Figure 1. DSS. Justification for using Minimax presented in Figures 5–7 and Table 1.
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Stage 1. Selection of spline joining points.

1.1 Finding points of change in the trend by using of model (1).
1.2 First approximation by model (2).

Stage 2. Improving the approximative properties of splines using range constraints.

2.1 Identification of ranges of changing graphical figures of technical analysis is justi-
fied [56].

2.2 Improving the approximative properties of splines by using model (3).

Stage 3. Forecast by last period.

3.1 Finding signal to buy shares.
3.2 Justification of signal.

Consider PJSC Novatek’s stock trading history. The following prices are used: mini-
mum and maximum for each day of trading as y1 and y2, respectively.

Stage 1. Selection of spline joining point, Figure 2.

Figure 2. Spline joining points, selection (approximation error 10%).

Explaining this procedure, it is necessary to note the presence of five important con-
ditional operators that are in the mode of hierarchical data analysis. At each stage, a full
assessment of the basic solutions is performed, key points are found, and general data pro-
cessing is performed, taking into account the specific interpretation of the constraints. The
specificity makes it possible to remove unnecessary noise influence already at the second
stage of data processing. The undoubted advantage of the model is the determination of
the key process parameters to which the forecasting model is tied, and its stability at each
stage, since the calculations performed are workable and involve the development in the
implementation mode of spline coupling with optimal limiting parameters that preserve
the integrity of the model.
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5. Results

Since the approximation of the ranges PJSC Novatek was the most effective, it was
used in the subsequent computation experiments.

Stage 2. Improving the approximative properties of splines using range constraints,
Figures 3 and 4.

Figure 3. First approximation by model (2), approximation error 5%.

Figure 4. Second approximation by model (2), approximation error 5%.
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Stage 3. Forecast by last period, stage by stage, to finish.
To justify the signal, until the end of the formation of the figure at the last stage, the

investor should follow the current signals. Therefore, the investor should refrain from
buying PJSC Novatek shares. If the round top is completed, the stock price will decline
within 10 days, after which the investor should consider buying. If the stock price rises,
investors should wait for the end of the formation of the “Head and Shoulders” figure,
about a month or two; when they receive a stable signal, they should buy shares.

Furthermore, according to the last calculations, if Ordinary Least Squares, OLS, is
applied with constraints, for time series, composed of the midpoints of the ranges, we
obtain the following results. Assessments of the adequacy of the approximation models
obtained using the three methods, for model illustration (PJSC Novatek), are presented in
Figures 5–7 and Table 1.

Figure 5. Improving the approximative properties of splines by using model (3), approximation error
3–6%, 3% at last period.
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Figure 6. Minimax and OLS approximation (n = 1, line).

Figure 7. Spline (n = 2) and OLS approximation (n = 4).
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Table 1. Analysis of the significance of models for approximation for model illustration.

Significance of the Correlation Coefficient According to the Student’s t-Test

Approximation
of Ranges
(Original,

Linear
Polynomial),

Figure 2

Approximation
by Minimum
Points (OLS,

Linear
Polynomial),

Figure 6

Approximation
by Maximum
Points (OLS,

Linear
Polynomial),

Figure 6

Approximation
by Minimum
Points (OLS,

Polynomial of
Degree 4),
Figure 7

Approximation
by Maximum
Points (OLS,

Polynomial of
Degree 4),
Figure 7

Approximation
of Ranges
(Splines,

Maximum
Degree of

Polynomial
Spline 2),

Figures 5 and 7

Correlation
coefficient 0.59 0.58 0.59 0.8 0.71 0.90

tнaбл. 5.61 5.47 5.61 10.24 7.74 16.08
tкp 2.00 2.00 2.00 2.00 2.00 2.00

Significance significant significant significant significant significant significant

6. Discussion

Our approach to solving the problem of approximation in a dynamic series is fun-
damentally different in the form of an objective function, an independent solution to the
problem, a new algorithm, which is a significant development of standard techniques.

In this article, we propose a fundamentally new apparatus that makes it possible to
take into account non-stationary influences and noises (several of the most important),
based on sound mathematical tools.

The advantage of the approach is the ability to work without other tools; that is, the
integrity and self-sufficiency of solving the problem of data analysis and forecasting.

Note that there are no contradictions with standard approaches, but standard ap-
proaches do not always work, because the noise effect obscures data analysis and in some
cases, the forecast is not possible due to high and rare outliers in the data. In this context of
problems related to the energy sector of the economy, our strategic goal is to expand the
fundamental base of analysis and evaluation to make an informed decision on forecasting.

Expert systems (tree-like, neural network, logical, rules-oriented “what-if” produc-
tions, etc.) rarely include the developed algorithm; usually the rules are executed on a
heuristic basis and multiple approximations. Therefore, fundamental methods, especially
in the field of financial analytics, where the value of a solution is lost by the minute, are not
significantly developed in scientific practice. The energy market requires clear, reasonable,
and quick decisions that do not need to be changed during a period of stability (at least a
month, preferably six months). We developed exactly such a device, which is reflected in
the presented examples in our methodology.

A number of experiments have shown a high continuity with our approach to the
well-known methodology of econometric analysis and forecasting. Our approach is not an
addition to these othr approaches; it makes it possible to solve the problem and describe
the process without using standard approaches, completely independently. A significant
advantage is the focus on reducing errors from significant deviations in the data and on the
ability to exclude a number of events without losing the quality of the forecast. The only
drawback compared to methods based on MNCs is the complexity of solving problems
(we solved this problem), as well as the lack of requirements for the stability of the process
as a basis (Gauss–Markov theorem), although such conditions are rarely observed. The
analysis was performed, a dynamic picture of the process was constructed, and a high-
quality approximation was obtained. The process can develop in fragments; the method is
appropriate for a wide range of applications in practice.

It is advisable to implement the methodology in the field of energy policy and resource
conservation, at all levels of Russian practice, from the center, across the leading regions of
Russia. We reasonably believe (according to the experiments performed) that the economic
effect of the introduction of the mathematical apparatus will increase yearly profits by at
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least 40%, on the basis of the rational distribution of investments, as well as the fact that
the decision is made by a financial analyst (group leader). We do not consider it right to
accord the final decision-making to a robotic system; we believe that a key figure in the
management of a financial service at any level (state, region, bank, holding, or company),
qualified and able to correctly interpret the recommendations of the program block, is the
key to the prosperity of the energy economy of Russia.

7. Conclusions

(1) This article presented a dynamic energy system based on the Minimax criterion of
optimality.

(2) We optimally designed a structure in accordance with energy and financial policy.
Our approach can be used as a fully fledged independent resource to assess and

forecast the development of companies. As a result of the application of our methodology, a
purposeful political strategy was developed, which should include certain risk assessment
parameters, predictive models, and algorithmized structures based on program packages.

(3) We considered a model of approximation of price ranges by algebraic polynomial.
The model is based on the far-reaching generalization of the Minimax criterion of

Chebyshev. We took into account the possibility of applying the approximation of data
represented by ranges, as well as additional restrictions on the approximating function.
We developed a methodology to solve optimization problems, allowing us to obtain high-
quality approximations. The algorithm was developed for solving discrete problems of the
best uniform approximation of multivalued mapping within specified ranges, as well as
algebraic polynomial with constraints on the value of the approximating polynomial on
the top and bottom in several nodes of the grid. Our computational experiments showed
the high quality of the suggested method of approximation. We fulfilled a three-stage
approximation with polynomial splines, connected within ranges for improving the model,
for PJSC Novatek stocks.

Despite numerous works on the statistical study of interval data required by such
approaches, the complexity of the model, useful in engineering and technology, has not
been extended to economics, where it is necessary to accurately determine a reasonable
and reliable path of action. Noise-resistant filters, tuned to the Chebyshev model and its
far-reaching generalizations, created a high resonance in society. Questions arose as to
why the method produces similar results to the standard Minimax, why the key points
created a zone of noise immunity, and why there are no such tools in statistical analysis
programs, but only robust estimates based on the type of rounding of data due to the
enlargement of modified structures. The answers are very simple: Minimax is based
on the procedure for analyzing data using the traditional optimization method (partial
derivatives, the possibility of using convex analysis and constraints, ready-made formulas);
and Minimax requires a non-smooth approximation, subdifferential calculus problems
are set, the apparatus of non-strict analysis from the point of view of mathematics is
fundamentally complex.

In this article we proposed methods of constraints on Minimax using hierarchal
decision making. In contrast to the classical models, we use volatility as a parameter
for solving the optimization problem and producing a forecast based on a multi-stage
hierarchical evaluation of data and a theoretically based problem of non-smooth analysis,
which allows us to achieve the research goal in an optimal way, by saving time on the
procedures of multiple data processing and the revision of the solution. The stability of
the solution for the average period of the analytical procedure is an undoubted advantage
of the analytical core. The problem of complex analysis, evaluation, and modeling of
decision-making in the oil and gas industry forces us to look for a solution in an optimal
way, taking into account the highest-quality forecast.

The authors of the work created and tested a multi-stage decision-making system
in the field of financial and political dynamic structures. The company under study
(PJSC Novatek) received a very high status according to the estimates of world experts
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according to the following criteria: basis of production, image policy, prospect of financial
development, and improvement of financial policy in the field of the Russian oil and
gas complex.

We used Minimax and the Hausdorff metric as the focus of the policy decision on
innovation in view of the successful prediction of the modeled data structure. This paper
presents a comprehensive analysis of situational approaches. Thus, the state could, but does
not always have time to place emphasis on financial policy for high-tech industries. The
Minimax approach will save significant time for making important investment decisions.

To attract an investor aiming to develop the status and technology of a company,
it is necessary to clearly indicate the graphical figure of the analysis background and
provide high-level estimates of the trend dynamics with key positions, which is an optimal
approximation of the process and serves as a basis for decision-making. This was performed
in this article.

Author Contributions: Conceptualization, A.A.; methodology, I.V.; software, I.V.; formal analysis,
N.R.; writing—original draft preparation, L.G.; writing—review and editing, Z.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Crosbie, P.J.; Bohn, J.R. Modelling default risk. In World Scientific Reference on Contingent Claims Analysis in Corporate Finance; The
Hebrew University of Jerusalem: Jerusalem, Israel, 2019; pp. 471–506. [CrossRef]

2. Duchin, R.; Ozbas, O.; Sebsoy, B. Costly external finance, corporate investment, and the subprime mortgage credit crisis. J. Financ.
Econ. 2010, 97, 418–435. [CrossRef]

3. Campbell, J.Y.; Hilscher, J.; Szilagyi, J. In search of distress risk. J. Financ. 2008, 63, 2899–2939. [CrossRef]
4. Kulmaganbetova, A.; Dubina, I.; Rakhmetulina, Z.; Tlessova, E.; Tulegenova, Z. Innovative potential of small and medium

business. Entrep. Sustain. Issues 2020, 8, 1286–1304. [CrossRef]
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Abstract: In the oil and gas industry, which is the basis of the Russian energy market, a significant and
urgent question arises: How to distribute companies according to their investment attractiveness?
Accordingly, quantitative indicators are needed. Lacking extensive experience in the practical
implementation of fundamental rating tools, work is needed to develop methodologies of weighting
coefficients and lists, built on the experience of the “big three” rating agencies. The article proposes
an algorithm for forming an integral rating of companies based on financial reporting indicators and
the author’s rules of fuzzy logic based on the principle of “circular convolution”, from the best to the
slave, deepening the analysis to the center, when all companies are exhausted and places in the rating
are distributed. The problem of assessing and integrally indexing the indicators of large companies
in leading sectors of the economy (e.g., oil and gas, banks, electricity) is becoming manifest, while
it is obvious that there is competition between large companies of the country’s leading industries
for state investment resources. The nature of the leading industries is such that it is necessary to
assess the quality of the company’s functioning based on the formation of rating groups. Based on
the rating, investments are distributed among the companies under consideration. The author has
developed a portfolio model that is analogous to the Harry Max Markowitz model, which does not
contradict this model but allows consideration of a broader range of risk assessments used in the
model (for example, the rating of companies). The optimal portfolio is built, taking into account
the resulting index and the initial grouping in the hierarchical data correction mode. The logically
sequential method of circular convolution of four important indicators to an integral index and a
mathematically substantiated method for optimizing the minimax portfolio presented in the work
will allow the investor to develop optimal (from the point of view of the transparency of the apparatus
used, mathematical feasibility and time spent on the implementation of the software package) tools
for investing and enlarging his capital.

Keywords: integral index; competitive advantage; investments; share distribution; optimization
model; minimax; hierarchical analysis; circular convolution

1. Introduction

The relevance of the problem of integrated assessment of companies and the compi-
lation of an investor’s portfolio is beyond doubt, being the central problem of investing
in high-tech companies in Russia. In the first instance, the task arises of building a rating
of investment attractiveness of companies using an algorithmic procedure. The authors
propose the use of a new methodology, namely, a model of a minimax approach and
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hierarchical data analysis. In the context of modern digital data processing systems, the
problem of integral ranking of important targeted financing indicators of financial, eco-
nomic, intermediary, and marketing activities of companies in Russia’s leading industries
comes to the fore. The business–economy–society relationship influences important values
of public welfare. A consequence of the introduction of integral indexing technologies is
the development of a mathematical apparatus for cost optimization, which is facilitated by
the minimax optimization approach, allowing use of new risk assessments of a company’s
sub-portfolio in a circular convolution mode.

Considering oil and gas companies in Russia, several problems should be noted that
stand in the way of using standard methods of integral indexing and portfolio investment.
With integral indexing, it is necessary to consider the whole range of financial indicators
of important groups, such as liquidity, financial stability and risk, business activity, and
profitability. At the same time, investors can often “hide” behind technical analysis tools
using only the dynamics of market indicators. The development of the company depends
on the investor being interested in the growth of the company’s capitalization and successful
activities, from which it is possible to receive dividends; therefore, the investor chooses the
capital investment sector and forms (revises) their portfolio no more than 2–6 times a year.
To do this, it is necessary to perform a calculation taking into account the parameters of the
portfolio of interest.

The existing methods applied for the integral assessment of the financial indicators
of the state and sustainable development of the company have, as a rule, a drawback
associated with the incomparability of indicators in terms of the degree of influence on the
level of development of the company in the group.

The use of optimization of the portfolio structure for the inclusion of promising
companies based on the construction of an integral rating based on the results of hierarchical
analysis enables avoidance of the disadvantages of other methods. The approach proposed
in this article has not been previously considered in the literature.

The main parameter of the risk assessment investment model is a company’s rating. At
the moment, the methodological tools for the rating assessment of Russian companies are at
an early stage of development, although such studies across the world have provided a good
foundation, thanks to leading rating agencies that have their own sound methodologies
for rating companies. Until mid-2017, when developing investment strategies for the
development of Russian industry giants, the opinions of the “big three” international
rating agencies, Standard and Poor’s, Fitch Ratings or Moody’s and Forbes magazine
experts, were taken into account. However, due to the reduction in foreign expertise in
Russia, it became necessary to develop and implement its own rating methodology for
assessing the investment attractiveness of companies. The current rating approach (e.g.,
through accredited agencies, such as Expert RA, NRA, NKR, ACRA), needs a new and
mathematically sound approach to building a rating that optimizes the investment process
of the most important high-tech projects by taking into account the priority of indicators
and circular convolution into a single index. An important feature of the developed method
is the use of a mathematical apparatus, which includes a hierarchical analysis of the ranked
indicators of financial and economic activity of companies, considering their priority, and
the use of a minimax approach to obtain a rating assessment of companies by circular
convolution. The algorithmic base follows from the priority of indicators, then groups
are formed, with the highest and lowest priority in the list of companies identified. The
boundary groups are then removed from the analytical base and the “internal” groups
are subjected to the same method, in a circle of analytical refinement of the rating. This
approach has not been considered in the literature. Further, a significant development of
the research topic is carried out, the mode of “convolution of indicators in a circle” into an
integral index is justified, and the prospects for development are indicated. The purpose
of the article is to develop a procedure for the integral indexing of financial indicators in
a circular convolution mode using a minimax model to optimize the investor’s portfolio
in order to increase the investment attractiveness and competitiveness of the business.

56



Energies 2022, 15, 877

The subject of the study is financial quantitative indicators, optimization and hierarchical
models of companies’ activities. The objects of the research are the leading companies in
the oil and gas industry of the Russian economy.

2. Literature Foundations

A comprehensive assessment of the competitive advantages of the world giants of
the leading economic sectors in the oil and gas industry requires a systematic analysis and
ranking of investment criteria for the effectiveness of the companies in question.

There are a variety of approaches to assessing the competitive advantages of oil com-
panies. For example, the experience of reforming the management system and introducing
innovative practices in PetroChina [1] is based on the development of six elements: balanc-
ing between the existing reserves and new developments, the state dynamic distribution of
rights for the extraction and reservation of minerals, the assessment of new territories, the
management of benefits, the assessment of the value of the company’s reserves, and the
expansion of cooperation.

Another competitive advantage is digitalization, or rather the introduction of blockchain
technology and smart contracts in Iraq [2]. The article assesses the impact of this technology
from the point of individual, environmental and organizational factors of competitiveness.
The data is analyzed using structural equation modeling (PLS). The results indicate that
introduction of the technology increases the stability of work, grows the organizational
culture and the long-term development goals of oil companies are achieved more effectively.

The Malaysian experience in assessing and ranking competitiveness is based on the
application of innovation opportunity scaling [3]. The main opportunities for increasing
competitiveness are assessed from the standpoint of greening and the application of eco-
innovations. The authors present a three-dimensional structure of innovation policy with
nine detailed elements. It is noted that the design of eco-innovations is seen in product
service management, pollution prevention, and commitment to sustainable development.
As part of another study of oil and gas companies in Malaysia [4], a hierarchical model is
built by prioritizing core competencies in relation to the financial performance of companies.
The authors used an analytical hierarchical process (AHP) and a mathematical model
approach, which were synthesized using the Super Decisions software. The proposed
toolkit can be used as a benchmark for prioritizing core competencies in relation to the
competitive advantages of a company in the analyzed sector of the economy. As part of
increasing the competitiveness of Thai companies, a formal industrial commercialization
model is also being developed, which is suitable for the commercialization of inventions in
the field of oil industry products and processes [5].

Evidently, the specifics of the industry-based assessment of companies differ signif-
icantly according to the scale of their activities. According to the author, it is necessary
to introduce a complex ABC-criteria (assets, revenue, equity) data ranking methodology,
which is presented in this paper for the first time. The consonance of the indicators is
accidental; it is possibly an intuitive coincidence that was not planned by the author and
can be revised if there are strong arguments in favor of other indicators.

The author’s methodology allows for the selection of “leaders” by ABC criteria, as
well as companies whose ABC indicators in the considered group are significantly lower
than average (the study uses the term “closing group”). The average group of companies
is subject to further analysis according to the author’s methodology (if there are more
than 10 companies), or final ranking by D criteria (net profit). After ranking by indicator
D, companies of the middle group are “embedded” in the environment from leaders to
the closing group (they are also ranked by D taking into account the subordination of the
circular convolution of groups).

It should be noted that ABC analysis has not been used in such studies in this way.
Alternative approaches, which were not ultimately applied in the framework of this study,
are represented by the following scientific studies described. One of the approaches is based
on integral ranking using decision-making methods, analytical network process (ANP),
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DEMATEL and analytical hierarchical process (AHP), as well as a combination of methods
that the authors [6] termed hybrid fuzzy ANP-DEMATEL-AHP. The approach assumed
the use of 7 main criteria and 39 sub-criteria as indicators of rating and multi-ranking
of data. Other studies [7–9] have approached the issue from the standpoint of ranking
investment performance criteria. This approach uses capital rationing metrics and impact
analysis for IOR/EOR projects. The various combinations of oil companies’ investment
portfolios, as well as the experience of the Norwegian oil sector taxation system’s impact
on restrictions and reductions in the marginality of IOR/EOR projects, are studied. Finally,
another approach considered [10] is based on a comparative methodology by AHP and
fuzzy TOPSIS criteria. AHP is used to determine the criteria weights and the fuzzy TOPSIS
method is used to obtain the final rating.

The feasibility of the author’s methodological approach to the circular ranking of
companies, which was used, for example, to select a supplier in the petrochemical indus-
try [11–13] is based on several theses.

Firstly, most of the indicators used are subject to high volatility of the internal state of
industry parity, so it is advisable to use several indicators responsible for the main financial
data flows within the company [14,15].

Secondly, the indicators are considered as static parameters in the high volatility model;
therefore, it is necessary to use fundamental analytics, taking into account the quality of
the audit and the peculiarities of profit management in the oil and gas industry [16]. The
main sources of reliable information are the balance sheet and financial results report, but
not the market price of the company’s shares [17–19].

Thirdly, the risk associated with the volatility of technical analysis indicators must be
stabilized to the level of real balance sheet indicators. Therefore, it is necessary to apply the
portfolio approach [20,21]; the portfolio will be built according to the indicators specified
by investors, adjusted to the level of the company’s rating in the given group of competing
companies. The paper considers the oil and gas industry as the basis for the formation of a
competitive investor portfolio [22,23].

Data rating and multi-ranking are gaining particular popularity [24–26], while an
important goal is a comprehensive assessment of portfolio investments [27]. Complex
strategic and financial analysis, in terms of multi-ranking and hierarchical assessment
of development indexes in groups, is gaining particular popularity [28,29]. For a full-
fledged analysis, it becomes necessary to take into account many important indicators
of the financial and economic activities of companies and to scale them up to perform a
comprehensive assessment.

It is necessary to conduct a financial analysis based on evaluating the ratio standards
(e.g., liquidity, financial stability, profitability, business activity); as a result, it can be
concluded that the business is reliable and promising, having competitive strength and the
potential for innovative developments [30,31].

3. Materials and Methods

3.1. Methodology for Constructing an Integral Rating of the Competitiveness of Russian Companies

The construction of the integral index is implemented in a multi-stage system, which
includes at least five stages:

(1) formation and systematization of indicators of financial and economic activity used
in assessment models for analysis and optimization of capital investments in oil and
gas companies in Russia;

(2) normalization of the values of indicators, taking into account linear scaling and
ranking of data, and calculation of aggregates (sub-indexing) according to the original
or scaled indicators;

(3) formation of company groups according to the adopted aggregate or quantitative
indicators in a circular convolution mode;

(4) integral ranking by groups taking into account the adopted circular classification
of data;
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(5) decision on the structure of the investment portfolio and the minimax criterion of optimality.

System analysis is carried out based on evaluation, quantitative indexes modeling up
to sub-indexing level within the groups of companies obtained by circular convolution,
after which the system of aggregation indexes is defined using multi-ranking, hierarchi-
cal analysis, and a new data filtering algorithm (in the circular convolution of business
competitiveness indicators).

The feasibility of the hierarchical procedure is contained in the mathematical system
of a circular convolution of financial business competitiveness indicators, among which
certain indicators are primary.

This approach essentially and fundamentally differs from the existing methods of
analyzing hierarchies, since the rules of fuzzy logic of decision-making “what-if” are
replaced by a justified subordination of ranked financial indicators (sub-indexes) and
ranking in a circular convolution mode.

3.2. Theory

At the first stage of analyzing the business competitiveness, quantitative volumetric
business development indicators are used (e.g., balance sheet assets, revenue, equity).

At the second stage, the capital investments assessment is optimized. For this, the
relative profitability and risk indicators, the return on equity (the ratio of net profit to
equity) and financial leverage (the ratio of borrowed funds to equity) are applied.

The groups of leaders and closing companies (in this sample) are selected considering
three ABC indicators. The remaining regions are combined into a new subgroup, among
which leaders and closing groups are distinguished, or a linear ranking is performed by
indicator D.

At each new stage, new groups are ranked after excluding the leaders and closing
groups, switching the rating mode to the “center of the circular convolution of data”, the
procedure-stopping mode—the presence of one or two groups of leaders and the closing
groups without the possibility of selecting the middle group.

A company-rating model is based on circular convolution and hierarchical data analy-
sis. In building groups at each stage of hierarchical analysis and circular convolution, the
article uses the following important indicators of the company’s performance: assets (A),
revenue (B), and equity (C). In the construction of the integral index based on the results
of the grouping, the ranking is made by net profit indicator (D), taking into account the
subordination of the groups: the best indexes for the group of leaders (at the beginning, the
first stage and until the last, after the middle group is ranked, then the companies of the
closing groups from the last (internal) closing group to the first closing one (boundary)).

N—the total number of analyzed companies.
Ranking the indicators, A, B, C, D for companies through a, b, c, d, respectively, taking

into account indexes, so ai is the rank of indicator A for company i. It is clear that:

c = a = b = d =
1
N

N

∑
i=1

ai (1)

3.3. Minimax Optimality Criterion

Let us assume that the investor’s capital is distributed for n companies (oil and gas).
where

Vi—financial leverage ratio of i company,
η1, . . . , ηn—the return on equity of these companies (oil and gas industry),
θi—is the investment share of i company.

To calculate the investment shares of companies in the portfolio, the following problem
is solved

Ψ(θ) = max
i=1,n

Viθi → min
θ∈D

, (2)
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where

D = {θ = (θ1, . . . , θn) ∈ Rn :
n

∑
i=1

θi = 1} .

For the solution, the following formulas are applied

θi = 1/

(
Vi

n

∑
k=1

Vk
−1

)
, i = 1, . . . , n (3)

Next, share Corrections (3) are applied, the return on equity is used

θi
∗ = ηiθi/

(
n

∑
k=1

ηkθk

)
, i = 1, . . . , n (4)

To obtain the optimal investment shares, the final revision of Shares (4) is performed
according to the integral rating method (marked by IR), Formula (5).

θi
∗∗ = θi

∗/

(
IRi·

n

∑
k=1

(IRk)
−1θk

)
, i = 1, . . . , n (5)

As a result, the optimal solution for the portfolio will be achieved using the author’s
circular assessment approach by grouping, rating and hierarchical data assessment.

The method of circular convolution of large companies contains two main stages, with the first
stage proceeding in a hierarchical mode.

At the first stage, two groups are identified: leaders (ABC indicators are above average)
and closing group (ABC is below average).

The rest of the companies form a middle-ranking group, which is subject to further
ranking according to the principle: from the borders to the center of the circle, when a
signal to stop the process is received, the presence of one or two groups of leaders and
closing group without the possibility of identifying the middle group.

At the second stage, an integral rating is built. The indicator D is first applied for all
leading groups, from the first to the last, then in the central group based on the results of the
hierarchical analysis, and then, for the closing groups, from the last to the first (boundary)
(Figure 1):
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Figure 1. Scheme of information flows of integrated rating by circular convolution (RCC).

4. Results

Computational experiment: an integral rating of the companies’ competitiveness. The
seven largest oil and gas companies in Russia (2019) participated in the experiments in terms
of assets. The reliability assessment was carried out according to the recommendations
from [32], the correlations of the ABC group indicators are not contradictory and indicate
significant differences (estimates of the pair correlation coefficients within the group for the
indicated indicators were at least 0.23, on average 0.37, with a maximum of 0.8, which is
consistent with the standard). Initial data and analysis of average values for all indicators
are presented in Table 1; the integral rating for each year is shown in Table 2.

It should be noted that Gazprom is a stable leader in the oil and gas industry in Russia
followed by Surgutneftegaz taking into account the strong growth of its funds and balance
sheet assets [33,34].

Next, according to the rating, the 3rd place is taken by Rosneft (the largest company
that solidly strengthened its positions due to the purchase of Bashneft shares in 2018);
Bashneft is consistently ranked 7th in the top ten oil and gas companies.
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Changes affected Novatek and Tatneft, the latter company yielding 5th place to No-
vatek in 2019 (Table 2).

Computational experiment: the formation of an investor’s portfolio according to the
optimal model. Taking into account the circular convolution and hierarchical assessment
of important indicators, the structure of the investor’s portfolio was assessed (Figure 2),
considering Formula (3).

 
( ) 

 
(b) 

2019

Figure 2. The structure of investments is based on the integral rating of competitiveness in dynamics,
2018 (a) and 2019 (b).
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The IR rating made it possible to develop a portfolio rating of the RCC obtained using
the minimax model in correction mode by the level of profitability (Table 3) and rating
(Figure 3).

Table 3. Integral rating RCC 2019.

Company RCC (Final)

Gazprom 17%
Lukoil 9.5%
Rosneft 1.5%

Surgutneftegaz 25%
Bashneft 3%
Tatneft 13%

Novatek 31%

 

Gazprom

Lukoil

Rosneft

Surgutneftegaz

Bashneft

Tatneft

Novatek

Figure 3. Structure of investments 2019 (optimal distribution in the structure of the investor’s
portfolio on the basis of integral ranking on competitiveness in dynamics.

The use of the integral rating values as mathematical model parameters (1) allows
optimization of the share structure of investment, and this approach is advisable to use
in investment analysis to preserve and systematically increase the capital of the most
competitive, successfully developing companies in the leading sectors of the country’s
economy.

5. Discussion

Investors, creditors, and owners need to agree on rational ways to establish a com-
pany. For a small business, such a question can be solved by the CFO together with the
management, but for the most important industry companies, such as Neftegaz, which
occupy leading positions in ensuring the material and strategic security of Russia, to fulfil
the requirement for timely and impeccable provision of services, a comprehensive study of
the problem is necessary. To make a decision, investors, creditors, owners, and government
agencies need a reliable quantitative base, based on which the dynamics in the group of
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companies and for each of them will be monitored and analyzed. The oil and gas industry
is characterized by the joint influence of decision makers in building the rating. At the same
time, there are factors complicating the analysis, e.g., the choice of indicators, correlations,
and the presence of undisputed leaders according to the selected analysis criteria. All these
shortcomings were overcome in the study by introducing an integral ranking of data by
priorities applying a “top-down” and “bottom-up” approach, considering “leader-slave”
groups. Large companies are taken into account and the leadership regime in the group
may change, which the methodology addresses. The methodology is universal in nature;
the procedures of rating and portfolio modeling are carried out taking into account the
correction coefficients for the level of profitability and investment risks. Recommendations
for optimal investment of companies in the selected group were obtained. The integral
rating enables evaluation of the contribution of each company to high-tech development,
compared to other companies. The author provides reasons for the need to use important
financial indicators when considering placement in a group of companies according to an
algorithm that is not swallowed up by the principles of fuzzy logic, including “leader”,
“middle group”, “closing group”, with further ranking according to the net profit indicator.
The main functional purpose of the proposal is investment analysis with balanced risks. It
can be used for targeted financing of large-scale state projects with significant differences
in the scale of financing (the methodology then has clear advantages over others due to the
absence of required weights in the weight convolution, and due to correction of the invest-
ment object (i.e., qualitative or quantitative indicator)). The problem of financing oil and
gas companies becomes a strategic and rationally oriented (e.g., profit, production volume,
profit priority), rather than a politically oriented task. The authors successfully achieved a
solution to the problem, performing an assessment of quantitative indicators, identification
of priorities, selection of the indexing and ranking mode of data, and calculation of derived
indicators, using the ABC method in “circular convolution” mode. As a result, a model of
convolution of derived indicators into an integral rating for the companies in question was
obtained and tested in practice, providing a visual representation of the result. The authors
obtained an optimal ranking, which is important for investors of all levels by zones of
responsible implementation and use. When building a portfolio based on the optimization
principle, the paper proposes a new method of portfolio investment, which is of interest to
a rational investor aimed at stable receipt of dividends as guarantees of maintaining a high
standard of living. Therefore, when forming an investment portfolio, it is advisable to con-
sider the investor’s interest in the company’s dividends, and, consequently, in the amount
of its profit. At the same time, the use of models based on minimizing the risk associated
with the volatility of company stocks requires knowledge of the covariance matrix of stock
returns (i.e., the Markowitz model and its development). A problem arises with collecting
and regularly updating the source data. Therefore, when making investment decisions, the
authors apply an integrated approach developed by them, based on the construction of
an integral rating of investment attractiveness by circular convolution and a portfolio of
uniform risk distribution of investing funds, in which the rating points obtained are used
as risk assessments. The authors assume that the methodology will be implemented in the
practice of Russian investment activity until July 2022.

6. Conclusions

We have developed a method of integral indexing of large Russian companies by
cyclical convolution of financial indicators into an integral index. This approach is a
development of the rating school and can be applied in practice in rating agencies in Russia.

Limiting conditions include that it is necessary to prioritize indicators. In the de-
velopment of the methodology, indicators of interest to the investor, lender, owner can
be considered, depending on their goals. In terms of the specifics of the methodology,
circular convolution is needed when evaluating large companies in various industries.
Their indicators (e.g., intersectoral differences) immediately create business prospects in
this industry and leading industries and closing ones in the group arise; therefore, this
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rating is multidimensional and allows identification of leaders at the level of corporate
and industry data analysis. Cyclical ranking is carried out at the level of using ranked
data on four groups of ABCD indicators (i.e., assets, revenue, equity and net profit) in the
optimization model of investment analysis based on the minimax criterion.

The article presents a methodology based on quantitative assessment, hierarchical
analysis and ranking of financial stability and risk indicators of the largest companies in
the Russian oil and gas industry, which allows building of an integral rating and obtaining
a share structure. Investment capital is considered, in which the competitiveness of the
investor’s portfolio remains on the average period of data analysis (as a rule, the decision
should be reviewed annually). The feasibility of practical application of the methodology
for building a rating of investment attractiveness of large Russian companies in energy-
intensive industries is substantiated.

The integral rating obtained as a result of the author’s approach is compared with the
ratings of leading rating agencies. In contrast to existing approaches, the author’s approach
enables a detailed and objective rating assessment of the current state and prospects of
business development to be obtained without the need to bring the initial indicators to a
comparable form, and without conducting additional research to assess the weight of the
coefficients used in the analysis. The proposed approach makes it possible to build a rating
based on a hierarchical procedure and an algorithm for ranking companies according to
three indicators of financial and economic activity, which, according to the author, it is
advisable to use when making investment decisions relating to assessment of the prospects
for the development of the most important sectors of the country’s energy economy, and
programs for managing the competitiveness of the energy business.
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Abstract: Blockchain technology has emerging areas of deployment in diverse sectors and use cases.
In this study, several potential application areas of blockchain with promising benefits have been
identified in the natural gas industry. There is no single solution that can address different challenges
and meet disparate requirements. Therefore, it is important to understand the needs of the natural
gas industry and propose appropriate blockchain solutions. Moreover, in the literature, there is a lack
of detailed case studies involving industrial experts from the natural gas sector. Expert opinion can
be useful for prioritizing the most needed or expected blockchain application areas among several
options. By considering privacy, authentication, speed, security, energy consumption, and costs,
suitable blockchain types and consensus mechanisms can be determined. This study presents one
of the first detailed case studies for tailored applications of blockchain in the natural gas industry.
Through a two-staged semi-structured interview with executives from SOCAR Azerbaijan, the most
important blockchain application areas and operational requirements were identified. Furthermore,
the most suitable blockchain solutions that can address application-specific conditions and needs
were determined. This study both, develops a replicable and reliable methodology to conduct detailed
blockchain implementation case studies in the natural gas industry and various other sectors, and
provides detailed insights into the primary application areas, operational expectations–requirements,
and implementation challenges specific to each application.

Keywords: blockchain; case study; internet of things (IoT); natural gas; engineering

1. Introduction

Natural gas is one of the major sources meeting world energy consumption and it is the
only fossil-based source that has consistently increased its share among the other sources in
the last half-century. Global natural gas production has steadily increased in the last decade,
with an annual growth rate around 2.5%, except for minor drops encountered in 2009 by
2.6% and in 2020 by 2.5% [1]. The share of natural gas in the world total energy supply
reached 23.2% of 606 EJ (exajoule, 1018 joules) in 2019, a considerable growth compared
to 16.1% of 254 EJ in 1973. In OECD countries, despite the decline in the share of coal
(from 22.5% in 1973 to 13.2% in 2019) and oil (from 52.6% in 1973 to 34% in 2019) of total
energy supply by source, the share of natural gas has significantly increased, from 18.9%
to 30.6%. In world gross electricity production, natural gas is the second largest source,
with a 23.5% share, following the leader coal with a 36.7% share, ahead of all the other
sources [2]. In OECD countries, it was the only source with a steadily increasing share
in gross electricity production up to the beginning of the 2000s, and from around 2007 to
today, it has continued to grow together with emerging renewable energy technologies
(Figure 1) [2].
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Figure 1. The share of OECD gross electricity production from 1974 to 2000 [2].

There are a number of major problems in the natural gas industry [3]. Obsolete
infrastructure can be listed as one of the major issues. Outdated natural gas pipelines, a
centralized structure, and cascaded software systems are not suitable for handling a massive
number of devices and users. The unreliability of transactions due to third party inclusion
is another point of concern. Gas orders are prepared and supervised by third parties and
this does not guarantee the transparency, fairness, and traceability of transactions. The
third problem is price fluctuations due to dynamic changes in natural gas resources. It is
an important challenge for users to foresee reliable sales information, due to uncertainties
related to fluctuations. Gas data inaccuracies are the fourth major problem. Delays being
encountered in data collection from gas meters in the field trigger energy supply failures.
The last major problem is user information security. The information provided by users
during transactions, comprising personal information, gas consumption, and other details,
is mainly stored in centralized databases, with the risk of being compromised, deleted,
or modified. Similar concerns are listed in IBM’s whitepaper in [4], defining the current
business transactions as inefficient, expensive, and vulnerable due to the involvement of
multiple stakeholders with individual ledgers compliant with their specific policies and
procedures. Vulnerabilities are further detailed in terms of time, cost, and risk. Many
transactions are stated as sensitive to time, as requiring considerable time to settle and
reconcile, and prone to delays. From a cost perspective, high overhead costs due to inclusion
of various companies and operating units, high costs of management and execution, and
detailed documentation needs are listed. The related risks are ambiguity and not being
able to verify, being open to errors and tampering, and lack of a single source of truth.

Sector experts agree on the possible benefits of wider automation and digitalization,
to increase profitability [5]. Oil and gas companies are willing to adopt and implement
new digital technologies and change their operating practices [6]. The World Economic
Forum, in a whitepaper, stated that USD 2.5 trillion value could be derived from the
digitalization of the oil and gas sector, including a 108,000 barrel reduction in pipeline spills,
120,000 barrel reduction in spills in upstream operations, a 370 million tonne reduction in
CO2 emissions, a 800 million gallon reduction in water consumption, a 16% reduction in
accidents and injuries, by utlizing enhanced automation and remote operation, predictive
maintenance, operation optimization, data analytics and modelling, field staff connections,
supply/demand balancing, digital customer services, and others [7].

Blockchain is one of the emerging technologies that can offer promising potential
applications, with prospective benefits in several sectors, ranging from finance [8] to sup-
ply chains [9,10], health to mobility [11], public governance to cybersecurity [12], and
infrastructure to energy [13]. A blockchain is a distributed and shared ledger that enables
immutable transaction records [14], asset tracking, and common trust between several
stakeholders and parties [15]. It combines cryptography, data management, networking,
and incentive mechanisms to aid the verification, execution, and recording of transactions
between parties [16]. A distributed ledger is an addition-only storage method of transac-
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tions distributed between many participating nodes. Blockchain represents a connected list
of blocks. Each block stores an ordered set of transactions. Each transaction is recorded as a
block of data, representing the movement of a tangible (product) or intangible (intellectual)
asset. The data block can store the relevant information (sides, content, quantity, time, place,
condition, and others) that is needed about the related transaction. Each new block is added
to a chain of blocks and is connected to the blocks before and after it. Since the records have
a specific time and sequence, any attempts to insert additional blocks between the existing
blocks or to modify former blocks can be detected and prevented. None of the transactions
can be changed or tampered with once they are recorded in the shared ledger. In case a
record includes an error, a new transaction has to be added to reverse the error and both
records will be visible. Smart contracts contain a number of rules determined to trigger
and perform their related actions and transactions autonomously. A consensus protocol,
algorithm, or methodology determines how a new block can be added to the network,
resolving competing new blocks [16]. Smart contracts are used to perform autonomous
actions based on predetermined rules, triggered by specific conditions. Smart contracts
allow peer to peer transactions without any intermediaries, utilizing consensus protocols
and software-based verification methodologies [17].

Blockchain technology can enhance data management [18], reduce transaction costs [19],
avoid error and fraud [20], and improve system performance with enhanced monitoring
and maintenance [21].

Blockchain is not a one-size-fits-all solution or a silver bullet with a single type of
implementation that will be beneficial in all cases, applications, and conditions. It has
several types and design varieties (characteristics, consensus mechanisms, and others),
which are explained in detail in Section 2 of this paper, and which could be suitable or may
not fit, based on the considered context of adoption. Moreover, it is a major challenge for
industrial players and corporate executives to evaluate and decide on the most suitable
blockchain type and design that will fit the targeted sectoral applications, among several
potential integration options. Due to this difficulty, industry actors have formed non-profit
organizations (such as the OOC Oil & Gas Blockchain Consortium [22], which later changed
its name to Blockchain for Energy [23]) to explore the potential areas of use and determine
the best solutions collaboratively. Additionally, blockchain brings together some inevitable
risks and costs that should be carefully considered in potential applications [24].

Several studies have identified similar potential application areas of blockchain for
the natural gas industry. The potential areas of use range from leakage detection in gas
pipeline networks to the tracking and tracing of natural gas shipment; automation of
gas exploration and production processes to gas asset life-cycle management; billing and
payment simplification to operational and compliance auditing; and well abandonment
and restoration tracing to waste collection and disposal [4,25–28]. The natural gas supply
chain facilities that are considered for potential implementation of blockchain solutions
are shown in Figure 2. A new concept of a micro ecosystem with blockchain and edge
computing is explored in [29]. Integrated use of blockchain with AI and IoT is investigated
from architectural and design perspectives in [3] and in gas prediction and transaction in
the smart city context in [30]. A novel solution, aiming natural gas resource finance and
sustainability, is presented in [31]. Ref. [32] implemented business process modelling, to
investigate the implementation of blockchain in the midstream LNG supply chain. The
existing studies have mainly explored the potential areas of use and prospective benefits of
blockchain in the natural gas sector, without sufficiently detailing the suitable blockchain
types (private, consortium, or public), consensus mechanisms (Proof of Work (PoW), Proof
of Stake (PoS), Delegated Proof of Stake (DPoS), Proof of Authority (PoA), Practical Byzan-
tine Fault Tolerance (PBFT), and Proof of Elapsed Time (PoET)) and related risks specific to
application areas. Moreover, there is a need for case studies that actively involve industry
experts in prioritizing applications, identifying requirements, and tailoring solutions.
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Figure 2. The natural gas supply chain facilities that considered for potential blockchain solution
implementation [25].

Issues in the natural gas industry include

- conventional infrastructure challenges and limitations in monitoring, operating, and
maintaining a large number of assets,

- gas price volatilities,
- gas stock tracking issues,
- dependency on third parties for financial transactions and gas exploration.

The two problems to be solved within the scope of this study are

- prioritization of application areas of blockchain, based on the requirements or desires
of The State Oil Company of the Azerbaijan Republic (SOCAR) operations,

- the lack of clarity regarding the suitable blockchain solutions that would best fit
natural gas sector applications.

This paper presents one of the first detailed case studies of the application of blockchain
in the natural gas sector. Through a two-stage semi-structured interview conducted with
the executives of SOCAR Azerbaijan, one of the top companies in the natural gas industry
globally, the prominent application areas of blockchain for SOCAR were prioritized, the
requirements for each use case were identified, and suitable blockchain types and consensus
mechanisms were tailored, specific to each application, and considering the operational
performance, costs, and risks. Section 2 describes the blockchain types and consensus
mechanisms, risks of blockchain applications, and the potential areas of use, as well as
the benefits of blockchain in natural gas procedures and processes. Section 3 explains the
methodology used in the case study. Section 4 presents the results of the interviews and
tailors the suitable blockchain solutions that can address the most prominent use cases
and operational requirements. Section 5 discusses the findings of the study and provides
directions for future research.

2. Literature Review

2.1. Blockchain Types, Consensus Mechanisms, Risks, and Natural Gas Industry Applications

This section explains the blockchain types, consensus mechanisms, associated risks,
and potential applications in the natural gas sector under different subsections. The
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information presented in this section formed the basis for the semi-structured interview
explained in Section 3.

2.1.1. Blockchain Types

There are four main types of blockchain, namely, private, consortium, public, and
hybrid. A private (permissioned) blockchain provides access only to known participants,
providing them with the ability to read and/or write data. A system provider, a single
authority, is in charge of evaluating new applicants that request to join the network and
giving them permission to access the data. The system provider also has the ability to roll
back and reverse some processes. Private blockchains are faster in terms of speed and have
lower costs compared to the other blockchain types. On the other hand, all the participants
are known, the devices are authenticated, and dependence on a single authority has the
risk of failure in case of being compromised through cyberattacks. Usually, Proof of Stake
(PoS), Proof of Authority (PoA), and Practical Byzantine Fault Tolerance (PBFT) consensus
mechanisms are used in private blockchains.

A consortium blockchain is another permissioned type of blockchain. Unlike private
blockchains, a consortium blockchain is controlled by a group, rather than a single authority.
It has a semi-decentralized structure [33]. Only trusted and verified participants can
validate blocks. It is a mid-solution between private and public blockchains, with an
intermediate energy consumption, cost, and transaction speed. Although it is more secure
compared to a single authority-dependent private blockchain, the consortium formation
process still has the risk of intrusion of undesired parties and entities. Personal information
needs to be known, as in private blockchains. Proof of Work (PoW), PoS, and PoA are
generally preferred as the consortium mechanisms.

A public (permissionless) blockchain is accessible to anyone [34]. The participants have
random IDs and do not need to disclose their personal information (pseudonymity). It is
the blockchain type used in Bitcoin and most of the Ethereum networks. There is no central
entity that evaluates new applications or manages, the ongoing traffic. In this blockchain
type, unknown devices can participate without any initial checks for trustworthiness. A
large number of participants and highly decentralized structure provide more security,
while decreasing transaction speed and increasing energy consumption and system costs.
Usually, PoW and PoS consortium mechanisms are used.

A hybrid blockchain is a customizable solution, where the members can determine
which participants can join the network and which transactions will be open to public.
It aims to combine the desirable parts of public and private blockchains: freedom and
controlled access [35]. It is positioned between the consortium and public blockchains, in
terms of security, speed, and costs.

2.1.2. Consensus Mechanisms

There are over 30 mainstream consensus algorithms, six of which are commonly used
in prominent applications [25]. This subsection describes the six most used consensus
algorithms comparatively.

Proof of Work (PoW) allows every miner to validate new data blocks. Nodes can
remain anonymous, and any willing participant can join mining. It requires extensive
computation, which should also be verified by other nodes [36].

Proof of Stake (PoS) allows stakeholders owning coins or smart contracts to participate.
The ones with high stakes are chosen to validate new blocks. “Minters” reserve some of
their coins as a security deposit, to become a validator. A mistaken validation causes the
validator to lose their staked tokens. This approach financially rewards the validators for
acting fairly.

Delegated Proof of Stake (DPoS) is a considerably modified version of PoS, in which,
token holders vote for a group to be responsible for validation of transactions [37]. This
approach strengthens the decentralized aspect of the blockchain, as the network participants
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decide together who will validate transactions, while the actual validation is performed by
a smaller delegated group, with improved speed.

Proof of Authority (PoA) is based on the validation of transactions by specifically
authorized nodes. The authorized nodes have recognized organizational identities, which
are subject to penalties based on external regulations outside the blockchain platform. It has
a lower energy consumption and higher transaction speed compared to other consensus
mechanisms [38]. It is a suitable mechanism for some private blockchain applications.

Practical Byzantine Fault Tolerance (PBFT) is implemented by authorization of a
network of trusted validators (secondary nodes) by a single authority (primary node). This
approach can provide reliable transactions as long as less than one third of the nodes are
compromised [39]. The consensus is reached by voting.

Proof of Elapsed Time (PoET) randomly generates time delays, the reliability of
which is checked at the hardware level. The nodes are allowed to stay idle or perform
some other work for their randomly determined period, increasing the network efficiency.
Random time determination allows every participating node an equal chance of winning
the reward [40].

2.1.3. Risks

Blockchain applications have a number of risks that need to be considered during de-
cision making and solution design. Deloitte lists the risks under three categories: standard
risk considerations, value transfer risk considerations, and smart contract risk considera-
tions [41].

There are eight standard risk considerations. Strategic risk is a firm’s decision to either
adopt technology at an early stage of development or wait until it matures. It is also related
to deciding on the network to take part in and the platform to utilize. Business continuity
risk is associated with network service interruption due to cyberattacks or operational
issues. It requires the development and adoption of methods that can provide fast incident
response and short recovery time. Reputational risk is related to compliance with legacy
infrastructure. Information security risk is based on the vulnerability of participant account
or wallet and the security of transactions in private blockchains. Regulator risk represents
compliance with diverse regulatory requirements, particularly in international transactions.
Operational and IT risks are concerned with the speed, scalability, and interoperability
with legacy systems of implementations. Contractual risk is the need for service-level
agreements between the participating nodes and the network administrator. Supplier risks
are related to risks associated with third-party technology providers.

Value transfer risk considerations have four subtypes. Consensus protocol risk consid-
ers the disadvantages of the adopted consensus mechanisms and their vulnerabilities to
cyberattacks or operational issues during deployment. Another risk is key management,
which concerns the irreversible transfer of assets in cases of a hijacked account. The deploy-
ment component provides a complete working container infrastructure for the considered
business application [14]. Continuous integration, delivery, and deployment approaches
can help minimize related risks [42]. Continuous integration is the frequent integration
and merging of work between the team members. This method reduces the release cycle,
enhances software quality, and increases development team productivity. Continuous deliv-
ery aims to ensure that an application can be instantly deployed in the relevant environment.
Continuous deployment autonomously and continuously deploys the applications for pro-
duction or customer use cases. Data confidentiality risk concerns metadata leakage of
participant transaction metadata to unauthorized network participants. Liquidity risk is
related to resolving disputes in transactions, relying on pre-determined regulations.

There are four smart contract risk considerations. Business and regulatory risks are
about the business, economic, and legal arrangements used in determination of smart
contracts. Contract enforcement is the compliance with legal limitations and financial
arrangements. Legal liability is the risk of fraudulent or mistaken use of smart contracts. In-
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formation security risks are related to cyberattacks that may target the access, modification,
or deletion of information.

Similar risks can be found in another recent study [43]. Seven risks are identified,
without any subcategories. Legal risk is related to the regulatory, legal liability, and
business and regulatory risks explained in the above paragraphs. Technical risk is partially
the same as operational and IT risks and part of strategic risk. Protocol risk is related to
consensus protocol risk and partially to operational and IT risks. Cyber risk is similar to key
management and information security risks. Privacy risk is related to data confidentiality
risk. Validation risk is partially similar to legal liability. Finally, market risk is identical
with strategic risk and reputational risk. The interrelations between the risks identified
in the two mentioned studies are shown in Figure 2. The determination of very similar
risks in two independent, prominent studies shows that these risks are highly likely to
be encountered in future field applications and that it is of critical importance to consider
them when tailoring blockchain solutions to a specific use case in an industry. In this paper,
as part of the interviews conducted in the case study, the risks were mentioned to the
executives and taken into account when identifying the most suitable blockchain solutions
specific to each potential application.

2.1.4. Potential Applications in the Natural Gas Industry

The natural gas industry value chain consists of three main sections: upstream, mid-
stream, and downstream. Upstream covers gas exploration, production, and processing
(including gasification), while midstream is related to transport and LNG shipping, and
downstream encompasses regasification, storage, and sale [28,32]. This subsection describes
possible areas of use of blockchain in the natural gas industry.

One of the primary areas of use could be the monitoring of natural gas network
pipelines. Leakage detection, theft, physical attack-intervention detection, and notification
of system operators, with use of real-time monitoring systems operating with blockchains
to ensure secure operation and timely maintenance of the critical infrastructure.

Compared to conventional centralized monitoring and storage of data collected from
sensors in the field, which are vulnerable to physical and cyberattacks, blockchain can
be used to authorize sensors to secure the source of data, and smart contracts can allow
autonomous detection of leakages and abnormalities, notifying the related departments
and staff instantly. Moreover, records related to maintenance and repairs can be stored
in blockchain platforms, allowing traceability and auditing by other staff and entities in
future related activities.

Monitoring systems can also be used for natural gas shipments by LNG carrier ships,
trucks, and railroad tank cars. Logistic activities can be traced and tracked, ensuring
compliance with regulations. Current location and followed route information can be
obtained, estimating arrival times and providing notifications in case of any updates.
Immutable shipment records enhance security and prevent fraud during shipping. The
purity of the product can be verified and recorded at certain points of shipment, providing
a traceable trail, to identify the time and place that impurities are added to gas and
responsible parties. Similar to pipeline monitoring, LNG carriers’ temperature, humidity,
pressure, volume, and other parameters representing the state of health can be monitored.

Gas exploration and production is another potential area for implementation of
blockchain solutions. Exploration, based on seismic techniques for identifying reserve
locations, drilling of wells and testing of the quality and volume of reserve, generates big
data, which can be collected, stored, and protected, for use in post-processing. Problems
in the collected data can be identified through smart contracts. The related data can be
shared with the stakeholders that participate in the exploration and production. Explo-
ration and extraction automation systems are conventionally based on centralized solutions,
which may have errors and data corruption issues. Furthermore, stakeholders mostly rent
equipment from third party organizations. Blockchain can allow information sharing and
payments among the stakeholders.
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Gas asset life-cycle management is also listed among the primary potential areas for
the application of blockchains. The procurement, shipment, installation, establishment,
and repair activities of gas assets involve different subcontractors, requiring compliance
with safety regulations. Asset inventory records need to be kept up-to-date. Even purchase
and sale request can be processed over blockchain platforms, based on equipment supplier
scores representing their reputation. Blockchain can allow the detection and prevention
of fabricated, uncertified, or insufficiently performing equipment that does not meet stan-
dards. In this way, equipment costs, field staff safety issues, and service interruptions can
be minimized.

There is potential for blockchain applications in the billing and payment processes as
well. The current payment procedure in the gas industry is to give the stakeholders up to
90 days to complete a payment. The determination of such a long time window is due to the
use of centralized systems that are vulnerable to cyberattacks, manual settlement, and non-
transparent operations. The conventional systems are also not suitable for a high number of
microtransactions. Blockchains can be used for verification of payment provision, receival,
and updates, ensuring compliance with the related trading agreements and eliminating the
need for intermediaries. It can also be utilized for joint billing in joint ventures.

In the area of regulatory compliance and auditing, the compliance of stakeholders with
related state, regional, and international laws, as well as standards and regulations, can
be checked. License cancellation, financial losses, or penalties related to non-compliance
can be performed over blockchain too. Compliance with field staff safety precautions can
be tracked and guaranteed over blockchain as well. The use of dangerous and forbidden
chemicals can be prevented as part of the same process.

Well abandonment and restoration can be traced using blockchain solutions. Tempo-
rary or permanent abandonment of wells can be verified. Information, including date of
abandonment, the reason for abandonment, and type of abandonment, can be stored in a
blockchain and could be used at the restoration stage.

Gas waste disposal and recycling is the eighth identified potential area of use of
blockchain in the natural gas sector. Compliance with waste treatment regulations, waste
tracking, and stages such as gathering, processing, shipping, treating, recycling, and
landfilling can be monitored. Successful delivery of waste to a determined recycling plant
can be ensured, minimizing illegal dumping and shipments. In such applications, smart
contracts can be used to manage delays, fraud and data forgery, and documentation. The
amount of waste lost during disposal and recycling can be closely tracked.

2.2. Related Work

Blockchain integration into the natural gas industry is usually considered together with
the oil industry [28,43]. The current studies mainly provide an industry-wide perspective
about potential areas of use, without the prioritization of use cases and without conducting
in-depth case studies involving participants or direct data from major industrial players.
Some pilot projects and challenges are briefly introduced from such studies.

In application-specific studies, deterministically-decided single solutions are usu-
ally selected and investigated, usually combining IoT and AI [3,30,44]. Such studies
usually focus on the design stage and do not employ a holistic approach, to foresee
operational challenges.

The majority of the studies in this area have been conducted by Chinese researchers.
There are inspiring approaches from different sectors. One study considered a wide

range of use cases in electric power and the energy industry, ranging from microgrids to
wholesale electricity markets, green certificate trading to e-mobility charging infrastructure,
and asset management to grid services [34]. Conducting interviews and identifying the
critical criteria, such as transaction speed, transaction cost, transparency, integrity, con-
fidentiality, suitable blockchain types, and consensus mechanisms, are specified. Such a
methodology has not been conducted in an up-to-date manner in the natural gas sector.
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The majority of the studies emphasized the advantages of blockchain applications,
while a few studies looked into the details of the associated risks [41–43]. These risks also
need to be taken into account when determining the most suitable blockchain solution for
a use case in a selected sector. A combination of the methodology provided in [34] with the
risks specified in [41–43] could progress blockchain adoption efforts further, highlighting
the promising options. The inclusion of sector experts from a single company can provide
insights that are closer to field, which can also help in deciding on the details of use-case-
specific solutions.

Based on the related work, there are important gaps and requirements for further
research in the natural gas sector for blockchain adoption. Detailed case studies need to
be conducted, and wide range of solution options should be comparatively evaluated,
considering advantages and associated risks, when determining solutions specific to a use
case. This paper presents one of the first in-depth case studies for blockchain application in
the natural gas sector. It contributes to the literature by,

- prioritizing the prominent application areas of blockchain for SOCAR operations,
- identifying the requirements for each use case,
- and determining suitable blockchain types and consensus mechanisms specific to each

application, as well as considering the operational performance, costs, and risks.

This work provides a replicable and scalable methodology that can be used in future
studies in the natural gas sector and other sectors with a potential adoption of blockchain,
such as mobility, health, food, e-government, finance and others.

3. Methodology

Based on the contextual background explained in Section 2, a two stage semi-structured
interview was prepared to be conducted with the executives of a natural gas company
SOCAR, for a case study with the following main aims:

- identify the primary areas of use with the most urgent need or the highest potential
benefits in applying blockchains,

- determine the operational performance, cost, and other related requirements specific
to each prioritized area of application,

- tailor the most suitable blockchain solution for each identified area of use, including
consensus mechanisms and considering the associated risks.

The first stage interview had questions related to

- the occurrence and importance of the challenges, which can be addressed by blockchain
applications, encountered in the company’s operations and processes,

- the importance of the needs and potential improvements that can be achieved in the
company’s operations and processes,

- the sensitivities of the company’s financial operations and processes to different factors,
- the importance of the potential benefits of blockchain applications for the company’s

operations and processes, from the perspective of the executives,
- the priority of the potential blockchain applications in the natural gas industry, from

the perspective of the company’s executives,
- the importance of the data that could be collected through blockchain for the com-

pany’s operations and processes,
- the importance of the risks (based on the content provided in Section 2.1.3) associated

with blockchain applications for the company’s operations and processes.

The second stage of the interview was prepared based on the insights gained from
the answers provided in the first stage interview. It had more in-depth questions, aiming
to highlight the needs and requirements per primary area of use of blockchains for the
company, and determining the most suitable blockchain applications for each area of use.
It had questions related to
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- the network participants that will be allowed to access and view the data collected for
each primary blockchain area of use identified by the company executives in the first
stage of the interview,

- the network participants that will be allowed to hold distributed ledger records, even
those not authorized to access the information available in the records, to increase
the number of copies for enhanced security for each primary blockchain area of use
identified in the first stage of the interview,

- the need for pseudonymity of the network participants that will hold distributed
ledger records for each primary area of use identified by the company executives,

- the number of assets or nodes that will be monitored, provide information to the
system, and communicate with others for each identified primary area of use,

- the number of transactions per second (TPS) and the transaction speed that will be
needed for each identified primary area of use,

- any energy consumption-related expectations of the blockchain application for each
identified area of use,

- the risk of being targeted by cyberattacks of the blockchain application for each
identified area of use (as part of the risk considerations explained in Section 2.1.3),

- the relative operational cost expectations of blockchain applications for each identified
area of use.

A general diagram of the methodology is provided in Figure 3.

 

Figure 3. Interrelations between the blockchain risks identified in two prominent studies [41–43].
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Both interviews were prepared to be conducted with the same participants, meaning
that the executives which took part in the first interview were the participants of the second
interview too. The second interview was performed one month later than the first interview.
Prior to both interviews, no specific information about natural gas sector challenges listed in
the literature, potential blockchain application areas, or benefits of blockchain applications
were provided to any of the interviewed executives, to prevent any biases and to solely
gain their individual insights based on their operational and procedural experience.

4. Case Study

A case study was conducted with The State Oil Company of the Azerbaijan Republic
(SOCAR). The company runs oil and gas exploration, production, processing, transport,
and marketing in both Azerbaijan and international markets. It has various activities in
Turkey, Georgia, Ukraine, Germany, Switzerland, and Romania, in addition to trading
activities mainly in Switzerland, Singapore, and Nigeria. With roots back to the 1950s and
beyond, under different organizational names and structures, today’s SOCAR was officially
established in 1992, after the Republic of Azerbaijan restored its independence [24,45–48].
The first oil wells in the country were drilled in Bibiheybat in 1847, and shortly after in
Balakhany. In 1901, Azerbaijan was the world’s leading oil producer with 11 million tons
of annual oil production, while the US was producing 9.1 million tons annually. In 1941,
Azerbaijan produced 23.5 million tons of oil, representing 71.4% of the Soviet Union’s
production. Azerbaijan was also the world’s first offshore oil producer. In 1949, 40 km
offshore and 90 km from Baku, a field named “Neft Dashlari (Oil Rocks)” was discovered,
which was followed by several other offshore fields in the following years. Currently,
offshore production provides more than 60% of SOCAR’s oil. Starting in 1994, SOCAR
has signed 32 production sharing agreements so far, with foreign oil companies all over
the world. The company has around an EUR 50 billion annual revenue, more than 90% of
which is recorded in foreign markets.

The two stage semi-structured interviews were conducted with executives from gas
distribution. Eleven executives took part in the interviews and provided their opinion.

In the first stage interview, regarding the challenges that are encountered in operation,
all the executives emphasized the infrastructure, stating that the management and monitor-
ing of massive numbers of customers and assets is important and becomes challenging from
time to time. The reliability of financial transactions due to the involvement of third parties
and the need for intermediaries is collectively an area that does not cause any challenges;
but it has importance and needs to be carefully considered in the future operations and
technological adaptations of the company. Similarly, inaccuracies in gas data, due to delays
in gathering data from the meters in the field and related supply challenges collectively,
were stated as an area which does not cause any problems; but has importance and should
be carefully considered in future operations

Three operational improvements were emphasized by the interviewees. In particular,
the storage and verification of the certification of technical field staff (related to hydrogen
sulfide (H2S), a poisonous, corrosive and flammable gas, commonly found in drilling and
production of natural gas, first aid training, welding, and others) for safe operation of
field equipment and devices was given the highest importance. This was followed by
the reduction of operational costs and delays, enhanced transparency with the industrial
stakeholders, and improvement of employee hiring processes and work performance.

Among the potential benefits of blockchain applications, higher transparency, im-
proved auditability, and traceability were considered the most important by the interviewed
executives of the company.

Among the application areas of blockchain, automated leakage detection in natural gas
pipelines was stated as the most prominent, followed by gas assets life-cycle management.

The most important data that can be collected and stored by blockchain applications
was stated as the current gas stock data, followed by the auditing of reconciliation, based
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on the tracking of sides that do not fulfill their responsibilities; verification of compliance
with trade agreements; and, if required, charging penalties.

Among the blockchain risks introduced in Section 2.1.3, the security of smart contracts
(information security as part of smart contract risk consideration category) was given
the highest importance, followed by compliance with different systems and protocols
(reputational risk), information security (as part of standard risk consideration category),
and privacy (data confidentiality).

The first stage interview highlighted six primary application areas of blockchains for
SOCAR’s operations:

- pipeline leakage monitoring
- gas asset life-cycle management,
- current gas stock monitoring,
- auditing of reconciliation,
- field technical staff certification,
- employee hiring and working performance.

The first stage findings are summarized in Figure 4.

 

Figure 4. General diagram of the methodology followed.
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In the second stage interview, the network participants that can be allowed to access
and view the data were reported to be the internal departments and authorized reliable
organizations for gas asset life-cycle management, current gas stock monitoring, auditing
of reconciliation, field technical staff certification, and employee hiring and working perfor-
mance application areas. Only for pipeline leakage monitoring were external participants
with pseudonymity accepted by the majority of the interviewees.

The only network participants that would be allowed to hold the distributed ledger
records for the application areas mentioned in the previous paragraph were stated by all
the executives as nodes that belong to the company itself.

The personal information of the network participants that would hold the distributed
ledger records were desired to be known by all the executives.

The executives stated that there would be thousands of assets or nodes that would be
monitored, provide information to the system, and communicate with others; and less than
tens of thousands.

The number of transactions per second (TPS) was stated as thousands for all the
applications, except field technical staff certification and employee hiring and working
performance. For these two application areas, less than ten to several tens of TPS was stated
by the majority of the executives, while a considerable number of executives still thought
that thousands of TPS could be needed, as in the other applications.

Low electric energy consumption was collectively stated as a desired aspect of the
blockchain solutions that would be implemented for each area of application.

Current gas stock monitoring and the auditing of reconciliation potential applications
were stated to have a higher risk of being targeted by cyberattacks, followed by employee
hiring and working performance applications. The other applications were stated to have
moderate risks, similar to other systems, platforms, and infrastructures.

The relative operational cost expectations were similar to the other systems, meaning
that blockchain applications are not required to have low costs; but high costs would not
be accepted either.

Based on the insights, experiences, and expectations provided by the company exec-
utives, tailored blockchain solutions were determined for each primary application area.
The overall findings of the second stage interview with use case-specific applications and
mechanisms are summarized in Figure 5.

The suitable blockchain types and consensus mechanisms are shown in Figure 6. In
the figure, each arrow color represents dependence to different blocks (such as blue used for
any arrow leaving the block “transaction speed”) for better visualization of dependencies.
Solid line is used to show strong suitability, while dashed line is used to represent partial
suitability. For natural gas network pipeline monitoring applications, a hybrid blockchain
with authorized company nodes to create blocks, and with external participants allowed to
access and view data, seemed to be the suitable solution.

For the other five prioritized application areas, a private blockchain can be primarily
preferred, due to restricted access, low energy consumption expectations, no pseudonymity,
and fast TPS requirements. For applications that need higher transparency, are expected to
have a higher risk of being targeted by cyberattacks (current gas stock monitoring, auditing
of reconciliation and optionally for employee hiring and working performance applica-
tions), or that require high scalability (gas asset life-cycle management), a consortium
blockchain was preferred, with authorized organizations taking part in validation of new
blocks, providing a higher level of security, trust, scalability, and transparency.
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Figure 5. The summary of the prominent findings of the first stage interviews with the company
executives, where red arrow represents the need for reduction and green arrow represents the need
for improvement.

In none of the applications was PoW considered to be suitable, due to high en-
ergy consumption and costs. PoS and DPoS was preferred for applications requiring
higher security (current gas stock monitoring, auditing of reconciliation and option-
ally for employee hiring and working performance applications) and moderate TPS
(field technical staff certification and employee hiring and working performance), while
PoET, PBFT, and PoA were preferred for the other four applications requiring a high
transaction speed.
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Figure 6. Summary of the findings of the second stage interview with use case-specific applications.

5. Discussion and Limitations

This study showed that the primary areas of implementation of blockchain in the nat-
ural gas industry, from the perspective of the industrial experts, are considerably different
compared to the past related conceptual studies available in the literature. Contrary to the
literature expectations about a wide deployment of blockchain for fostering investments
in gas exploration and enhancing billing and payment, the company executives gave a
much higher priority to pipeline leakage monitoring. Moreover, two areas of use, field
staff technical certification and employee hiring and working performance, which were
briefly mentioned as potential areas in the past conceptual studies, were found among
the prominent application areas for the company in this case study. Another important
finding is that the industry experts gave more importance to transparency, traceability,
and auditability, compared to enhancing transaction speed, stakeholder integration, and
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supply chain processes automation. The study shows the value of conducting detailed case
studies involving industrial experts and stakeholders to highlight unique priorities and
expectations regarding industry- and company-specific challenges and opportunities.

This study focused on a single large enterprise, to highlight the primary potential use
cases of blockchain and determine the most suitable blockchain solutions. This was the
method adopted in several other studies in the literature, to conduct detailed studies and
determine tailored solutions based on the challenges and priorities of a single company. The
primary use cases may differ from company to company, and it would be useful to follow
an approach similar to the one presented in this study when working with different natural
gas companies. Moreover, sector-wide general suitable areas of blockchain adoption might
be highlighted if several industry players were included in future case studies.

The interviews were conducted with 11 executives from the company. Further inter-
views with team managers and field staff might highlight some distinct challenges and
different potential areas of use. Alternatively to conducting interviews, in case of extensive
IoT sensor and meter availability and historical meter recording access, data analytics could
be implemented to highlight the challenges and determine potential areas of use. Such
data are currently not widely available, but it could become easier to access this in the near
future, with increasing digitalization efforts.

This study covered a three month period, in the first quarter of 2022. In time, based
on the sectoral trends, or based on experiences of pilot applications, the executives’ views
may change and the primary areas of use of blockchain from their perspective may dif-
fer. The methodology described in this paper could be periodically repeated, to ob-
tain up-to-date views and determine appropriate solutions about blockchain adoption
in SOCAR operations.

This study considers some of the most commonly used consensus algorithms. How-
ever, there are many other consensus protocols, and new approaches will emerge in time.
Different algorithms can offer unique advantages specific to an application area, and any
potentially suitable algorithm can also be included in such decision making processes.

6. Conclusions

This study represents one of the first detailed case studies on blockchain applications
in the natural gas industry. A two-stage semi-structured interview was conducted to
identify the primary areas of use and operational expectations and to determine tailored
blockchain solutions specific to each application area. The case study with SOCAR execu-
tives highlighted the six primary application areas of blockchain for the operations of the
company. Pipeline network monitoring, gas asset life-cycle management, and field techni-
cal staff certification were prioritized over billing, shipment tracking, and other potential
applications mentioned in the literature. Higher transparency, improved audibility, and
traceability were stated as the most important benefits of blockchain from the perspective
of the interviewed executives. Based on the expectations and requirements, predominantly
private blockchain (especially for field technical staff certification, employee hiring, and
working performance), optionally and contextually consortium blockchain (particularly for
current gas stock monitoring, auditing of reconciliation, gas asset life-cycle management),
and rarely hybrid blockchain (pipeline leakage monitoring) seemed to be suitable. Public
blockchains and PoW are not likely to be suitable for any of the six identified primary areas
of application; while PoS and DPoS could be used for applications that have a higher risk
of being targeted by cyberattacks, and PoET, PBFT, and PoA could be used in applications
requiring high TPS.

This study provided valuable insights into SOCAR’s potential areas of use of blockchain
and the suitable solutions that could address the challenges and requirements of specific
application areas. The methodology developed in this study could be used in future case
studies in the natural gas industry or similar sectors, and the findings of this study could
be useful for similar organizations. Future works could focus on conducting detailed case
studies in other promising sectors for blockchain applications and pilot demonstrations
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of the tailored applications for the gas industry use cases in the field. It would also be
valuable to explore the unique advantages of the emerging consensus mechanisms, as a
result of modified work-based (such as Proof of Meaningful Work, Proof of Edit Distance
and other), stake-based (Leasing PoS, Variable Delayed PoS and other), burn-based (Proof
of Processed Payments, Proof of Disintegration), capacity/space-based (Proof of History,
Proof of Research, Proof of Reputation, Proof of Zero, Proof of Value, Proof of Quality,
Proof of Presence and other), BFT-based (Federated Byzantine Agreement, Ouroboros,
and others), and directed acyclic graph-based (Hashgraph, Block-Lattice-Directed Acyclic
Graphs) consensus mechanisms or their hybrid versions (Proof of Activity, High Interest
Proof of Stake and other). Layer 2 blockchain applications could also be considered in
future research and implementation efforts, to overcome potential scaling issues.
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Abstract: The aim of the work is to develop a mechanism for cross-border carbon regulation for
countries importing products to the EU, which will equally allow importing countries to fulfill the
conditions of the Carbon Border Adjustment Mechanism (CBAM), encourage manufacturers to reduce
CO2 emissions, and also provide importing countries with opportunities to replenish their budget
by introducing paid emission quotas greenhouse gases. The work makes a significant contribution
to stimulating the reduction of CO2 emissions by producers due to the proposed tax mechanism
and preventing the leakage of greenhouse gases on the territory of third countries according to
the CBAM policy. The EU evaluates double taxation, so if a carbon tax has been withdrawn in
the territory of the exporting country, then such a tax will not be levied again in the EU. All this
involves stimulating exporting countries by creating their own taxation systems, which will have
international qualifications and be recognized by countries around the world. When choosing a
taxation mechanism, it is important to choose the specifics for visiting group gases. The study was
conducted on the basis of methods of comparison, modeling, analysis and deduction.

Keywords: green economy; greenhouse gases; cross-border carbon regulation; investments; taxes

1. Introduction

All over the world, environmentalists are sounding the alarm about the increase
in atmospheric temperature, which entails the melting of glaciers and the possible cata-
clysms associated with this [1–8]. The main cause of warming is the endless emissions of
greenhouse gases due to the development of production and increased consumption.

The European Union is planning to introduce transboundary carbon regulation, which
aims to curb carbon emissions by imposing additional duties on emissions and phasing out
carbon quotas. As a result, companies will be forced to modernize production and reduce
emissions, and the states of the European Union will receive additional budget revenues.
This carbon tax is planned to be levied not only from enterprises whose production is
located in the EU, but it will also apply to all imported goods on the territory of the
EU member states. However, in order to avoid double taxation, EU Member States will
not re-levy the tax on imported goods if they were previously subject to carbon tax in
other countries [9–15]. In this regard, the Russian authorities are also developing and
implementing a system for accounting for greenhouse gas emissions, as well as developing
a system for taxing such emissions. In this paper, we will consider the prospects for
introducing a carbon tax in Russia, and also evaluate possible additional revenues from
such a tax.

The contribution of the work is to propose a working mechanism for cross-border
carbon regulation for importing countries, which is aimed at encouraging manufacturers to
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reduce their CO2 emissions. The mechanism includes the variability of taxation depending
on the types of greenhouse gases emitted. The paper also provides a possible budgetary
effect from the introduction of the proposed mechanism and shows the impact of the
tax on the financial performance of manufacturing companies. The proposed incentive
measures in the form of an additional tax should have a positive impact on third countries
to introduce a mechanism for cross-border carbon regulation.

2. The Concept of Reducing CO2 Emissions in the Literature and in Regulations

The trend is such that almost all major players in the industry market consider them-
selves adherents of the ESG (Environmental, Social and Corporate Governance) princi-
ples [16–18]. Russian companies are no exception. The paper presents data from the annual
reports of several major Russian industrial companies that seek to reduce their CO2 emis-
sions. Thus, Rosneft, in its annual report [19], states that the reduction of greenhouse gas
emissions is part of its 2022 strategy as part of the Company’s commitment to the UN
Sustainable Development Goals and contribution to the implementation of the priority
goal “Combating Climate Change”. In June 2019, Rosneft joined the initiative of leading
international oil and gas companies and signed the Guidelines for Reducing Methane
Emissions in the Natural Gas Supply Chain [20].

Gazprom claims in its annual report [21] that reducing CO2 emissions is part of
its corporate strategy. Measures are being taken to minimize the negative impact of
climate change on production activities. Energy efficiency and energy saving programs,
effective technological processes for various climatic conditions are being developed and
implemented; Programs are being implemented to improve the efficiency of the system of
production, transportation and operation of the gas transmission network, a program to
adapt the production activities of PJSC Gazprom to changing climatic and geocryological
conditions. In 2021, Gazprom Group companies were recognized as the best Russian oil
and gas companies in the CDP rating. According to the totality of the disclosed indicators,
they were assigned a climate rating of “B”, while in four categories out of 11 (“Emissions
coverage 1 and 2”, “Management”, “Initiatives to reduce emissions” and “Disclosure of
opportunities”), PJSC Gazprom received the maximum rating of “A”. Experts of the CDP
partnership once again recognized that Gazprom is taking all possible and coordinated
actions to protect the climate, disclose complete and reliable information on climate issues,
conduct full-scale work on planning and resolving issues on climate change.

Severstal also adheres to the principles of reducing the carbon footprint. Chairman of
the Board of Directors of the company A. Mordashov in his address to shareholders [22] says
that “based on the goals announced in 2020, in 2021 we set a new task for the medium term—
to reduce specific carbon dioxide emissions per ton of steel by 10% by 2030”. This is one
example of Severstal’s commitment to reducing its environmental impact and contributing
to global efforts to achieve the goals of the Paris Agreement. In the reporting year, Severstal
received the award of the World Steel Manufacturers Association as a leader in the field
of sustainable development among the largest steel producers in the world. Severstal
became the first Russian company to join the ResponsibleSteel global standardization and
certification initiative aimed at ensuring the maximum contribution of steel producers to
the implementation of sustainable development goals. Climate change entails not only
risks, but also new opportunities, such as an increase in demand for eco-friendly products”.
Severstal’s annual report [23] also states that in order to increase interest in solving the
tasks of the Company’s climate agenda, targets for reducing greenhouse gas emissions
were included in the KPIs of the 11 top managers. All targets for reducing greenhouse gas
emissions for 2021 are set at 5%. In addition, KPIs on carbon intensity and energy efficiency
were established for Severstal CEO, Director of Occupational Safety and Industrial Safety
and Chief Power Engineer. There are also mechanisms for encouraging other employees of
the Company who are directly involved in projects aimed at solving the tasks of the climate
agenda and reducing greenhouse gas emissions [24].
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According to the company, Norilsk Nickel [25] focuses on the production of low-
carbon products. The company occupies a strong starting position in the market in terms of
absolute and specific greenhouse gas emissions, maintaining one of the lowest indicators in
terms of absolute and specific greenhouse gas emissions among comparable international
companies in the mining and metallurgical sector. In 2021, Norilsk Nickel, for the first
time, assessed the specific carbon footprint of all manufactured products by developing
a calculation methodology in accordance with international standards for the product
life cycle assessment (LCA ISO 14040/14044). The methodology was certified by the
international company in the field of product life trace assessment (LCA) Sphera Solutions
GmbH—a recognized expert in this matter in the mining and metallurgical sector, the
results of quantitative calculation of the carbon footprint of the Company’s products for
2020 were certified by the auditor EY. The carbon footprint of refined nickel produced by
the Company amounted to 8.1 tons of CO2-eq. per ton, which is significantly lower than
the industry average [25].

Rusal, another major Russian metallurgical company indicates in its report [26] that
disclosure of information in accordance with the TCFD recommendations is part of the
climate change management mechanism. To assess the effectiveness of the management
approach in this area, the Company conducts internal and external audits and verification,
uses data assessment and monitoring systems, participates in external ratings, benchmark-
ing competitors’ indicators and collects feedback from customers by conducting surveys.
In 2021, Rusal participated in more than 10 large-scale surveys in the field of ESG factors,
responded to more than 200 requests sent by customers related to the carbon footprint.
The methodology for calculating greenhouse gas emissions in the metallurgical segment is
certified by the independent organization TÜV Austria as part of the audit and verification
of greenhouse gas emissions data.

Thus, all of the above indicates the strict commitment of the main manufacturing
giants of Russia to reduce CO2 emissions, which means that they are potentially ready
to introduce mandatory tax regulation of emissions by the state and the importers of
their products.

The statistics on the global dynamics of emissions are well reflected in the BP company
report [27], which shows the dynamics of emissions of the main regions, as well as the
countries included in these regions. Unfortunately, we cannot observe a clear positive trend
in reducing CO2 emissions, which is largely due to an increase in global production. For
example, China has shown a significant increase in its carbon footprint since 2016. There
are no prerequisites for reducing such a trace at the moment.

The Ecosystem Marketplace website [28], as well as the World Bank website [29],
provides statistics on the volume of voluntary trade in carbon units; as well as prices to
the countries issuing carbon units. Based on the statistics provided, we can observe a
significant increase in the voluntary market for trading carbon units. Additionally, the
Ecosystem Marketplace website presents various international mechanisms for accounting
for greenhouse gas emissions that have received international recognition. Among the
listed mechanisms, the leader is Verified Carbon Standard, which covers about 69% of all
existing carbon units.

In many works [30–37], the field of the green economy as the basic policy of further
development of states is investigated. The impact of the green economy on society, as
well as on the agrarian and industrial system of states is investigated. The instruments of
financing the green economy, which for the most part are “green” bonds, are considered.

The UNFCCC Sites and platforms [38] and United Nations Web Page [39] information
portals present declarations, conventions and other regulatory documents that relate to the
topic of our research. First of all, we will be interested in the Paris Agreement on Climate
Change and the Kyoto Protocol, since they are the basic documents regulating activities to
reduce CO2 emissions.

In our research, we will use the main document regulating taxation in the Russian
Federation—the Tax Code of the Russian Federation [40]. Based on the existing developed
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taxation mechanisms, we will create a new mechanism capable of regulating taxation in
the field of CO2 emissions.

Alternative using of CO2, its storage, chemical reactions using CO2 are described by
researchers in investigations [41–48].

3. Data and Methods

To determine the mechanism of cross-border carbon regulation, data were taken from
the published annual reports of the main Russian companies in the oil and gas industry
and metallurgy, since these industries are defined in the CBAM concept approved in the
EU. Based on the companies’ reports, data on actual greenhouse gas emissions by year
were selected. We need the amount of greenhouse gas emissions to determine the tax base
of companies. Additionally, to assess the impact of the introduction of a carbon tax on
companies in the oil and gas and metallurgical industries, the main financial indicators
from the published financial statements of the studied companies by year were used. The
initial data were processed on the basis of methods of comparison, modeling, analysis
and deduction.

Consider the carbon emissions of some backbone enterprises for 2018, 2019, 2020.
Consider emissions in Scope 1, direct emissions, and Scope 2, indirect emissions (Table 1
and Figure 1).

Table 1. Emissions in Scope 1, direct emissions, and Scope 2, indirect emissions, mln t.

Company 2018 2019 2020

Rosneft 76.9 81.2 81
Severstal 27.77 28.11 27.86
Nornickel 9.94 9.95 9.70

Rusal 28.59 28.11 25.86
Gazprom 128.3 123.17 105.74

The overall dynamics of carbon emissions in the chart below.
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Figure 1. The graph of CO2 emissions shows that the dynamics of the main companies is stable, with
the exception of Gazprom, which shows the dynamics of reducing CO2 emissions from 2019 to 2020.
The data are given in million tons. The data are taken from the sustainability reports of companies
for 2021.

From the dynamics above, it is obvious that oil and gas companies (Gazprom, Rosneft)
have significantly higher emissions compared to metallurgical companies. In addition,
for the period 2018–2020, we do not see positive dynamics in reducing greenhouse gas
emissions, with the exception of Gazprom. However, it should be taken into account here
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that this company has the largest amount of emissions among those considered, therefore,
apparently, it has the potential for reduction.

To assess the possible impact on government revenues, as well as to determine the
level of cost of carbon units, we will conduct some research on some backbone enterprises of
the Russian Federation. At the moment, the Russian Federation is considering the following
rate for a carbon unit equivalent to 1 ton of greenhouse gas emissions: 2000 rubles per unit.
This rate is uniform and does not have diversification depending on the type of activity
of the enterprise. Thus, having data on emissions and the cost of a carbon unit, we will
evaluate possible budget revenues in retrospect for 2018–2020 (Table 2).

Table 2. Cost of emissions, billion rubles.

Company 2018 2019 2020

Rosneft 153.8 162.4 162.0
Severstal 55.5 56.2 55.7
Nornickel 19.9 19.9 19.4

Rusal 57.2 56.2 51.7
Gazprom 256.6 246.3 211.5

In total, for five companies, additional budget revenue from carbon dioxide emissions
will amount to about 500 billion rubles in 2020. Obviously, such a size of payments by
companies will create significant budget revenues, but there are significant risks for both
the companies themselves and for buyers of products, since it is obvious that manufacturers
will pass on additional costs to buyers, which will lead to price increases and inflation
may increase.

The financial performance of selected companies for 2020 and evaluate their ability to
pay a carbon tax are shown below (Table 3).

Table 3. Financial indicators, billion rubles.

Financial Indicators Rosneft Severstal Nornickel Rusal Gazprom

Revenue 5757 494.8 1117 633 6322
Cost price 5379 283.7 324 525 5666
EBITDA 1209 175.6 552 64 1467

EBITDA margin 21.0% 35.3% 49.5% 10.2% 23.2%

It is clear from the analysis that the companies have different levels of EBITDA margin.
The highest level of profitability is shown by Norilsk Nickel and Severstal, the lowest
among the studied companies is Rusal.

Evaluation of the impact of an additional carbon tax on the EBITDA margin of compa-
nies with unchanged prices for manufactured products is shown below (Table 4).

Table 4. Financial indicators, billion rubles.

Financial Indicators Rosneft Severstal Nornickel Rusal Gazprom

Revenue 5757 494.8 1117 633 6322
EBITDA 1047 119.88 533 13 1255

EBITDA margin 18.2% 24.2% 47.7% 2.0% 19.9%
Reduction of EBITDA 2.8% 11.1% 1.7% 8.2% 3.3%

Based on the table above, we see that Rusal without state emission quotas or without
increasing the cost of products has a minimum return on sales of 2%, which is significantly
lower than the market. The carbon tax has the greatest impact on EBITDA on steel compa-
nies Severstal and Rusal. Companies in the oil and gas industry (Rosneft, Gazprom) are
minimally affected by the carbon tax.
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Based on the observation made, the impact of an additional tax on greenhouse gas
emissions can be optimized for the carbon tax rate to encourage oil and gas companies to
reduce emissions. A 7–8% reduction in companies’ margins will have a significant impact
on companies (Tables 5 and 6).

Table 5. Financial indicators, billion rubles.

Financial Indicators Rosneft Gazprom

Revenue 5757 6322
EBITDA 804 938

EBITDA margin 14.0% 14.8%
Reduction of EBITDA 7.0% 8.4%

Table 6. Additional state income, billion rubles.

Financial Indicators 2018 2019 2020

Rosneft 384.5 406 405
Gazprom 641.5 615.85 528.7

Total 1026 1021.85 933.7
Additional state income 615.6 613.11 560.22

Thus, the table above shows that potentially with an increase in the carbon unit rate
from 2000 thousand rubles to 5000 rubles for oil and gas producing companies, the addi-
tional state income only at the expense of Rosneft and Gazprom can amount to 560 billion
rubles in 2020.

Taking into account the tax rates and the additional income of the state, the most
important factor is the sources of formation of the company’s revenue, namely the price for
the domestic consumer. If the state does not develop an effective system for regulating and
monitoring domestic prices, then the introduction of an additional tax may be a blow to
the well-being of citizens.

4. Results

Consider the process of verification and trading in the international market for car-
bon credits.

According to the national accreditation system, as of 22 December 2021, Rosaccredita-
tion receives applications from organizations for accreditation as greenhouse gas verifica-
tion bodies. When accrediting organizations, it is important to understand that accredited
organizations must be recognized abroad and have a transparent international system of
assessment and verification.

Accreditation is voluntary, therefore Rosakkreditatsiya cannot predict the number of
applicants, however, by now they declare about ten companies. Currently, Rosaccreditation
together with the National Accreditation Institute have trained independent accredita-
tion experts.

The introduction of a new area of accreditation plays a crucial role in the recognition
of Russian carbon reporting in foreign countries. Since only in this case, manufacturers
will be able to avoid double taxation. At the beginning of 2022, Roascreditation plans to
apply for mutual recognition of reporting under the International Accreditation Forum
(IAF) system. Thus, in case of successful recognition of accredited Russian organizations
for the validation and verification of greenhouse gas emissions, they will be able to use the
international IAF mark, which will allow them to receive recognition of the activities of
such organizations abroad.

Within the framework of the 26th UN Climate Conference, the system of international
trading in carbon units was approved. According to the approved rules, participating
countries can buy carbon units from countries that have reduced their greenhouse gas
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emissions below their obligations, i.e., countries with unused carbon credits. Currently,
there are international mechanisms for accounting for greenhouse gases, which have
international recognition. These are mechanisms such as:

- Verified Carbon Standard;
- Gold Standart;
- Clean Development Mechanism;
- American Carbon Registry;
- Climate Action Reserve;
- Plan Vivo.

Among these mechanisms, the leader is the Verified Carbon Standard, which covers
about 69% of all existing carbon units.

European transboundary carbon regulation is another step towards reducing green-
house gas emissions and improving natural conditions. However, even in such a mecha-
nism, one can count on additional state revenues. On the one hand, this is a challenge for
companies, and on the other hand, it is an opportunity for further economic growth, since
the sustainable development policy is currently highly valued by investors. Additionally,
the policy of the “green” economy generates new financial instruments that allow you to
attract borrowed capital. With balanced state regulation, Russian producers will be able to
pay tax not in favor of the European Union, but in favor of the budgets of the budget system
of the Russian Federation. Of course, the main agenda for Russia is the applicable tax rates,
as well as the verification of carbon units according to international standards (Table 7).

Table 7. Types of international standards.

International Standards Geography of Application Comments

Verified Carbon Standard (VCS) World Carbon tax in Colombia and South Africa, CORSIA

Gold Standard World Carbon tax in Colombia and South Africa, CORSIA

Clean Development Mechanism (CDM) World —

American Carbon Registry (ACR) World CORISA, Washington State CAR

Climate Action Reserve (CAR) USA, Canada, Mexico CORISA, Washington State CAR

California Compliance Offset Program USA California ETS (USA), Quebec ETS (Canada)

Australia ERF Australia Australia’s Emission Reduction Fund (ERF) Safeguard

Alberta Emission Offset System Alberta (Canada) Alberta Technological Innovation and Emission
Reduction Regulation (Alberta TIER)

China GHG Voluntary Emission Reduction Program China Pilot PTS in Beijing, Chongqing, Fuijian, Guangdong,
Hubei, Shanghai, Shenzhen and Tianjin, CORSIA

British Columbia Offset Program Province of British Columbia
(Canada)

Greenhouse Gas Industry Reporting and Control Act
(GGIRCA)

J-Credit Scheme Japan STV Saitama

Thailand Voluntary Emission Reduction Program Thailand —

Spain FES—CO2 Program Spain —

Fujian Forestry Offset Crediting Mechanism Fujian Province (China) Pilot STV in Fujian

Guangdong PU Hui Crediting Mechanism Guangdong Province (China) Pilot STV in Guangdong

Quebec Offset Crediting Mechanism Canada California ETS (USA), Quebec ETS (Canada)

Given the current trends and the established trend in ESG, many corporations are
heading for environmentally friendly development, and in order to confirm the policy
of sustainable development, attract additional investment in projects, they voluntarily
participate in paid programs to reduce harmful emissions.

According to the Ecosystem Marketplace, the volume of CO2 trading on the voluntary
market is (Figure 2).
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Figure 2. The graph illustrates the growing volume of CO2 emissions trading on the voluntary
market according to the Ecosystem Marketplace. The data are given in million tons eq CO2.

We have seen a significant increase in the volume of voluntary trading in carbon
units since 2017. Given the current trend towards decarbonization of their products, large
enterprises will continue to support this trend in the future.

Issuance and repayment of carbon credits (independent and compliance standards) by
year are from 2004 to present. Issuance and write-off of credits are reported by the American
Carbon Registry (ACR), ART TREES, the Climate Action Reserve (CAR), California Air
Resources Board (CARB), CDM (for credits issued after 2016), City Forest Credits, Climate
Forward, Coalition for Rainforest Nations, EcoRegistry, Global Carbon Council, Gold
Standard, Plan Vivo, ProClima and Verified Carbon Standard (VCS).

The world creates a turnover of carbon credits (carbon credits) using carbon credits.
Carbon credits are permits for emissions into the atmosphere. Companies have quotas for
emissions into the atmosphere, their dynamics is shown below (Figure 3).
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Figure 3. The illustrated dynamics of the issued quotas for CO2 emissions shows a significant increase
in demand for this regulatory instrument. Data according to the Ecosystem Marketplace.

In order to evaluate the overall emissions market by leading manufacturing countries,
as well as the global market, we present the following data according to a BP study (Figure 4).
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Figure 4. The illustrated dynamics of CO2 emissions by the main producing countries shows the
predominant influence of China on global CO2 emissions. According to the graph, China is increasing
CO2 emissions by increasing production. Data according to the BP study, million tons.

Using the example of the main countries with the highest CO2 emissions, we see
that Russia is not the country with the highest carbon dioxide emissions, and China is the
undisputed leader among polluting countries, followed by the USA and the countries of
the European Union. At the same time, over the past 10 years, the dynamics of emissions
of many countries has not changed, with the exception of the USA and the EU, which, as
can be seen in the graph above, have been reducing their CO2 emissions since 2018. China,
on the other hand, has been increasing carbon emissions since 2016. In Russia and other
countries, a weak dynamics of emissions can be traced, we can say that the volume of
emissions does not change.

The supply and supply prices of carbon unit futures in involuntary and regulated
markets have a significant difference in value. This is due to the fact that, of course,
companies, although they want to maintain the status of “green” and follow the principles
of sustainable development, but at the same time, if possible, do not spend big money on
maintaining such a status.

Below are the values of carbon units in the voluntary and regulated markets (Table 8).

Table 8. Values of carbon units in the voluntary and regulated markets.

System Price/tCO2e Date Source

California-Québec USD 23.30 18 August 2021 California Air Resources Board

Chinese ETS Pilots:
-Beijing CNY 87.84 (USD 13.56) 30 September 2021

-Chongqing CNY 38.48 (USD 5.94) 30 September 2021
-Guangdong CNY 43.70 (USD 6.75) 30 September 2021

-Shanghai CNY 40.00 (USD 6.18) 30 September 2021 ICAP Allowance Price Explorer
-Hubei CNY 40.86 (USD 6.31) 30 September 2021

-Shenzhen CNY 28.60 (USD 4.42) 30 September 2021
-Tianjin CNY 28.32 (USD 4.37) 30 September 2021
-Fujian CNY 14.30 (USD 2.21) 30 September 2021

EU ETS EUR 58.86 (USD 68.08) 12 October 2021 European Energy Exchange

Republic of Korea KRW 30.100 (USD 25.26) 14 October 2021 Korea Exchange

New Zealand NZD 64.80 (USD 45.03) 14 October 2021 Jarden CommTrade New Zealand

Nova Scotia CAD 36.71 (USD 29.49) 9 June 2021 Nova Scotia, Department of
Environment

RGGI USD 9.30 9 August 2021 RGGI, Inc.

Switzerland EUR 39.25 (USD 45.40) 10 March 2021 Schweizer Emissionshandelsregister
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At the same time, the prices on the voluntary market in the period from 2016 to 2020
are in US dollars (Table 9).

Table 9. The prices on the voluntary market.

Countries 2016 2017 2018 2019 2020

Africa 4.1 5.3 4.3 3.9 4.2
Asia 1.6 2.3 3.1 1.8 1.2

Europe 1.2 1.7 4.8 3.1 6.1
Latin America 3.8 2.7 2.3 3.5 3.8
North America 2.9 3.5 2.9 3.6 6.2

Oceania 4.9 9.4 15.1 12.5 1.9

From the graphs above, in 2020, the cost of a carbon unit in Europe in 2020 is $6.1, and
in the regulated market it is $68 as of 2021.

Russia is a party to the Paris Agreements of 12 December 2015 and the Kyoto Protocol
of 4 November 2004. According to these documents, the countries participating in the
agreements should strive to reduce anthropogenic greenhouse gas emissions, as well as
create conditions for their capture and disposal. Create voluntary projects to achieve
emission reduction goals. In order for the measurement of the amount of emissions to
be comparable and the same in all countries, the so-called concept of a carbon unit is
introduced, which is equivalent to one ton of CO2 emissions. Verification procedures
are carried out and records are posted in special registers. The carbon unit is currently a
universal instrument of legal relations related to greenhouse gas emissions. It is by verified
carbon units that the existing carbon footprint is determined and reports are created.

To date, the circulation of carbon units takes place on voluntary and regulated markets
in accordance with applicable international standards in the field of climate projects.

For the first time, the “emissions market” reached the international level in 2005 after
the start of the Kyoto Protocol, which provides for the following regulatory mechanisms
for the participating countries:

- greenhouse gas emissions trading.
- a mechanism that allows the acquisition of carbon units in case of successful im-

plementation of environmentally friendly projects in developing countries (clean
development).

- joint implementation of climate projects, as a result of which the resulting carbon units
are distributed among the participants of such projects.

Up until 2012, Russia implemented about 108 environmentally friendly development
projects on its territory, as a result of which about 300 million carbon units were put into
circulation. After 2012, Russia has not used the existing mechanisms of the Kyoto Protocol.

In addition to the projects existing under the Kyoto Protocol, voluntary climate projects
have become widespread. Thus, thanks to the implementation of such projects, about
1.2 billion carbon units have been introduced in the world, most of which fall on the
international standards VCS (Verified Carbon Standard), which is usually applied simulta-
neously with the CCB standard (Climate, Community and Biodiversity Standards) and the
GS standard (Gold Standard).

The implementation of climate projects and participation in voluntary national ac-
counting and verification standards allow companies to demonstrate their commitment
to sustainable development, in turn, the results of such projects can be used for their own
corporate development, attracting investors and the production of carbon units.

At the current moment, Russia is facing certain problems in the implementation of
environmentally friendly projects, since national systems for accounting and verification of
carbon units have not yet been created. When creating national systems, an important factor
is the compliance of such systems with international standards and accreditation abroad,
otherwise Russian enterprises will not be able to operate carbon units on world markets.
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The main purpose of the formation and implementation of the Russian system of veri-
fication of climate projects is to create mechanisms through which sustainable development
in the field of ecology becomes possible, as well as attracting so-called “green” investments
in the economy.

Important principles of the formation of the Russian system of climate projects are:

- recognition and implementation of standards according to voluntary international
standards.

- transparency of the mechanism and exclusion of the possibility of double accounting
of carbon units (for example, on the territory of the Russian Federation and on the
territory of the EU).

- absence of corruption component (personal interest, conflict of interests) between
verifiers of carbon units and companies participating in the implementation of projects.

- recognition of carbon units by the civil code, as well as all possible operations, contracts
with their participation.

- the possibility of state incentives for the implementation of climate projects.

The main issues to be determined are the definition of the tax base and the system of
tax calculation. The tax base of the mineral extraction tax according to Article 338 of the
Tax Code of the Russian Federation [20] can be defined as the value of extracted minerals,
or as the amount of extracted minerals in kind. For greenhouse gas emissions, the tax base
is applied as the number of tons of carbon dioxide equivalent emissions. The next even
more significant issue is the tax rate. Since the tax base is calculated as the amount of CO2
emissions, interest rates on the cost will not be suitable for calculation.

The basis for calculating the MET rate for natural gas production is clause 11 clause 2
of Article 342 of the Tax Code of the Russian Federation.

According to the Tax Code of the Russian Federation, the MET rate for natural gas
production is calculated as:

NS*Eut*Cs + Tg (1)

where

NS—the basic tax rate equal to 35 rubles per 1000 cubic meters of gas.
Eut—a unit of conventional fuel.
Cs is a coefficient that characterizes the complexity of mining.
Tg is an indicator that characterizes the costs of transporting combustible gas.

The proposed calculation formula has some similarities with the calculation of the
MET rate.

The rate for emissions of 1 ton of CO2-eq.

CO2-eq. = BNS*Eug*Cs (2)

where

BNS is the basic tax rate, which is approved by law.
Eug—a unit of conditional equivalent.
Kk is the coefficient characterizing the component composition of the gas.

Eug is determined by the following formula:

Eug = 0.7*(Cevr*Devr + Csrv*(1 − Devr))*R/BNS (3)

where

Cevr—the average price of futures on European regulated markets for carbon units.
Devr—the share of products supplied to the European market.
Csrv is the average price of carbon units for the period in the international voluntary markets
Verified Carbon Standard (VCS) and China GHG Voluntary Emission Reduction Program.
P—the average exchange rate of the US dollar to the ruble for the billing period.
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For example, we will calculate the cost of 1 ton of CO2-eq emissions.
As the value of the base tax rate, we take the 2000 rubles available in the draft regula-

tory documents for 1 ton of emissions.
The value of the methane content in the emissions will be taken to calculate the

following: up to 1%—the value of Kks = 1, the methane content up to 5%—Kks = 1.3, the
methane content over 5%—a coefficient of 1.5.

To calculate, we will take the average European price of futures for carbon units of
70 US dollars, the share of exported products to the European Union countries of 40%,
the average price of carbon units on the voluntary market of 10%, the exchange rate is
100 rubles per US dollar.

With the accepted macroparameters, we obtain a coefficient of Eug = 1.19.
In total, the tax rate on CO2 emissions is equal to 2000 × 1.19 × 1 = 2380 for greenhouse

gas emissions with a methane content of up to 1%, 3094 for emissions with a methane
content of up to 5%, 3570 for emissions with a methane content of over 5%.

The proposed formula is more elastic, since it allows taking into account the share
of exported products, world quotations for carbon units, the ruble exchange rate, the
component composition of emissions. Taking into account the proposed formula will
stimulate supply in the domestic market, as well as provide additional revenues to the
budget of the budgetary system.

Thus, having studied the available information on the effect of carbon units on the
world stage, the state should work out in detail and carefully the issue of verification and
accounting of carbon units. Because in any case, in addition to voluntary standards, the
countries participating in the Paris Agreements, in particular the countries of the European
Union, will introduce national mechanisms to regulate the carbon footprint, and charge an
additional tax on products that produced carbon dioxide emissions. All this will lead to
significant additional revenues to the budget. However, the existing draft laws provide
for the possibility of mutual accounting of carbon units with countries where verification
of carbon units takes place according to accepted international standards. Thus, Russia
has a chance to receive additional substantial budget revenues due to the carbon tax.
Additionally, an important area for attracting investments is the possibility of attracting
so-called “green” investments, which are aimed at implementing environmentally friendly
projects. The participation of companies in improving the environmental friendliness of
their products and reducing greenhouse gas emissions can provide a significant boost to the
development of the economy. When determining the taxation mechanism, it is important
to take into account the specifics of greenhouse gas emissions, namely the content of
methane and other related gases. Taxation needs to be made flexible and understandable
for businesses, taking into account global carbon unit futures quotes, including quotes on
mandatory payments in the European Union, as well as quotes on voluntary global carbon
unit markets. Different quotes should be taken into account, since there is a significant
difference in the value of futures on regulated and voluntary markets. It is also necessary to
take into account the share of exported products with the help of appropriate coefficients,
which will help support the supply in the domestic market.

5. Discussion

Regulation of CO2 emissions is currently being discussed by many experts. Many
see this as additional opportunities and drivers of economic growth, while others believe
that regulating emissions will entail an exceptionally excessive tax burden on consumers
of goods and services. However, one way or another, all experts agree on one thing—
emissions of CO2 and other greenhouse gases must be reduced, because otherwise we will
all face global climate change for the worse.

Cross-border regulation of carbon dioxide emissions in excess of quotas for carbon
dioxide emissions in production, additional taxation of emissions, emissions of carbon
dioxide and emissions in production in excess of quotas. This procedure produces not
only at the enterprise, it includes production on the territory of the member states of the
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European Union, but also for all imported goods based on them. The participation of
natural resources in the natural nature of their products and the increase in greenhouse gas
emissions can have a significant impact on the development of the economy.

Cross-border carbon regulation may turn out to be a new driver of the development
of the Russian economy. It is important that the Russian side introduces a mechanism for
tax regulation of CO2 in a timely manner, otherwise there is a risk for Russian producers to
become uncompetitive in the European market. It is worth noting that due to the increase
in global production capacities, mainly due to the Asia-Pacific region, the dynamics of
reducing CO2 emissions is insignificant and does not meet the conditions of the Paris
Climate Agreement. The Government also needs to determine how the additional fiscal
burden will affect the purchasing power of citizens. We see that the main emitters of CO2
in Russia and the world are large companies with traditional production, which are mining,
for them the problem of switching to a green economy may be the significant size of the
main fund aimed at traditional production. In our opinion, the optimal solution for the
state would be to actively encourage companies to buy carbon units on the voluntary
market in order to assess the real effect of the introduction of the practice of active carbon
regulation. This practice, among other things, can help companies attract additional
financing through “green” capital raising tools, since new generation investors actively
participate in environmentally friendly projects.

The research hypothesis is that if exporting countries to the EU will be subject to an
additional tax for excess CO2 emissions, this will encourage companies to reduce their
emissions, and countries will be able to replenish their budget at the expense of companies
that do not pursue goals to reduce their emissions. The results of the study are directly
useful and can be applied by the governments of exporting countries for their products in
the form of using the developed mechanism of tax incentives to reduce CO2 emissions.

6. Conclusions

The scientific article is devoted to possible mechanisms for regulating greenhouse
gas emissions into the atmosphere on the territory of the Russian Federation. Today, the
most important part of the development of any company, both foreign and domestic, is the
sustainable development of ESG. Environmental issues are acute and relevant because life
on earth will largely depend on ecology. The operations enshrined in the Kyoto Protocol
must be carried out by all countries participating in the market. To date, there is an increase
in the production of total emissions of non-gas gases. To better implement the Kyoto
agreements, the European Union intends to introduce transboundary carbon regulation.
The purpose of such regulation is to further stimulate producers to reduce greenhouse gas
emissions and reduce greenhouse gas emissions from the environment.

Having studied the available information on the effect of carbon units on the world
stage, the state should work out in detail and carefully the issue of verification and ac-
counting of carbon units. Because in any case, in addition to voluntary standards, the
countries participating in the Paris Agreements, in particular the countries of the European
Union, will introduce national mechanisms to regulate the carbon footprint, and charge an
additional tax on products that produce carbon dioxide emissions. All this will lead to sig-
nificant additional revenues to the budget. However, the existing draft laws provide for the
possibility of mutual accounting of carbon units with countries where verification of carbon
units takes place according to accepted international standards. Thus, Russia has a chance
to receive additional substantial budget revenues due to the carbon tax. Additionally, an
important area for attracting investments is the possibility of attracting so-called “green”
investments, which are aimed at implementing environmentally friendly projects. The
participation of companies in improving the environmental friendliness of their products
and reducing greenhouse gas emissions can provide a significant boost to the development
of the economy. The article is of great interest to the scientific community, since the pro-
posed mechanism for regulating the tax burden on companies producing products with
CO2 emissions has not been proposed before. Based on the proposed mechanism, which
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includes the oil and gas industry and metallurgy, it is possible to further expand it and
apply it to other industries that are regulated by CBAM: cement, organic chemicals and
fertilizers. In general, the main task of the mechanism is to achieve the goals of the Paris
Agreements, which has a significant positive impact on the global environment. Prospects
for further research of the problems of state regulation of CO2 emissions considered in
the article will be aimed at using green financial instruments in order to stimulate the
implementation of environmentally friendly projects.
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Abstract: The global trend is constantly increasing investments in strategic sectors of the economy, for
example the electric power industry, which, in many countries, is becoming diversified and dispersed
due to the multitude of entities investing in energy production and renewable resources, which leads
to an increase in the heterogeneity of investment decisions. There is an urgent need to control the
movement of investments, budget funds, as well as their development in the process of implementing
investment programs of energy companies. The control of the movement of investments is the
most promising direction of studying the subject of finance and audit. The increasing volume
of public and private targeted investments in the energy sector and the lack of control over the
effectiveness of investment projects (since each program contains several thousand lists of projects)
necessitated the introduction of additional regulation of budget spending. The development of a
mathematical apparatus for such regulation led to the creation in the Russian Federation of an institute
of an independent public technological and price audit (TPA). The TPA is seen as a mechanism to
ensure an effective project evaluation and selection process. This article describes methodological
improvements using power system optimization models. The Integrated MARKAL-EFOM System
(TIMES) was developed as part of the Energy Technology Systems Analysis Program of the IEA-
ETSAP, an international community that uses long-term energy scenarios to conduct in-depth energy
and environmental analyzes. This approach includes two different but complementary systematic
approaches to energy modeling: an engineering approach and an economic approach. The same
approach is used when conducting a TSA, when an investment object is evaluated as a set of
technological and price parameters. The article considers a model of resource allocation in the energy
sector and a mechanism for using TPA for investment projects with state participation in a natural
monopoly. An approach to the financial and long-term distribution of investments of electric power
companies based on the search for a balance of interests of the supplier and consumer and available
energy sources is proposed. A model has been developed to find the optimal plan of technical
solutions, taking into account the balance of the possibilities of the electric power industry and the
needs of the economy. The relevance of the article is due to the requirements of investment efficiency,
since the prevailing share in the costs is occupied by the costs of equipment and the construction of
power plants.

Keywords: distributed energy; electric power industry; alternative energy sources; actor; modeling;
investments; technological and value audit

1. Introduction

All financiers in the world are busy studying the possibilities of new energy (dis-
tributed energy). In Russia, new energy has led to innovations in auditing and financial
control. More and more professional organizations are paying attention to the methods
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of conducting a technological price audit (TPA) and financial control over the investment
flow in the energy sector [1–3]. Tasks solved with the help of TPA include the following:

1. Control of the amount of capital costs for the construction (reconstruction) of
energy facilities;

2. Control over the availability of sources of financing for the relevant project;
3. Project payback control;
4. Control of the need to implement a project to develop or improve the reliability of the

power system.

From 2023, Russia plans to launch a system of mandatory carbon reporting for enterprises.
Each country has its own drivers for the development of the electric power industry.

It all depends on what energy resources the state has, in what climate zone it is located,
what technologies and financial resources it owns, how traditional the region’s energy is,
how much it costs, and how much the state’s policy is aimed at decarbonization, reducing
the carbon footprint. In Russia, the Russian Federation has its own unique conditions,
and they differ in each region. According to the data of the Ministry of Energy of Russia
(https://minenergo.gov.ru/node/532, accessed on 1 September 2022) the largest volume of
installed electrical capacity in the country is accounted for by thermal power plants (about
67%), which consume gas, coal and fuel oil for the production of electrical energy. Further,
hydroelectric power plants are in second place in terms of installed electrical capacity
(about 20%), and nuclear power plants are in third place, the share of which is about 12%.
Renewable energy sources in the Russian Federation account for about 1% of the total
installed capacity of power plants of the UES of Russia (https://www.atomic-energy.ru/lis
t/news, accessed on 1 September 2022). It should be noted that despite the current, very
small share of renewable energy facilities, this generation direction is rapidly developing
and on the horizon of 10 years, its share in the overall balance will increase significantly [4].

The Russian government has approved the Low-Carbon Development Strategy until
2050. The implementation of the target scenario will require investments in reducing
greenhouse gas emissions in the amount of about 1% of GDP in 2022–2030 and up to 1.5–2%
of GDP in 2031–2050. By 2050, their net emission will decrease by 60% from the level of
2019 and by 80% from the level of 1990. Further implementation of this scenario will allow
Russia to achieve carbon neutrality by 2060 (https://www.atomic-energy.ru/list/news,
accessed on 1 September 2022).

The increasing volume of public and private targeted investments in the energy
sector and the lack of control over the effectiveness of investment projects (since each
program contains several thousand project lists) necessitated the introduction of additional
regulation of budget spending. The development of a mathematical apparatus for such
regulation led to the creation of the institute of independent technological and price audit
(TPA). The TPA is the most effective mechanism for ensuring an effective evaluation and
selection of a project with a strict time limit [5].

Due to the aggravation of environmental problems due to global climate change,
as well as the desire of many countries for energy independence, renewable energy
sources (RES) have appeared. The impetus was also the fact that in 2015 at the COP21
Paris conference on climate change, the leadership of 196 countries of the world came
to an agreement “on taking measures to prevent devastating climate change” (https:
//www.c-o-k.ru/articles/razvitie-raspredelennoy-generacii-v-mire-i-v-rossii, accessed
on 1 September 2022).

So far, there are no serious drivers in the field of reducing the carbon footprint in
Russia, but there are many projects for alternative, that is, small-scale, distributed energy
in cases where it is economically beneficial.

The main emphasis is now placed on meeting all the needs for energy resources based
on innovative technologies. The requirements for equipment and technologies contain the
standards of the “green economy”. These requirements are the guarantor of investments
in the Russian Federation. Currently, numerous state and interstate programs are being
implemented to transition from centrally controlled large high-tech generation integrated
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by high-voltage networks to generation at the place of consumption, to “smart” power
distribution networks with local “system operators”, proactive consumption, and changing
the configuration of energy supply for freight and public transport and others providing
“distribution” solutions and technologies.

For example, all public transport methods in large cities in Russia are already abso-
lutely safe for the environment.

In particular, it should be noted that during the COVID-19 pandemic, the population
and many companies migrated from large cities to the periphery, which contributed to the
use of alternative energy sources. After the pandemic, the reverse process was observed,
but the economic situation has changed a lot. The structure and cost of rent and energy
resources have changed dramatically.

Hydropower is an alternative power source. Nuclear power in Russia, and in the world
generally, is a serious alternative to gas and coal power. Now, consider the sun, the wind,
and in the very distant future, junk energy or tidal. In Russia, these two industries have
been created thanks to the participation of PJSC Rosnano; the Hevel plant in Chuvashia
produces solar panels that are in the top five in terms of energy efficiency in the world.
There are three factories in Nizhny Novgorod, Ulyanovsk and Taganrog, which are engaged
in the construction of wind farms [5].

The distribution of investments among projects and programs focused on energy
conservation and energy efficiency is extremely uneven. For example, in the Russian
Federation, the maximum investment flows are now concentrated in the Kaluga, Magadan
and Omsk regions (https://www.economy.gov.ru/material/file/d81b29821e3d3f5a8929
c84d808de81d/energyefficiency2019.pdf, accessed on 1 September 2022). Energy is also
unevenly generated by companies and regions. The planning of generating capacities, as
well as the development of environmental policy tools and incentives for cost-effective and
reliable implementation of energy policy goals is quite a difficult task, especially for entities
located in different energy regions. In order to remain on the energy market, generating
companies must form an optimal product portfolio for various consumers. The formation
of an assortment of energy products is the task of microeconomics. Currently, this market is
just beginning to take shape; however, a special TIMES module has been created to model
the production process of generating companies [6,7].

The main criteria for choosing an investment program are energy security, capacity
utilization and efficiency in the use of energy resources. For example, The European Union
Dynamical Exascale Entry Platform (EU-DEEP) offered recommendations for almost every
country that need to be achieved to ensure a technological safety improvement program
for a number of years.

According to the authors, to develop a plan for supplying local economic entities
with energy resources, one should use the theory of production functions and
mathematical optimization.

Forming the energy policy of a generating company is a rather difficult task, especially
for entities located in regions with different levels of energy supply and different needs
of the population. Generating companies are now renewing their equipment fleet. In all
countries of the world, this process is carried out with state support.

Therefore, there is a need for public audit control, technological price audit. For
an effective TPA, audit standards are constantly being developed and improved, both
at the national and international levels for facilities that meet the criteria for mandatory
audit [8,9]. Thus, this article attempts to ascertain which group of actors should invest
in which generation technology, and where in the Russian Federation in particular, so
that the supply sector is aimed at achieving the goals of the energy program at minimal
system costs.

2. Materials and Methods

The intersection of the issues of mathematical modeling of the flow of investments,
distribution of energy resources and optimization of their structure, innovations in the
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energy sector and audit is an innovative area of research. TPA is a Russian innovation in
financial control. The main difference between TPA and conventional audit is that TPA is
a public mandatory audit, which is divided into two aspects: technological and price. A
technological audit is an expert assessment of the justification for the choice of the designed
technological and design solutions, as well as their compliance with modern materials
and equipment necessary for the operation of a capital construction facility. A price audit
is an expert assessment of the cost of a capital construction object, taking into account
the technological audit. Thus, TPA is an independent expert assessment of the economic,
technical and technological characteristics of a capital construction investment project at
different stages of the project life cycle, carried out by an independent organization.

E. Brisset (2018) [10], financial director of Schneider Electric, draws attention to the fact
that distribution processes are such that soon “everyone will be his own power engineer.”
E. Brisse describes the change in distribution: direct external customers have appeared and
the partner sales channel is still operating; increased diversification into alternative energy
sources, for example, increased contacts with green energy companies and power grid
companies. Now, many companies are working on the complete unification of processes.

Control over the investment flow should be carried out at various levels: the state,
professional specialized organizations, society and investors. According to the Russian
Ministry of Energy (https://minenergo.gov.ru/node/558, accessed on 1 September 2022),
the volume of financing of investment programs of the largest state-owned electric power
companies amounted to more than 614 billion dollars. US and institutional investors
account for most of the investment, although the energy sector has many market sharehold-
ers. At the same time, the largest share of investments fell on the power grid complex of
the country (PJSC Rossetti, PJSC FGC UES, part of the enterprises of the PJSC RusHydro
group). The volume of financing investment programs of the electric grid complex once
again confirms the special attention paid to the state regarding the financial control of
investment activities. One of the tools of this type of control is the legislation in the field of
technological and price audit of investment programs of electric grid organizations. One of
the signs of the correct direction of financial control of grid companies, chosen by the state,
is the result of the implementation of the annual plan for financing investment programs
by electric power industry entities for 2021, according to which PJSC Rossetti and PJSC
FGC UES are the leaders in the execution of financing investment programs; see Figure 1.

Figure 1. Structure of financing of investment programs of state electric power companies (https:
//minenergo.gov.ru/node/558, accessed on 1 September 2022).
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With the help of the TIMES model generator, a significant number of power system
models have been developed. MARKAL/TIMES is a model based on linear programming
for energy system investment at the lowest cost, optimized in accordance with a number of
restrictions of investors and users located in one of the 13 regions of the Russian Federation
with special features in energy supply [11]. However, most models of energy systems
consist of several medium actors representing large groups of decision makers, without
taking into account their heterogeneity both in terms of investment volume and in terms of
their location [12]. The volume of investments in the electric power industry of the Russian
Federation annually amounts to 614 billion dollars. The United States and the bulk of
investment come from institutional investors, although the energy sector has many market
shareholders. The formation of an economic-mathematical model for the distribution of
energy resources and investments and their optimization by region and by project is a
complex process of long-term financial planning.

It is necessary to take into account the peculiarities of the resource potential, the cost
of transportation and production, the heterogeneity of investors, including institutional
ones. Energy development is now oriented towards distributed generation, due to the fact
that today, decentralization is a megatrend in the world, according to A. Troshin (2019).
Therefore, now it is necessary to create not just substations that expand the distribution
network, but alternative generators. A. Troshin (2019) [5] gives the following example.
"Suppose you have a house in a village with a peak demand of 50 kilowatts. The village
gives only 20 kilowatts. Where do you get the remaining 30 kilowatts? We put solar panels
on the roof, and a lead-acid storage device in the basement, which produces 30 kilowatts of
energy. This is the best world practice." In general, in a number of countries, integrated
energy planning is a regular process based on the continuous revision of the calculated
tariff values in accordance with the actual data on the economic situation on the scale of
the country, region, and Figure 2.

Figure 2. Structure of alternative energy resources in 2021 (Global Energy Trends—2022 Edi-
tion (https://yearbook.enerdata.ru/total-energy/world-consumption-statistics.html, accessed on 1
September 2022).

According to the commentary of [13,14] the following issues are relevant within the
framework of the energy development task:

(1) Determination of priorities in production, volumes or efficiency;
(2) Regulation of dependencies between the rate of commissioning of generating capaci-

ties and the growth of the risk of tariff increases;
(3) Risks of excess capacity;
(4) Drawing up long-term forecasts for fuel and energy: assortment, change in the

structure of assets, cost forecast, assessment of volatility in the need for investment.

Consider the starting points for modeling the project of an electric power company:

(1) At present, there is no competitive advantage of Russian manufacturers in terms of
costs; moreover, the energy intensity is the highest in the world;
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(2) The efficiency of energy consumption should be regulated by multi-unit tariffs, “price
signals” [15];

(3) The resource conservation policy should allow the transition to responsible investment;
(4) Distribution processes should take into account the elasticity and optimization of

alternative supply additions [16].

Ordering new equipment by the electric power industry to provide the consumer
with the necessary amount of electrical and thermal and alternative energy can lead to
the construction of excess capacity and inefficient use of investments, energy intensity is
still too high (especially in the Russian Federation), and distribution processes are limited.
The relevance of the audit to ensure the formation of an optimal investment program
for the development of the energy complex is due to the high costs of purchasing power
equipment, uneven distribution of investment programs across regions and different levels
of financial control [17,18]. The energy system of the Russian Federation consists of the
UES of Russia (seven unified energy systems (IPS)—the IPS of the Center, the Middle
Volga, the Urals, the North-West, the South and Siberia) and territorially isolated energy
systems (Chukotka Autonomous Okrug, Kamchatka Krai, Sakhalin and Magadan regions,
Norilsk-Taimyr and Nikolaev energy regions, energy systems of the northern part of the
Republic of Sakha (Yakutia)) (http://www.suenco.ru, accessed on 1 September 2022).

Graphs of peak loads of energy consumption by consumers, along with energy supply
quality standards and the degree of reliability of the energy system, should be taken into
account when drawing up a forecast of energy consumption. This can be done based on
monitoring, elasticity (both in terms of price and income), establishing the type of relation-
ship between the average per capita income of a family and the quantity and structure of
electricity consumption. To form a program for the development of the energy complex, it is
necessary to consider the entire set of possible technical solutions that can be implemented
at all stages of the technological chain “production—transportation—consumption of en-
ergy resources”, taking into account the elasticity of the population’s demand for energy,
see Table 1. In the short term, electricity is a commodity essential, as can be seen from the
data in Table 2 in almost all countries, for which there are practically no substitute goods,
and in all countries, see Table 2. This gives reason to expect short-term price elasticity
to be low. In the long run, electricity demand should be more elastic. For an industrial
consumer, the demand for electricity can be written as a cost minimization problem and
the Cobb-Douglas production function can be used for each generating company.

⎧⎨
⎩

Qe = A ∗ Lα ∗ Lα ∗ Re ∗ Kβ → max
pe ∗ R + w ∗ L + prK ≤ Y

α + β + e > 1
(1)

where Qe is the Cobb-Douglass production function, the amount of electricity generated by
the generating company, kWh; A is a technological coefficient determined by a technological
audit, reflecting the specifics of the equipment of a given company, for example, the
coefficient of power utilization, wear and tear, the coefficient of technological replacement
of resources [19–22]; L is the number of employees; w is the average wage; pie is the price
of the i-th resource (oil, coal, natural gas, electricity, biomass, thermal power engineering);
peiR—the cost of consumed resources for energy production; R is a vector of resources;
K is the amount of capital consumed, investments in the generating company; pr—price
of capital; Y is the budget constraint of the generating company; α, e, β—elasticity of
resources: labor, raw materials, capital; α + β + e—the sum of elasticity’s shows the type of
production scale.
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Table 1. The largest electric power companies (http://www.suenco.ru, accessed on 1
September 2022).

The Company
Installed Capacity,

Kw

The Volume of
Electric Power

Generation,
Billion kWh.

Generating companies

The Inter RAO Group is a diversified energy holding that manages assets in Russia, as
well as in Europe and the CIS −33.7 132.5

Rosenergoatom Concern JSC (part of the Electric Power Division of Rosatom State
Corporation) is one of the largest enterprises in the Russian electric power industry
and the only company in Russia that performs the functions of an operating
organization (operator) of nuclear power plants

29.0 204.3

RusHydro Group is one of the largest Russian energy holdings. RusHydro is a leader
in the production of energy based on renewable sources, developing generation based
on the energy of water flows, solar, wind and geothermal energy

39.4 144.2

LLC Gazprom Energoholding is one of the largest owners of electric power
(generating) assets in Russia (controlling stakes in PJSC Mosenergo, PJSC MIPC, PJSC
TGK-1 and PJSC OGK-2)

39.0 146.5

JSC “Unipro” production and sale of electric energy and capacity and thermal energy,
represented in the markets of distributed generation and engineering 11.2 46.6

PJSC Enel Russia 9.4 41.3

PJSC Fortum is one of the leading producers and suppliers of heat and electricity in
the Urals and Western Siberia, and also develops renewable sources of generation 4.9 28.1

PJSC “Quadra—Power Generation” is one of the largest Russian territorial generating
companies (TGC), the company was created on the basis of thermal generating
capacities and thermal grid assets of regional AO-energos in 11 regions of the Central
Federal District

2.9 9.7

JSC EuroSibEnergo 19.5 67.6

Siberian Generating Company LLC. (Novosibirsk, Russia) 10.0 46.0

PJSC “T plus” 15.7 55.0

Table 2. Coefficients of elasticity of energy demand for the population for 2014–2019 (%) (https://ww
w.economy.gov.ru/material/file/d81b29821e3d3f5a8929c84d808de81d/energyefficiency2019.pdf, ac-
cessed on 1 September 2022).

Period Russia Japan Sweden Norway Germany USA

Energy intensity of GDP 60 20 29 25 22 15

Price elasticity of demand

Short-term −0.06 −0.10 −0.11 – −0.09 −0.09

Long-term −0.1 −0.19 −0.11 – −0.14 −0.13

Elasticity of demand by income

Short-term 0.6 0.53 – 0.50 0.27 0.12

Long-term 0.1 1.02 – 0.81 0.42 0.17

Defining the value of elasticity:
The price elasticity of demand for the labor factor will be equal to:

Ep =
∂l
l

∂w
w

=
∂logl
∂logw

= α (2)
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The elasticity of demand by income determines which category the energy product
currently belongs to: the worst product, the first necessity, the second or luxury:

EI =

∂q
q

∂y
y

=
∂logq
∂logy

= γ (3)

The price elasticity of demand for the raw materials, resources factor will be equal to:

Ep =
∂r
r

∂pe
pe

=
∂logr

∂logpe
= e (4)

The price elasticity of demand for the capital factor will be equal to:

Ep =
∂k
k

∂pr
pr

=
∂logk
∂logpr

= β (5)

The condition for reaching the limit of technology use is determined by the equality of
the average and marginal products differentiated by energy resources:

MPr = APr (6)

The database for the purposes of econometric estimation was prepared on the basis of
sources from Rosstat and the Ministry of Energy of Russia.

For example, one should take into account the spread of smart home and smart system
technologies for energy supply of companies, RAB (Regulatory Asset Base) investment (this
is a system of long-term tariff formation, the main purpose of which is to attract investments
in the expansion and modernization of infrastructure) which is carried out in parallel with
TPA. Companies in the RAB system receive a guaranteed return on investment and return
on investment sufficient to service loans and make a profit. In addition, they receive an
incentive to reduce costs, since the saved funds remain in the company, in contrast to the
“cost plus” system used historically in Russia. From the point of view of consumers, the
advantages of the RAB system are the increased reliability of power supply and the quality
of services provided through new investments [23,24].

To apply RAB investment, the guidelines for tariff regulation using the method of
return on invested capital are applied, which define the rates of return on invested capital.

Unfortunately, according to forecasts, the target benchmarks for the energy intensity
of GDP in the Russian Federation are to reduce it by at least 60% while maintaining the
current production rates. This goal will be achieved according to forecasts only in 2043,
with a significant lag behind the plan (https://www.economy.gov.ru/material/file/d81b
29821e3d3f5a8929c84d808de81d/energyefficiency2019.pdf, accessed on 1 September 2022).

Let us denote the set of all possible technical solutions at all stages of the technological
process of generating energy resources as J (j = 1, 2, . . . , J), and xji are the costs of the
technical solution of the energy complex development program in the region. The index
j shows the number of the activity from the entire set of possible activities J. The index i
shows what kind of resources the activity belongs to. In this case, i = 1—nuclear power
plants, i = 2—hydropower facilities, i = 3—thermal power plants. As can be seen from
Figure 1, i varies in the range from 1 to 6. Then the set of technical solutions for the XJi
energy complex development program for resource i activities includes: {x1i, x2i, . . . , xj −
2i, xj − 1i, xji, xj + 1i, xj + 2i, . . . , xJi}. The xji variable from the set of technical solutions can
take the values 0 or 1 depending on whether the measure is implemented or not (1 if the
measure is implemented, and 0 if it is rejected).
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For example, based on the classical microeconomic theory of profit maximization for a
household, we can write down the optimization problem of utility maximization, in which
the demand for electricity is formed:⎧⎪⎨

⎪⎩
U(q, r) → max
peq + prr = I

MRS = MUe
pe

= MUr
pr

(7)

where U (q, r) is the utility function for the household; q is the volume of electricity
consumption; r is the volume of consumption of other goods.

pe is the price of electricity; pr—the price of other goods (the cost of the consumer
basket); I—the budget constraint of the household (its income).

In the long term, electricity consumers have the opportunity and time to form a stock
of power-consuming equipment in an optimal way. Accordingly, the long-term model
does not directly take into account the volume of stocks of power-consuming equipment,
implying that in the long term it is formed in an optimal way—depending on prices and
incomes. Each investment project has its own characteristics, which can be divided into the
following four groups. Economic features [25]:

– The amount of capital costs for the implementation of the investment project Kj
(thousand rubles);

– The service life for which the project is designed Tj (year);
– The cost of operating costs in the t year of the service life of the solution E t (thousand rubles);
– The cost of debt service costs associated with financing the development program at

all stages of the production cycle for T years Kj (thousand rubles).
– Technological features (they determine the method of production of electrical and

thermal energy): CHP, TPP using various types of fuel (coal, gas, fuel oil, nuclear
energy, etc.);

– Hydroelectric power plants;
– Tidal power plants; solar panels;
– Solar collectors; geothermal stations;
– Wind power plants;
– Combined methods of energy production using two or more technologies.
– Signs of a logistical connection between energy production and its consumption:
– Scheme of centralized power generation;
– Scheme of decentralized power generation;
– Scheme of combined (part of centralized, part of decentralized) energy generation;
– The scheme of energy transport from the producer to the consumer;
– Energy storage scheme.
– Technical features:
– Is the volume of produced resource per year Wji;
– Regime maps of resource depletion Wi(t).
– The initial data for the formation of a program for the development of the energy

complex are:
– Data on the demand for energy resources for the period of implementation of the

development program;
– A source of energy for the production of a resource within the boundaries of the

energy complex;
– Environmental requirements that limit the use of technical solutions and technologies.

The amount of funds for the project by years of program implementation will be
denoted by CFig(t). The volume of investments should be made taking into account the
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long-term forecast of energy consumption. To do this, it is necessary to assess consumer
demand depending on the value of the non-linear tariff for the energy resource:

pit = generation cost (up to 40% of the price) + transmission tariff (up to 50%
of the price) + sales and infrastructure surcharges

(8)

The tariff should be set in such a way as to encourage resource conservation
of consumers.

In a deterministic form, the dependence of consumer demand g in the t-th year for the
corresponding resource i have the form:

Wk
g(t) = fg

(
pi
)

(9)

The volume of resource consumption for all consumers will be equal to:

Gτ

∑
g

Wi(t) =
Gτ

∑
g

f ∗
(

pi
)

(10)

where G—j, investment volume per year (g = 1, 2, G).
The depth of the forecast should correspond to the time for which the project is

designed. When forecasting, the probabilities of the occurrence of a particular scenario
should be determined.

Let us designate the scenarios of dynamics in time of demand for resources—μi. The
number of developed scenarios for changing demand over time can be different.

The most likely scenario (“before and after” (BAU)) is a continuation of the current
conditions, when there is no environmental policy or model improvements, and serves as a
benchmark. In addition to BAU, several other scenarios are considered:

(1) Achievement of certain quotas for renewable energy sources provided for by the Law
on Renewable Energy Sources for each control year of the modeling horizon (RES);

(2) The introduction of taxes on carbon emissions, which increase during the control
years of the modeling horizon (CO2);

(3) Resource-saving technologies that reduce energy consumption.

The mathematical expectation of the volume of consumption for the corresponding
type of resource for the S-th scenario will be equal to:

M
(

Wi
g(t)

)
=

G

∑
g

S

∑
s=1

μs∗ fg(pi
t) (11)

In the conditions of state regulation where Wi(t) is the volume of investments in the
project in the t-th year by the consumer g, units. Res./year; μS is the probability of the
implementation of the s-th scenario.

Each variant of the set of technical solutions of the energy complex development
program is determined by the volume of the produced resource W i for the entire set of
technical solutions J in at all stages of the technological process (production, transportation
and consumption of energy resources). In this way, a system of constraints can be defined.
Each variant of the set of technical solutions of the energy complex development program
is determined by the volume of the produced resource W i for the entire set of technical
solutions J in accordance with the schedule of its consumption Wg in the entire range (T):

WJi > Wgi; Wji (T) > Wgi (T) (12)

Taking into account the probabilities of the occurrence of resource consumption sce-
narios in the entire range T:

Wji > M (Wi); Wji (T) > M (Wi (T)) (13)
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The amount of excess in relation to the volume of consumption of energy production
can be considered a measure of ensuring the reliability of energy supply. A measure of
reliability is any algorithm for judging whether there is a necessary level of reliability or
a degree of confidence in the performance of specified functions by some object in the
past, present and future tense. The measure of reliability includes indicators and criteria
(logical and analytical expressions) related to the algorithm for inferring a judgment about
reliability [25].

The cost of the costs of ensuring the reliability of energy supply is denoted by:

Vi (T) = f (Wi (T) − Wi (T)). (14)

The higher the reliability of the power supply system, the more expensive the cost of
generated energy.

We can propose the following formulation of the target function for the formation
of an optimal program for the development of the energy complex: meeting the needs
of consumers for heat and electric energy in the required volume and with the required
reliability of energy supply, with minimal costs at all stages of the technological process
production, transportation and consumption of energy resources. Under the conditions of
state regulation of energy tariffs, the tariff directly depends on the production costs and
transportation costs of energy resources.

The volume of capital investments in year t for some technical solution j is equal to Kj
and for T years is calculated by the formula:

Kk
j =

k

∑
j

Kk
j ∗ (t) ∗ xk

j (15)

For a certain set of technical solutions in the amount of J we obtain:

Kk
j =

J

∑
j

T

∑
t

Kk
j ∗ (t) ∗ xk

j (16)

The operating costs per year e for some event o will be equal to Uo and for E years
will be:

Ek
j =

T

∑
t

Ek
j ∗ (t) ∗ xk

j (17)

The operating costs associated with the implementation of technical solutions for T
years in the amount of J will be equal to the sum of the operating costs for all activities:

Ek
j =

J

∑
j

T

∑
t

Ek
j ∗ (t) ∗ xk

j (18)

Energy conservation policy involves the protection of biodiversity and involves
the differentiation of ownership of energy resources to ensure competition in the field
of production.

Attracting sources of financing leads to the appearance of debt servicing costs on a
loan allocated for the implementation of a technical solution j per year t in the amount of:

Ik
j =

T

∑
t

Ik
j ∗ (t) ∗ xk

j (19)

The cost of debt servicing at all stages of the production cycle for T years will be:

Ik
j =

J

∑
j

T

∑
t

Ik
j ∗ (t) ∗ xk

j (20)
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The costs of ensuring the reliability of energy supply for a certain set of technical
solutions in the amount of O over E years will be:

Vk
j =

J

∑
j

T

∑
t

Vk
j ∗ (t) ∗ xk

j (21)

Then the objective function of forming an optimal program for the development of the
energy complex for resource i can be written as follows:

J
∑
j

T
∑
t

Kk
j ∗ (t) ∗ xk

j +
J

∑
j

T
∑
t

Vk
j ∗ (t) ∗ xk

j

+∑J
j ∑T

t Ik
j ∗ (t) ∗ xk

j + ∑J
j ∑T

t Ek
j ∗ (t) ∗ xk

j → min

(22)

3. Results

There is a change in the energy development trend in the world, which is manifested
in a slowdown in the growth rates of production and consumption of primary energy
resources and electricity in the general context of a decrease in the growth rates of the world
population and GDP. The developed model makes it possible to find the optimal plan of
technical solutions, taking into account the balance of the possibilities of the electric power
industry and the needs of the economy in energy resources, taking into account the scenario
being implemented in the selected region. On the basis of the plan for the production
of energy products, equipment is selected and public investments are distributed, the
effectiveness of which is assessed by audit methods. The approach considered here reflects
the relationship between investment and the distribution structure of alternative sources.
Thus, it is shown that the relevance of consideration in the programs for the development
of technical solutions in the energy sector is due to the structure of the cost of energy, in
which, as already noted above, the predominant share (60%) is occupied by the costs of
building power plants, including the entire value chain from energy equipment suppliers
to the construction of power plants. In terms of energy supply, this includes fuel extraction,
primary and secondary production, and external imports and exports. The “agents” on
the supply side are the “producers” and are listed in Table 3. Different types of energy are
delivered to consumers in the residential, commercial, agricultural, transport and industrial
sectors. “Agents” from the side of demand for energy are “consumers”, for whom a
multi-level personalized tariff for energy products is being developed. Solar energy, wind
energy, wave energy, biomass energy, geothermal energy and hydroelectricity are all
examples of sustainable energy. The mathematical, economic and engineering relationships
between these “producers” and “consumers” of energy are the basis underlying the TIMES
models [6,7]. Approbation of the considered model contributes to the transition of the
economy from the stage of high energy intensity to a new level of increasing the rate of
energy efficiency based on the use of renewable sources. Based on the financial statements
of TNCs of energy companies, a calculation was made using a mathematical model, the
calculation results are presented in Table 3, and these are the recommended optimal values.

Table 3 shows the optimal structure of resources for generating companies for energy
production, taking into account the optimization of investments and taking into account
the specifics of the regions, which is determined by the technology audit. The model allows
defining future investment roles.

In addition, the cost-effective path for the system indicates that institutional investors
should be solely focused on making all high-value investments in offshore wind power in
the north. The rest of the investment potential of institutional investors in other regions
should be directed to traditional sources. The relative roles of regions show the cumulative
net electricity exchange between regions over the modeling horizon to determine the roles
each region should play in the future to form the system at the lowest cost. The relative
roles of regions show the cumulative net electricity exchange between regions. Modeling
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allows one to determine the roles that each region should play in the future to form a
system for the production of energy products at the lowest cost.

Table 3. Total indicators by companies.

Elements of the
Structure, %

Gazprom
Energoholding

RusHydro
Group

Rosenergoatom
Concern

Inter RAO
Group

PJSC “Enel
Russia”

JSC
“Unipro”

Natural gas 7 1 11 16 51 2
Electricity 94 58 45 45 88

Coal 4 2 4 3 1 3
Fuel oil 5
Biomass 9 2 5 8 1 3

Diesel fuel 2
Oil 18 1 20 28 1 3

Heat 2 0 2 0 1 1
Power engineering water 2

Total 100 100 100 100 100 100
Long-term elasticity of

demand by income 0.3 0.2 0.1 0.2 0.3 0.20.2

Number of employees 40 43 41 40 40 25
Capital intensity 0.6 0.5 0.7 0.4 0.4 0.3

This additional generation is then exported to the south and west.
In the BAU scenario, the fuel mix for electricity generation does not change signifi-

cantly over the modeling horizon, with the exception of phasing out nuclear power from
2023. However, with the policy scenario imposing targets for the share of renewable en-
ergy sources (RES), hard coal is replaced by renewable sources, while the system remains
relatively inert towards phasing out lignite until the end of the simulation horizon. In CO2
emission scenarios, natural gas is noticeably rapidly replacing lignite and hard coal, as they
are costing the system prohibitively due to the increasing carbon tax imposed. Given the
significant amount of carbon emissions through natural gas, as well as the steady increase in
carbon taxes over the modeling horizon, carbon capture and storage (CCS) in combination
with natural gas and biomass technologies, as well as other renewable energy sources,
will gradually replace most of the fossil fuels by 2060. The total net electricity exchange
between regions over the entire modeling horizon (only in scenarios with regional division
and transmission between regions) will increase significantly [21].

The total net electricity exchange between regions over the entire modeling horizon
(only in scenarios with regional division and transmission between regions).

Since the goal in both scenarios is to achieve a certain share of renewable generation
in final electricity consumption (not total generation), these two factors remain the same in
both scenarios. Thus, losses in the network are compensated by more energy production.

4. Discussion

The concept of life in the energy industry is changing rapidly, with most smart energy
solutions coming from Europe and the United States. Gary Huang (2021) [26] observes
that if the country does not engage in digitalization in the energy sector, this may lead to a
situation where the national substation will be controlled from abroad. The problems of
“control interception” in the energy sector were dealt with by such scientists as Gamayunova
O., Vatin N. (2015) Clayton, E. (1999) [27].

Technical innovations with renewable energy sources are now implemented by many
companies around the world. For example, the Rockefeller Family Foundation (RFF) and
the IKEA Charitable Foundation decided to create a joint fund to support renewable energy
programs [28].

The authors of [8] describe the basic procedure for conducting TCA. The authors of [18]
considered the problems of optimizing design solutions and controlling the reliability of
costs. The authors Karakozova I.V., Prokhorova Y.S. (2015) [17] considered the technological
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and price audit of the terminal-logistics center project. The authors of Savushkin S.A.,
Gorbunov V.G., Tsyganov V.V., Lemeshkova A.V. (2016) [9] considered the controlling
of investment programs of electric power companies. The authors of Gryzunova N.V.,
Kiseleva I.A., Tramova A.M. (2021) [29] showed that the solution of the problem of finding
the optimal option for designing energy facilities essentially boils down to choosing the
optimal method for comparing capital costs and operating costs. Klyuev, Yu.B. et al.
(1992) [25] showed that the solution of the problem of finding the optimal option for the
design of energy facilities essentially comes down to choosing the optimal way to measure
capital costs and operating costs. At the same time, the publications known to us do not
consider the issues of forming an optimal investment program for the development of the
energy complex, taking into account the limited amount of financial resources allocated for
investment needs.

Models for optimizing the structure of electrical networks are highlighted by Yu.B.
Klyuev Yu.B (1992), Savushkin S.A., Gorbunov V.G. Artyugina and V.R. Okorokov (1988),
Brisset E. (2018) and Wang S. et al. (2020) [9,22,25]. It is shown that the solution to the
problem of finding the optimal design option for energy facilities essentially results in
choosing the optimal way to measure capital costs and operating costs Ogedengbe E.,
Aderoyu P.A., Shitta M.B. (2019) [30].

At the same time, the publications known to us do not consider the issues of forming
an optimal program of projects for the development of a complex of distributed energy and
TPA to control the effectiveness of capital investments.

5. Conclusions

The sustainability and diversity of the types of energy produced in the region can be
achieved by modeling distributed energy, optimizing consumption and available resources.
The local assortment base determines the structure of the equipment fleet. Planning TPA
involves the use of the TIMES model generator.

1. In the course of the analysis, it can be concluded that the existing methodology for
conducting TPA does not take into account such a stage in the implementation of an
investment project as optimizing the structure of consumption of energy resources in
the energy system.

2. The TPA methodology will be more efficient, covering a wide range of financial
parameters, if TPA is carried out at the stage of business planning.

3. The TPA mechanism will allow simultaneous use of key indicators and control them
within the approved boundaries.

4. Comparative analysis showed that the TPA methodology is rational, but the risks
during the operation period are significant.

5. We consider it expedient, within the framework of measures to develop the existing
methodology for conducting TPA for investment projects with state participation, to
expand the list of ongoing stages. Additionally, take into account the methodology
for conducting TPA for investment projects of natural monopoly facilities.

Subsidiaries of electric power organizations are often natural monopolies.
The practice of using TPA will expand, as the Russian Energy Development Strategy

until 2035 includes measures to decarbonize, replicate and scale low- and non-carbon
technologies, stimulate the use of secondary energy resources, changes in tax, customs and
budgetary areas. The strategy provided for the development of green finance, measures to
increase the absorption capacity of forests and the utilization of greenhouse gases. Currently,
programs are already being formed that are consistent with the recommendations of the
European Union Dynamical Exascale Entry Platform (EU-DEEP) for the use of alternative
energy sources in the coming decades.
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Abstract: The energy crisis caused by global structural changes in the economic sphere is the cause
accelerating the energy transition based on the concept of sustainable development. This study is to
test the hypothesis about the incentive effect of tax expenditures on alternative energy and energy
conservation. The objects of empirical research are the EU, OECD countries, OECD partner countries
and Russia from 2018–2020. The tools of scientific research are based on methods of economic–
statistical and comparative analysis and expert judgments. The concept of tax expenditures in terms
of decarbonization is analyzed using a systematic approach. The integrated methodological approach
shows the relationship between the tax policy and government strategies in achieving sustainable
development goals to ensure the transition to rational energy consumption patterns and sustainable
energy sources. The authors analyze incentives for the energy sector and alternative energy sources
in the considered groups of countries, and they assess the scale of tax expenditures in the energy
sector for OECD countries. There are two types of tax expenditures for achieving environmental
sustainability—increasing renewable energy sources and improving the energy efficiency. The authors
apply the multivariate average formula to assess the scale of tax incentives in OECD countries. The
results are typified depending on the scale of tax expenditures as one of the tools and these results
are grouped according to the dynamics. In the presented sample, a wide range of tax benefits and
preferences is typical for the leading countries in the ranking. The countries at the bottom of the
ranking support fossil fuels, but they have already started the energy transition.

Keywords: tax expenditures; tax incentives; energy sector; alternative energy sources; scale of
tax expenditures

1. Introduction

The concept of tax expenditures has a long history and has managed to obtain legisla-
tive consolidation and international recognition. In general, tax expenditures are a loss of
income that comes from certain reliefs, tax laws that provide exemptions, deductions from
the tax base, a tax credit that is deducted from tax liability before payment, preferential
rates and delays.

Tax incentives are benefits provided to certain payers compared to other payers. This
may be the opportunity not to pay a tax or pay a smaller amount. The larger the size of the
tax benefit, the greater the state participation in activities of the one to whom it is granted.
Granting the tax benefit looks like this: the payer does not redistribute their income to the
state, but at the same time the state provides them with the opportunity to use the benefit
and leaves funds at their disposal that could be used to pay obligations. Tax incentives are
considered as tax expenditures of the budget because they reduce its revenue.

Energies 2023, 16, 2652. https://doi.org/10.3390/en16062652 https://www.mdpi.com/journal/energies
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Tax expenditures have their own history. In this case, the Federal Republic of Germany
(hereinafter referred to as the FRG) and the United States of America (hereinafter referred
to as the USA) were the first to apply the system estimating budget shortfalls. In 1954, the
report of the Federal Republic of Germany justified the convertibility of tax incentives and
subsidies, and since 1959 they began to draw up reports that contained data on subsidies,
including information on tax expenditures. The concept was developed in the 1980s in the
USA. Since incentives reduce financial discipline and create abuse in the form of benefits
to special interests, the concept was to solve this problem. In 1967, tax expenditures were
included in the budget as a separate item. As soon as the number of benefits began to
increase, their efficiency needed to be estimated. So, the Ministry of Finance began to
provide reports on direct subsidies and tax preferences [1].

Further, the concept became an integral part of the budget, and was fixed by the
regulatory provision. Then, when approving the budget, the report considered the rational
use of tax expenditures [2]. To save time and simplify administration, a subsidy needed
to be paid by reducing the tax base. Subsequently, there was an idea to replace direct
expenditures, which could save the state money, since it is a necessity condition in times of
tight budgetary policy [3]. Some measures, such as estimating tax expenditures to improve
budgetary control, have been widely used in world practice since the 1970s.

Over time, the developed concept has become relevant and significant for many coun-
tries. It became the main topic for discussion at the meetings of the International Fiscal
Association and the Organization for Economic Cooperation and Development (hereinafter
referred to as the OECD). Various consultations and meetings led to the fact that partic-
ipating countries were recommended to prepare a report highlighting tax expenditures.
Identifying and quantifying tax expenditures is critical to understand the overall impact of
the tax system [4].

The history of the concept of tax expenditures testifies to disagreements in understand-
ing the essence, and, in general, the significance. The contradictions in government circles
led to uniform recommendations and rules, materials and basic provisions, which formed
the basis for consultations by the International Monetary Fund (hereinafter referred to as
the IMF). Then, such countries as Austria, Canada, Great Britain, France, Spain, Belgium
and some other countries started estimating tax expenditures [5]. Thus, it can be concluded
that many countries have come to the opinion that the concept of tax expenditures was
effective. At that time, about 80% of OECD countries were already preparing reports,
which indicates the practical significance and necessity to create a theoretical basis for
further implementation.

Further, the IMF defines recommendations and reflects government policies that may
be qualified as tax expenditures. Currently, there is no consensus on the definition of tax ex-
penditures. Each country determines it individually, based on the features and principles of
calculation and the principles of its fiscal system, but general definitions are given in publi-
cations of international organizations. The OECD defines tax expenditures as the provision
of government resources by reducing tax liabilities in lieu of direct budget expenditures.

Reforming the system of tax incentives can become an additional source, an alternative
to raising tax rates and it can make tax systems more efficient and fairer [6] in terms of
improving welfare and protecting the environment.

The introduction of tax incentives and preferences that support fossil fuels and ac-
celerate the transition to renewable energy sources are in line with the UN Sustainable
Development Goals, two of which directly support the energy change (Goals 7 and 12).
Clean renewable energy, being a fundamental basis for the theory of sustainable devel-
opment [7], accelerates the transition to a “green” economy, improves the environmental
safety [8] and reduces geopolitical risks for states importing traditional energy resources.

In the context of the global agenda, to increase the level of decarbonization in the
world’s economies, an increase in renewable energy sources (hereinafter referred to as RESs)
and energy conservation require incentive measures from governments. The purpose of
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this study is to estimate tax expenditures as stimulus measures that ensure transformations
in the energy sector.

The paper begins with a discussion of the concept of tax expenditures in terms of
decarbonization. Theoretical and empirical literature is viewed in Section 2. The data set
and approaches used to assess the impact of tax expenditures are described in Section 3.
This is followed by the results with grouping of countries by the level of tax expenditures
for energy efficiency and renewable energy sources in Section 4. Section 5 contains a
list of the vectors to keep tax incentives and emission targets, which are followed by the
conclusion in Section 6. References are found at the end of this paper.

2. Literature Review

Theoretical foundations and relevant empirical literature are detailed in separate
subsections in this section.

2.1. Theoretical Background

Three general approaches are distinguished for determining benchmark taxes and
determining tax expenditures: the conceptual approach, the legal approach and the sub-
sidizing approach [9]. Many scientific works present detailed descriptions of the method
for estimating tax expenditures for the exemption from the personal income tax, the capi-
tal gains tax and the withholding tax, the corporate income tax, including the minimum
tax, as well as tax expenditures for customs duties and excises, the value added tax and
registration fees [10].

Those works that examine the impact of tax expenditures on the budget and capital
(including investment) are very popular. The EUROMOD micro-simulation model is used
to quantify the impact of tax expenditures on government tax revenues and household
disposable income. This model includes the interaction between various tax tools and tax
credits [11]. To assess the impact of tax expenditures on the economic activity (increase
in investment capital) of residents in special economic zones, we use one-factor power
econometric models [12].

Tax expenditures, despite their clearly positive side, have several imperfections.
The problems accompanying the tax expenditure system can be divided into three main
blocks—informational, technical and functional—depending on the nature of the problem.

Informational problems identified in the analysis of African countries are related to the
lack of reporting on tax expenditures or inconsistency in reporting requirements [13]. More
than 64% of African countries do not provide any information about their tax expenditures,
while most of the countries that report tax expenditures miss important information such
as political targets and key beneficiaries. Informational problems are also associated with a
lack of the transparency and accountability. The study carried out in all countries showed
that statistical data underestimate the amount of tax expenditures. For example, Portugal
and Costa Rica provide only total estimates aggregated by the tax base. In addition, China
and Saudi Arabia do not publish any official information about tax expenditures at all. The
functional block reflects the problems associated with the inconsistency of tax expenditures
with the stated goals and negative side effects, such as increasing inequalities and contribut-
ing to climate change [14]. It is possible to single out the functional–information block of
problems identified in a study of the G20 countries, where schemes for tax expenditures to
a large extent turned out to be non-transparent, expensive and often ineffective to achieve
the stated goals, causing undesirable side effects. New tax incentives are introduced regu-
larly without proper control despite the limited transparency on the magnitude of existing
tax expenditures. For example, out of 43 G20 and OECD countries, 8 countries have not
reported on tax expenditures over the past 10 years, 26 have published a basic report over
the past 10 years and only 9 countries regularly publish a detailed and comprehensive
report [15]. Technical problems include, for example, the inability to replicate best practices
in estimating the amount of tax expenditures [16]. In Germany, large-scale estimations of
tax expenditures are carried out once per legislative cycle, in accordance with the mandate
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to estimate each type of tax expenditure at least once every 10 years. Ireland estimates each
type of tax expenditure every five years, but this country recognizes that the quantification
cannot be prepared for many types of tax expenditures. Another technical problem identi-
fied in the analysis of one country was the lack of unified approaches when defining the
conceptual model of the tax reference structure and, consequently, the generally accepted
criteria when qualifying a tax law norm as an element of the tax reference structure or tax
benefits (expenses). It leads to different interpretations of the same deviations from this
structure [17].

In terms of tax expenditures for groups of G20 countries, it is advisable to increase
the transparency of tax incentives through more frequent and complete reports on tax
expenditures; improve the structure of tax incentives to minimize windfalls and negative
spillovers within and between countries; and phase out tax expenditures that harm the
environment, including tax incentives for fossil fuels and other schemes that promote the
unsustainable use of natural resources [18].

Ensuring access to clean energy is critical to the sustainable recovery of OECD
economies. In addition to access to energy at the individual level, energy security, which
can be broadly defined as the availability of sustainable sources of energy at an affordable
price, is a key driver of economic growth. At the same time, effective taxes on energy
encourage citizens and businesses to opt for more environmentally friendly products,
reducing climate damage and air pollution [19].

2.2. Empirical Literature

According to the UNEP, the mass of anthropogenic emissions of greenhouse gases in
the world exceeds the allowable amount to achieve the target threshold of a level well below
2 ◦C (Paris Agreement to limit global warming), and, moreover, the preferred threshold of
1.5 ◦C. Annual emissions of CO2 equivalents have increased by 40–50% compared to 1990.
About 75% of emissions are accounted for by the G20 countries; emissions from developing
countries increased by 2–4 times compared to 1990 [20].

The most significant contribution to global anthropogenic emissions is made by the
PRC, the USA, the EU-27, India, Russia and Japan—with 67.8% of global emissions at the
end of 2021 [21]. Figure 1 shows changes in CO2 emissions for countries with a global share
of more than 1%.

Figure 1. Dynamics of CO2 emissions in selected countries in the periods 2019–2020, 2020–2021, from
1990–2021 (%).

In 2021, global CO2 emissions returned to the pre-pandemic level of 2019, increasing
immediately by 5.3% compared to 2020 (China and Iran, despite COVID-19 restrictions,
increased CO2 emissions in 2020 as well). The highest growth in emissions in 2021 came
from India (+10.5%) and Brazil (+11%). Brazil, India, Russia, Turkey, China, Iran and
Saudi Arabia emitted more CO2 in 2021 than in 2019. Australia was the only country that
maintained the trend of reducing CO2 emissions in 2021, there was a decrease of 2.4%. The
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EU, Russia, the USA and Japan showed the CAGR of CO2 emissions compared to 1990.
At the same time, more than 60 countries (the UK, the EU, the USA, China, Japan, etc.)
announced that they will achieve “carbon neutrality” by 2050–2060 and even earlier. The
fulfillment of the tasks set requires system-wide transformations, and various deterrent
and incentive tools. Incentive tools contribute to certain behavior patterns, such as tax
incentives and preferences for alternative energy sources—RESs. Although individual
studies show that tax incentives may not have the desired effect, both for one country [22]
and a group of countries [23], their scale can be quite impressive. In some countries, lost
revenues from tax incentives amount to more than 13% of GDP [24]. Thus, the dynamics of
greenhouse gas emissions are not uniform in different countries.

At the same time, the tax policy differs significantly in different countries. Some
countries introduce incentives for energy taxes, others do not have similar taxes at all. From
an economic point of view, the absence of a tax is equivalent to exemption from its payment,
but it cannot be estimated as a tax expense, due to the absence of this tax base. In the context
of environmental sustainability, GTED highlights tax spending that is to reduce greenhouse
gas emissions, improve energy efficiency, promote renewable energy, protect biodiversity
or support climate change adaptation. When considering measures to support fossil fuels
by the OECD [25], almost 60% of all measures can be tax expenditures, which is significant
enough, but not complete. Tax expenditures for fossil fuels can be divided into three broad
groups: final consumption of fossil fuels; fossil fuels as inputs for production; production of
fossil fuels, including extraction, processing and transportation [26]. We will adhere to the
position that the comparison of tax expenditures in the energy sector is rather conditional,
but at the same time it reflects the general trend in the area under consideration.

Optimistic forecasts by 2050 show a share of investments in renewable energy projects
of about 77% of all investments in the electric power industry [27], although there is also a
dispersion of indicators here [28]. However, experts tend to assume a rather optimistic sce-
nario for the development of global renewable energy to reduce greenhouse gas emissions,
as shown in various studies [29,30].

The hypothesis about the impact of tax regulation on RESs in terms of reduction
of greenhouse gas emissions was confirmed when considering the sample of countries
for 1991–2018 [31]. We note a more significant contribution of RESs in the reduction of
greenhouse emissions for countries with a high tax burden in the environment. At a certain
threshold level of RES development, the tax policy can be tightened without the loss of
efficiency. These results emphasize the role of tax regulation in the environment and they
are consistent with previous findings [32] about the positive impact of energy taxes on
curbing emission growth.

The governments of the EU countries independently determine incentive measures to
develop RESs: preferential prices for electricity generated using RESs; trade in electricity
consumption quotas—“green” certificates (Sweden); tax incentives for enterprises using
RESs; “green” tariffs (Denmark), etc. [33].

The EU Bioeconomy Monitoring System (BMS) has been developed as part of the
EU Bioeconomy Strategy. In 2022, seven new indicators were added to BMS dashboards,
including: sustainable management of natural resources, reducing dependence on non-
renewable unsustainable resources, regardless of mining jurisdiction. Dashboards display
almost 30% of indicators, covering 67% of all regulatory criteria [34]. Figure 2 presents the
share of renewable energy sources for transport, electricity, heating and cooling in the EU
countries from 2015–2019.

The indicators of the EU countries are quite heterogeneous in terms of the share of
renewable energy sources, with 15 countries showing an indicator below the average (19.7%
in 2019). The largest share of RESs is observed in Sweden (56.4% in 2019). Sweden is a
world leader in decarbonization, with a goal of achieving “zero” emissions by 2045. This
is followed by Finland (43.1%), Latvia (41%), Denmark (37.2%), Austria (33.6%), Estonia
(31.9%), Portugal (30.6%), Croatia (28.5%), Lithuania (25.5%), Romania (24.3%), Slovenia
(22%), Bulgaria (21.6%) and Greece (19.7%). Most countries progressively increased the
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share of RESs in transport, electricity, heating and cooling, with the exception of Austria
(2015—33.5%, 2016—33.4%, 2017—33.1%, 2018—33.8%, 2019—33.6%), Greece (decrease
in 2016—15.4% compared to 2015—15.7%, then growth), the Netherlands (decrease in
2016—14.4% compared to 2015—14.5%, then growth), Ireland (decrease in 2018—10.9%
compared to 2017—13.5%, then growth), Italy (2015—17.5%, 2016—17.4%, 2017—18.3%,
2018—17.8%, 2019—18.2%), Latvia (decrease in 2016—37.1% compared to 2015—37.5%,
then growth), Lithuania (2015—25.8%, 2016—25.6%, 2017—26%, 2018—24.7%,
2019—25.5%), Luxembourg (decrease in 2019—7.1% compared to 2018—9.0%),
Portugal (2016—30.9%, 2017—30.6%, 2018—30.2%, 2019—30.6%), Romania (2016—25%,
2017—24.5%, 2018—23.9%, 2019—24.3%), Slovenia (2015—22.9%, 2016—22%, 2017—21.7%,
2018—21.4%, 2019—22%) and Spain (2017—17.6%, 2018—17.5%, 2019—18.4%). The most
significant increase in the share of RESs in 2019 was shown by Slovakia (+5% to 16.9%), the
most significant drop was in Luxembourg (−1.9% to 7.1%) and this is the lowest share of
RESs among the EU countries.

Figure 2. The share of RESs for transport, electricity, heating and cooling in the EU countries from
2015–2019, %. Source: compiled by the authors.

The European Green Deal [35,36] defines the target for participating countries to be-
come a climate neutral continent by 2050. In this regard, the Energy Efficiency Directive [26]
and other energy regulations have been finalized to guarantee the reduction of greenhouse
gas emissions by at least 55% by 2030. The EU countries must achieve reductions of 1.5% of
the final energy consumption every year between 2024 and 2030 (today it is about 0.8%).

At the same time, the reduction in the specific energy consumption slowed down
(−1%) globally in 2021 compared to the average value for 2000–2019 (−1.5%) [36]. Figure 3
presents the energy intensity of the EU economies, which is understood as the ratio between
the gross domestic energy consumption and GDP, calculated for a calendar year.

The most energy-intensive country in the EU is Bulgaria (360 toe/M€ in 2020). This
country’s indicator significantly exceeds that of other countries throughout the entire
analyzed period, but we should note a rapid decrease in energy intensity by 47% compared
to 2000. The lowest energy intensity indicators (compared to the EU average) are in Ireland
(39 toe/M€ in 2020), Denmark (54), Malta (64), Luxembourg (67), Italy (90), Germany (92),
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Austria (92), Sweden (9), the Netherlands (99) and France (103). The leaders in reducing
the energy intensity, after Bulgaria, are Romania (−229), Slovakia (−217), Lithuania (−187),
Estonia (−186), Poland (−146), the Czech Republic (−143) and Latvia (−107).

to
e/

M
€ 

Figure 3. The energy intensity of the EU countries in 2000–2020, toe/M€. Source: compiled by
the authors.

For most advanced economies, renewable capacity scaling limits are the difficulty
while permitting and extending grid infrastructure. As for developing countries, the lack of
affordable financing and sparse infrastructure are the main problems. According to expert
estimates, if these problems are solved by 2025, the growth of RES capacities can increase
by 25% [37] compared to the baseline forecast, which assumes an increase in electricity
production from RESs by 60% by 2050 (“clean zero” scenario).

To achieve environmental sustainability, OECD countries have implemented several
policy initiatives to improve the energy efficiency by increasing the share of renewable
energy consumption in the energy mix. Great attention is paid to tax incentives to increase
investments in energy efficient technologies [37].

3. Materials and Methods

This section will describe the data set and approaches used to assess the impact of
tax expenditures.

3.1. Data

The authors assess the relationship between tax incentives and preferences (tax expen-
ditures for the state budget) and the incentive effect on the energy sector and alternative
energy sources. The sample of countries for analysis includes some OECD countries and
OECD partner countries (Australia, Germany, Greece, Denmark, India, Ireland, Spain,
Italy, Latvia, Mexico, the Netherlands, Poland, Russia, Finland, France, Sweden and South
Korea). The sample of countries depended on the availability of data. The development
of alternative energy is associated with a constant reduction in traditional sources, which
means that it is necessary to consider partner countries in energy trade. The authors use
annual data for 2018–2020.
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The main sources of statistical data were the Global Tax Expenditures Database (GETS),
OECD reports, EU Joint Research Center (JRC) publications, EU Bioeconomy Monitoring
System (BMS) and analytical studies of consulting companies. The directions of tax re-
forms were studied in reports published by the governments and ministries of finance of
individual countries.

3.2. Methodology

At the first stage, ten OECD countries are ranked in terms of the share of tax expen-
ditures for stimulating the energy sector in total tax expenditures for developing priority
sectors of the economy. The authors estimate the level of tax expenditures for the energy effi-
ciency and renewable energy sources in the volume of tax revenues of consolidated budgets.

At the second stage, the authors typify tax expenditures for environmental sustainability.
At the third stage, the share of tax expenditures for increasing renewable energy

sources and the energy efficiency in total tax expenditures for environmental sustainability
is estimated. The rating of countries is carried out.

At the fourth stage, the authors apply a multivariate average formula to estimate the
scale of tax incentives in OECD countries. The idea of using the multivariate average as an
integrated indicator for rating territories in terms of tax expenditures is not new and it is
covered in the work of Yu.A. Steshenko and A.V. Tikhonova [38], who use this mechanism
to estimate tax incentives in Russian regions.

At the fifth stage, a matrix of grouping countries is built depending on the share of tax
expenditures for the energy efficiency and renewable energy sources in the volume of tax
revenues of consolidated budgets, with the allocation of three groups (low, average, high).

At the sixth stage, the multivariate average reflecting the magnitude of tax expendi-
tures for the energy sector in each country is calculated by the following formula:

−
pi =

1
k

k

∑
j=1

xi
−
xj

(1)

xij—the value of the j-th variable (indicator of tax expenditures) for the i-th ob-
ject (country);

−
xj—the average value of the j-th variable (indicator of tax expenditures) for all ana-

lyzed countries.
We use indicators of tax expenditures for OECD countries from the previous tables

(Tables 1–3), namely:
x1—tax expenditures for stimulating the energy sector (as % of the country’s GDP);
x2—tax expenditures for stimulating the energy sector (as % of tax revenues of the

country’s consolidated budget);
x3—tax expenditures for increasing renewable energy sources (as % of the country’s GDP);
x4—tax expenditures for increasing renewable energy sources (as % of tax revenues of

the country’s consolidated budget);
x5—tax expenditures for energy efficiency improvements (as % of the country’s GDP);
x6—tax expenditures for energy efficiency improvements (as % of tax revenues of the

country’s consolidated budget).
The advantage of the multivariate average is the ability to assess a certain general

characteristic of various objects (countries, territories, etc.), based on various indicators
and using a single methodology for their calculation. In our study, this characteristic was
the scale of tax expenditures, and all indicators of tax expenditures were calculated as a
percentage of GDP or tax revenues of the budget.
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Table 1. Tax expenditures stimulating the energy sector development in selected OECD countries
and key OECD partner countries from 2018–2020.

Year Austria India Spain South Korea Russia France Sweden

% of GDP

2018 0.04 0.07 0.002 0.01 0.1 0.01 0.005
2019 0.04 0.08 0.002 0.01 0.1 0.01 0.005
2020 0.04 0.09 0.002 0.01 0.13 0.01 0.005

% of tax revenues of the consolidated budget
2018 0.14 0.59 0.01 0.02 0.52 0.1 0.02
2019 0.13 0.6 0.01 0.02 0.94 0.1 0.01
2020 0.12 0.6 0.01 0.02 1.1 0.1 0.01

Source: compiled by the authors.

Table 2. Tax expenditures aimed at achieving environmental sustainability in selected OECD coun-
tries from 2018–2020.

Country Year

Tax Expenditures Related to Increased Use of
Renewable Energy Sources

Tax Expenditures Related to Energy
Efficiency Improvements

% of GDP
% of Tax Revenues of the

Consolidated Budget
% of GDP

% of Tax Revenues of the
Consolidated Budget

Germany
2018 0.01 0.05 - -
2019 0.01 0.13 - -
2020 0.03 0.15 - -

Denmark
2018 0.25 0.77 - -
2019 0.24 0.72 - -
2020 0.25 0.7 - -

Ireland
2018 - - 0.001 0.01
2019 - - 0.001 0.01
2020 - - 0.001 0.01

Spain
2018 - - 0.02 0.1
2019 - - 0.02 0.1
2020 - - 0.01 0.07

Italy
2018 0.0027 0.01 - -
2019 0.003 0.013 - -
2020 0.0036 0.016 - -

Netherlands
2018 0.03 0.12 0.03 0.14
2019 0.03 0.13 0.03 0.11
2020 0.04 0.15 0.03 0.1

Mexico
2018 0.012 0.1 - -
2019 0.02 0.12 - -
2020 0.025 0.14 - -

Poland
2018 0.01 0.07 - -
2019 0.015 0.09 - -
2020 0.015 0.1 - -

South Korea
2018 0.004 0.02 0.01 0.05
2019 0.004 0.02 0.01 0.08
2020 0.004 0.02 0.01 0.1

Finland
2018 0.01 0.01 0.33 1.58
2019 0.01 0.02 0.3 1.46
2020 0.01 0.02 0.29 1.41

France
2018 0.01 0.02 0.09 0.51
2019 0.01 0.02 0.05 0.3
2020 0.01 0.02 0.05 0.3

Sweden
2018 - - 0.16 0.68
2019 - - 0.23 1.04
2020 - - 0.25 1.1

Source: compiled by the authors.
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Table 3. Ranking of OECD countries by share of tax expenditures related to the promotion of
environmental sustainability in 2020.

Country

Tax Expenditures Related to Increased Use of
Renewable Energy

Tax Expenditures Related to Energy Efficiency
Improvements

% Ranking % Ranking

Poland 83.3 1 - -
Germany 38.1 2 9.5 9
Sweden 33.3 3 33.3 4

Italy 33.3 3 16.7 6
Denmark 30 4 10 8
Finland 28.6 5 42.9 3
Mexico 25 6 - -

Netherlands 19.4 7 8.3 10
South Korea 17.6 8 52.9 1

France 17.6 8 26.5 5
Latvia 4.3 9 - -
Ireland - - 50 2
Spain - - 33.3 4
Russia - - 12.5 7

Source: compiled by the authors.

4. Results

Tax expenditures for stimulating the energy sector in terms of traditional energy
sources (fossil fuels) include various types of preferences and incentives for taxpayers,
namely: tax deductions; tax deferrals; tax exemption; reduction of tax rates; tax incentives,
discounts and refunds; zero rating (a regime that implies that the entire value chain of the
supply is exempt from taxes).

The study ranked ten OECD countries by the share of tax expenditures for stimulating
the energy sector in total tax expenditures for developing priority sectors of the economy
(Figure 4).

Figure 4. Ranking of OECD countries and OECD key partner countries by the share of tax expendi-
tures for stimulating the energy sector in 2020. Source: compiled by the authors.
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As Table 1 shows, in the period from 2018 to 2020, there were no significant changes
in the level of tax expenditures to support the energy complex in the countries studied.
Most likely, this is a consequence of the economic recession that arose due to the COVID-19
pandemic and it was in the form of a lack of budget funds for these purposes. Of all the
countries presented in Table 1, only the Russian Federation is significantly increasing the
volume of assistance to energy companies (the volume of tax expenditures increased from
0.52 to 1.1% of budget tax revenues over a three-year period).

Tax expenditures range from 0.002 to 0.04% of GDP (from 0.01 to 0.14% of tax revenues,
respectively) in those OECD countries that provide tax support to the energy sector. The
leader among the countries is Austria (Table 1), where fossil fuels are the main source of
energy: oil ranks first with a share of 37.2% of the gross domestic consumption, followed
by gas (22.1%) and coal (8.2%). However, the commitment to add more biofuels to fossil
fuels and increased production of district heating from biomass have led to a record high
use of renewable energy in Austria. Consequently, renewable energy currently accounts
for 29.8% of the gross domestic consumption, with solid biomass being the most important
renewable energy source (37%) followed by hydropower (34%). Other renewable energy
sources include solar, wind, geothermal, biogas and biofuels, each of which accounts for
less than 7% [39].

Tax expenditures for stimulating the energy development in India (a key OECD
partner country) are significantly higher than in OECD countries (they amount to about
0.07–0.09% of GDP or 0.6% of tax revenues). Nevertheless, at present, the growth of the
fossil fuel consumption in India is also gradually increasing. At the same time, the main
energy consumption is coal—43.9%, oil—32.8% and natural gas—7.6%. Hence, there are
high values of tax expenditures for companies in this area [40].

Of all the countries presented in Table 1, only the Russian Federation is significantly
increasing the volume of assistance to energy companies (the volume of tax expenditures
increased from 0.52 to 1.1% of budget tax revenues over a three-year period).

The following data (Table 2) let us draw several important conclusions about the
role of tax expenditures for achieving environmental sustainability in OECD countries.
The undisputed leader of tax expenditures for increasing renewable energy sources is
Denmark (0.25% of GDP and 0.7–0.77% of tax revenues of the budget). Income tax incentives
are applied here to support investments in electricity generation from renewable energy
sources such as wind, solar, hydro and geothermal. The energy from renewable sources is
expected to be a key factor in reducing emissions in developing countries and countries
with economies in transition.

The countries with the most developed system of tax incentives for the energy effi-
ciency are Finland and Sweden. Tax expenditures in Finland are about 0.3% of GDP (from
1.41 to 1.58% of tax revenues of the budget). Tax expenditures for the energy efficiency
in Sweden are slightly lower than in Finland—0.16–0.25% of GDP (from 0.68 to 1.1% of
tax revenues of the budget, respectively), but nevertheless they exceed the average values
for OECD countries. Tax expenditures for environmental sustainability in terms of the
renewable energy and energy efficiency increased in most countries between 2018 and 2020.

The ranking of countries in terms of the share of tax expenditures for increasing
renewable energy sources and improving the energy efficiency in total tax expenditures
for environmental sustainability is presented in Table 3. Among the leading countries in
terms of “share of tax expenditures for increasing renewable energy sources” are Poland,
Germany, Sweden and Italy (the last two countries share 3rd place). According to “share
of tax expenditures for improving the energy efficiency”, the places were distributed
differently: South Korea, Ireland and Finland are in the top three.

As shown in Table 3, there are no figures for tax expenditures for increasing renewable
energy sources in the Russian Federation. At the same time, according to “share of tax
expenditures for improving the energy efficiency”, our country, if included in the rating of
OECD countries, will take 7th place (the value of the indicator is 12.5%). This is because
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a significant share of tax expenditures for environmental sustainability in Russia are tax
expenditures for biodiversity conservation.

The grouping of countries by the level of tax expenditures for the energy efficiency
and renewable energy sources, by the share in tax revenues of each country’s consolidated
budget, is presented in Table 4.

Table 4. Grouping of countries by the level of tax expenditures for the energy efficiency and renewable
energy sources, by the share in tax revenues of each country’s consolidated budget.

Level of tax
expenditures for energy

efficiency (b)

high Finland
(+/−)

average Sweden (+) France
(c/−)

low Spain (−)
Ireland (c) South Korea (c/+) Netherlands (+/−)

na Italy (+)
Germany (+)

Poland (+)
Mexico (+)

Denmark (−)

na low average high

Level of tax expenditures for increasing renewable energy (a)

Symbols: (−)—decrease; (+)—increase, (c)—constant level, (a/b). Source: compiled by the authors.

Sweden, Germany, Poland, Mexico and Italy are countries with a stable tax policy to
support the energy efficiency and energy transition using tax incentives. The group with a
high level of tax expenditures includes Denmark (in terms of supporting RESs) and Finland
(in terms of supporting the energy efficiency).

The scale of tax expenditures indicates that Finland has the highest rating (large
scale of tax expenditures as one of the tools for energy development) (the value of the
multivariate average is 1.6179) (Table 5). The authors calculated the integrated indicator
based on four indicators, because the country’s legislation has no tax incentives to support
the production and use of fossil fuels. However, there are extremely high (compared to
other OECD countries) tax expenditures for energy efficiency improvements.

Table 5. Multivariate average indicator, reflecting the rating of each country in estimating the scale of
tax incentives.

Country

Tax Expenditures
Stimulating the Energy

Sector Development

Tax Expenditures Related
to Increased Use of

Renewable Energy Sources

Tax Expenditures
Related to Energy

Efficiency
Improvements

Number of
Indicators

Integrated Indicator
Reflecting Rating

(Multivariate
Average)

% of GDP
% of Tax
Revenue

% of GDP
% of Tax
Revenue

% of GDP
% of Tax
Revenue

Spain 0.002 0.01 - - 0.01 0.07 4 0.2030
South Korea 0.01 0.02 0.004 0.02 0.01 0.1 6 0.4954

France 0.01 0.1 0.01 0.02 0.05 0.3 6 1.0663
Sweden 0.005 0.01 - - 0.25 1.1 4 1.3783

Netherlands - - 0.04 0.15 0.03 0.1 4 1.4583
Finland - - 0.01 0.02 0.29 1.41 4 1.6179

Average value 0.0068 0.0350 0.0160 0.0525 0.1067 0.5133 - -

Source: compiled by the authors.

The Netherlands is in second place in the ranking (the multivariate average value
is 1.4583) due to the highest values of tax expenditures for increasing renewable energy
sources among the countries studied. The third place in terms of the scale of tax expendi-
tures is occupied by Sweden (the multivariate average value is 1.3783).

Paradoxically, the bottom positions in the ranking are occupied by countries which,
on the one hand, support the continued use of fossil fuels, but, on the other hand, have
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already begun a gradual transition to renewable energy technologies (for example, South
Korea and France). This means that the calculation of the multivariate average for these
countries was made based on all six indicators.

Note that not all six indicators are relevant for each country. For some countries, the
multivariate average is calculated by only four indicators. At the same time, the higher the
country’s rating, the more actively it uses such tools as tax expenditures.

5. Discussion

The study shows that tax expenditures in the energy sector reflect tax incentives for
companies and they are actively used tools for the energy development among developed
countries. At the same time, tax expenditures contribute to the continued transition from
fossil fuels to alternative energy sources and energy conservation.

Sweden is the leader in the OECD rating by the share of tax expenditures for the
energy sector in total tax expenditures for developing priority sectors of the economy.
Sweden’s tax spending system in this area is very broad and specific, mainly including
exemptions from various taxes or reduced tax rates for different companies. For example,
natural gas and liquefied petroleum gas used as fuel in transport are exempt from the
energy tax. Additionally, natural gas and liquefied petroleum gas used in transportation are
subject to lower carbon tax rates. Any fuel used by companies in the agriculture, forestry
and aquaculture sector for heating purposes receives a 24% reduction in the carbon tax.
Industries outside the European Greenhouse Gas Emissions Trading Scheme (EU ETS) are
granted a reduced carbon tax rate on all fossil fuels used for heating [41].

If we include data for the Russian Federation in the rating, then it will be in 9th place,
even though it has the highest values of tax expenditures as a percentage of GDP and tax
revenues among the analyzed countries. This is a consequence of the fact that the largest
share of tax expenditures in Russia falls on the extractive sector of the economy (31.4%), the
transport industry (15%) and science-intensive activities (12.3%), which are also a priority.
That is, accounting for tax preferences provided is kept separately (which is not always
typical for other countries) for mining companies and energy companies.

The amount of tax expenditures to support the energy industry in the Russian Feder-
ation is several times higher than the amount of tax expenditures in any of the analyzed
countries. An example of tax incentives is a zero-property tax rate for gas pipeline facili-
ties, gas production facilities, helium production and storage facilities. Organizations are
also exempt from taxation in respect of newly commissioned facilities with high energy
efficiency, in accordance with the list of such facilities established by the Government of
the Russian Federation. In addition, taxpayers have the right to apply a special coefficient
to the basic depreciation rate (but not higher than 2) in relation to depreciable fixed assets
related to such objects when calculating the corporate income tax [42].

There are two types of tax expenditures for achieving environmental sustainability,
according to their purpose—increasing the use of renewable energy sources and improving
the energy efficiency. Moreover, in some of the considered countries there are both types
of tax expenditures (the Netherlands, South Korea, Finland, France), and, in some, only
one. For example, the Netherlands provides tax support for environmentally friendly in-
vestments through a combination of targeted income tax incentives and high carbon prices,
including two investment incentives and a special accelerated depreciation schedule [43].

Ranking countries by estimating the share of tax expenditures for increasing renewable
energy sources and improving the energy efficiency in total tax expenditures for environ-
mental sustainability identified the leading countries: Poland, Germany, Sweden and Italy
(for the first indicator) and South Korea, Ireland and Finland (for the first indicator). The
results obtained can be explained by two reasons. The bottom-ranked countries, while
providing tax incentives for environmental sustainability, do not focus only on the energy
sector, using various types of tax expenditures, for example, biodiversity conservation,
reduction of greenhouse gas emissions, support for climate change adaptation, etc. The
leading countries have a wide range of tax benefits and preferences. For example, Polish

130



Energies 2023, 16, 2652

tax legislation provides for a reduction in the property tax for wind farms. In addition, tax
incentives to encourage renewable energy sources in Poland include exemption from the
agricultural tax and exemption from the excise tax on electricity produced using renewable
energy sources [44]. One component of tax expenditures for the energy efficiency in South
Korea is a tax credit for investments in energy-saving facilities. The tax credit is provided
for the purchase of appropriate new facilities and equipment to achieve energy savings
and it is 1% for large companies, 3% for medium-sized companies and 7% for small and
medium-sized enterprises.

The countries with the most developed system of tax incentives for the energy effi-
ciency growth are Finland and Sweden. The system of tax incentives in Finland is quite
wide. Thus, farmers are entitled to a tax refund, which is paid for electricity, light and heavy
fuel oil and biofuels. Biogas is completely excluded from taxation when calculating the
energy tax. At the same time, tax expenditures on peat are gradually reduced (since peat is a
fossil fuel, the use of which does increase the energy efficiency for energy production) [45].

Currently, taxes form the backbone of Sweden’s energy efficiency policy, as they are
often the main driver for other policy instruments. However, taxes can have a detrimental
effect on the competitiveness of Swedish industry. Therefore, there are several tax breaks for
industrial enterprises, especially for those ones which take part in the European Emissions
Trading Scheme. These enterprises only pay the energy tax, not the carbon tax, as the
price of the carbon credits is considered to have the same effect as the tax. Biogenic fuels
are exempt from both carbon and energy taxes. Thus, in practice, the carbon and energy
taxes in Sweden perform the same functions—stimulating energy saving and switching to
another type of fuel [46].

The scale of tax expenditures indicates that Finland has the highest rating, in second
place is the Netherlands and in third place is Sweden. There are no tax incentives for
renewable energy sources, but tax expenditures for the energy efficiency are almost as high
as in Finland.

Paradoxically, the bottom positions in the ranking are occupied by countries that, on
the one hand, support the continued use of fossil fuels, but, on the other hand, have already
begun a gradual transition to renewable energy technologies (for example, South Korea
and France). This means that the calculation of the multivariate average was based on all
six indicators.

Like any exception to the general rule, tax breaks and privileges create economic
distortions and cause distribution problems, which may be the subject of further research.
In the context of the specifics of the energy opportunities and tax policy of each country,
the finding of data for international comparisons, the calculation of the efficiency of tax
expenditures and their convertibility into direct forms of budget financing are laborious,
but promising.

Another promising area of research was proposed by a group of Italian scientists who
are improving a new indicator that links anthropogenic impact on the environment with
socio-economic goals—the Thermodynamic Human Development Index (THDI) [47]. As
we noted, the quality of energy is an essential basic condition for sustainable development,
the consistent principles of which are ecological balance, economic growth and social
responsibility. The authors consider the use of rice straw, reviewed in [48], based on the
THDI to reduce fossil fuels and greenhouse gas emissions. It seems to us that tax preferences
for biofuels from renewable organic biomass can intensify the process of spreading this
approach, especially for agricultural industries and territories. This can be a vector for
further research and development of state policy to ensure sustainable development of
agricultural territories.

If we keep tax incentives and emission targets, we can stimulate the transition to new
hybrid forms of energy generation and optimization of electricity costs, and we can change
consumer preferences. At the same time, in the short term, the dynamics of processes will
be drastically influenced by factors caused by the global energy crisis, the features of which

131



Energies 2023, 16, 2652

are characterized by the involvement of the entire set of energy sources (oil, natural gas,
coal, biofuel, hydrogen, nuclear fuel).

6. Conclusions

The comparative analysis of tax expenditures for fossil fuels in OECD countries and
key OECD partner countries has led to some important conclusions.

Based on the available statistics, many developed countries have now taken a course
towards the transition to alternative energy sources, which involves moving away from
investing in fossil fuels and refusing state (including tax) support for traditional energy.
The conclusion is supported by data on the total absence of tax expenditures for stimulating
fossil fuels in many countries. Only a few OECD countries have tax expenditures that
are so significant that they can be identified as part of the GDP or part of tax revenues of
the budget.

In those OECD countries that provide tax support to the energy sector, tax expenditures
represent a small share. However, the commitment to add more biofuels to fossil fuels
and increased production of district heating from biomass have led to a record high use of
renewable energy in Austria.

Energy incentive expenditures in India (a key OECD partner country) are significantly
higher than in OECD countries. India is undergoing an energy transition with a steady
decline in the share of fossil fuels in its energy portfolio and this country is moving towards
a reallocation of energy sources in favor of wind, solar and biomass, as well as greater use
of electricity and hydrogen. The amount of tax expenditures to support the energy industry
in the Russian Federation is many times higher than the amount of tax expenditures in any
of the analyzed countries. The variety of tax preferences that exist in the energy sector is
associated with increased attention to the energy industry as a priority for the country.

Between 2018 and 2020, there were no significant changes in the level of tax expen-
ditures to support the energy complex in the countries studied. Most likely, this is a
consequence of the economic recession that arose due to the COVID-19 pandemic, and it
was in the form of a lack of budget funds for these purposes.
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Abstract: In this article, we investigate the effect of different energy variables on economic growth of
several oil-importing EU member states. Three periods from 2000 to 2020 were investigated. Three
different types of regression models were constructed via the gretl software. Namely, the OLS, FE,
and SE approaches to panel data analysis were investigated. The FE approach was chosen as the final
one. The results suggest the importance of the consumption of both oil and renewable energy on
economic growth. Crises of certain periods also had a noteworthy effect as well.

Keywords: European Union; oil; renewable energy; coal; economic growth; gross domestic product;
ordinary least squares; fixed effect; selection effect; econometrics; gretl software

1. Introduction

The topic of oil importation to EU member states has always been a hot topic. And in
light of recent events and sanctions on Russia, more and more attention is being paid to the
effect that changes in the levels of energy consumption may have on the economy.

In this work, we aim to investigate the potential effect that different energy variables
may have on the economic growth of several EU members states that are commonly
identified as oil importers. Some of the variables chosen by us were influenced by past
literature [1–9], which will be discussed in the next section. The main variable is GDP (in
current USD). The explanatory variables are: oil price per barrel (USD), oil consumption,
coal consumption, renewable energy consumption and, where appropriate, time dummies
for significant shifts in GDP. All consumption variables are measured in exajoules. The
chosen countries have been member states since 2000, and have not left the EU during the
period from 2000 to 2020. The list of countries is as follows: Germany, France, Austria,
Belgium, Romania, Spain, Portugal, Finland, Netherlands, and Sweden.

Based on obtained data for the period from 2000 to 2020, we created a panel data set.
For this data set, we investigated the application of OLS, FE, and SE approaches [10–17] to
regression. The results for all periods will be shown in a later section. Periods were chosen
for the analysis: 2006–2013, 2014–2020, and 2006–2020. Models were constructed for all
time periods. Further tests were also conducted for the final chosen model type.

Next, the main theoretical approaches taken will be discussed. This part will cover the
general forms of econometric models being reviewed.

The analyzed articles allow us to find out the contribution of production to sustainable
growth and development. For example, research [18] has identified the place of responsible
production and consumption in many goals of sustainable development and growth. The
study [19] allowed us to clarify the relationship between existing estimates and the need
for transformations in panel data models in order to minimize errors. The AMT model
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135



Energies 2023, 16, 2908

presented in study [20] provides significant efficiency for sustainable and lean production,
which is a practical help in making decisions on the choice of sustainable growth models.

The development of economic and mathematical tools for assessing the level of invest-
ment attractiveness on the example of oil companies is an important component, because
the oil industry is a driver of the economic development of any country. The mathematical
methods presented in article [21] make it possible to identify metrics and variables that
characterize sustainable development trends on the example of oil companies and take
them into account in further analysis.

After this, models for different time periods will be constructed. The most important
information on chosen data and variables will also be discussed. Based on the tests
conducted automatically by the gretl software, we will explain our final choice for the
modeling approach.

As we get closer to the end, we turn to the final version of the model for our research.
Yet again, all three periods will be covered. The results of the regression, as well as their
interpretation, will be reviewed in this part.

Finally, we will turn to the conclusion for this research. Our findings for different periods
will be summarized once again. Based on them, we will also mention the potential ways that
information obtained in this research can be used in economic, social, and political scenarios.

In each of the studies, the authors focused on a specific aspect of the problem. For
example, in study [10], the authors identified CO2 as a central element of economic value. The
study [11] focused on the volume of electricity generation. The study [12] is devoted to the
impact of the life cycle on sustainable development in the field of clean and affordable energy.

Thus, a distinctive feature of this study is that previous studies have identified various
indicators that affect the sustainable development of the analyzed countries. Our study
reaches the results, clarifies the previously identified observations, and, on the basis of
research methods, allows us to more accurately calculate the model that illustrates the
impact of our results on economic growth.

Hypothesis 1. Countries of EU must pay more attention to the area of renewable energy and the
way it can be implemented in order to enforce the GDP growth in these countries.

2. Materials and Methods

As our data covers dynamics for different variables for different countries. Over a
period of time, we can confidently say that we are dealing with Panel Data. Therefore,
the choice of models must also be appropriate. We limited ourselves to three main types,
mainly: the Pooling (or Ordinary) regression (or Ordinary Regression) approach, the Fixed
Effects (or “within”) approach and the Random Effects approach. Their theoretical forms
can be seen below:

Ordinary Linear Regression (OR) or Pooling regression:

yi,t =∝ +βT ·xi,t + ui,t (1)

ui,t ∼ ii f
(

0; σ2
)

(independent and identically distributed), where ∝—coefficient vector (the same for all
objects); βT = (β1; β2; . . . ; βk)—the same (for all objects).

Fixed effects model (FE) or “within”:

yi,t =∝i +βT ·xi,t + ui,t (2)

ui,t ∼ ii f
(

0; σ2
)

where ∝i is the coefficient vector with individual effect for each object, interpreted as a
nonrandom constant; βT = (β1; β2; . . . ; βk)—the same (for all objects).
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Random effect model (RE):

yi,t =∝ +mi + βT ·xi,t + vi,t (3)

vi,t ∼ ii f
(

0; σ2
)

; mi ∼ ii f
(

0; σ2
)

;E(v i,t·mi) = 0

where mi is an individual effect for each object, interpreted as a random variable that
maintains a constant value for all t, α, β; βT = (β1; β2; . . . ; βk)—the same (for all objects).

2.1. Building Models, Modelling, Testing Models

The article attempts to find out how much social, environmental, and human-centric
indicators [22,23] affect the sustainability of economic development of the economy. How
universal the GDP indicator is and whether its use is justified in making economic decisions
was one of our considerations. Does it accurately reflect people’s well-being? Long-term
policies based on the GDP criterion are irrational to measure a country’s overall progress.
To assess a country’s progress, the use of a GDP indicator is not sufficient. After extensive
review, the authors found that GDP was intentionally designed to measure only economic
activity, which cannot be equated with social or human well-being [24].

The analyzed studies, in particular [25], assess how renewable energy sources interact
with international trade and environmental quality in the analyzed countries from 2001
to 2018 years. The results show that renewable energy is strongly and positively linked
to international trade. In addition, the results show that the consumption of renewable
energy has a positive effect on the quality of the environment. In addition, the results
provide a theoretical framework for the formulation of clean and sustainable development
policies to understand the role of renewable energy in stimulating international trade,
which maintains a balance between eco-environmental sustainability at the macro and
micro levels.

The data for energy variables was taken from BP’s Statistical Review of World Energy
2021 [26]—being the latest one available. The data for GDP was taken from the World Bank
and are shown in Figure 1.

Figure 1. Data for GDP.

Below, the dynamics for GDP can be seen: In general, we observe similar dynamics for
the reviewed member states. Germany seems to be the biggest one in terms of consumption,
with Spain and France following behind it. Noteworthy changes can be associated with
economic crises, such as the 2008 recession, or with oil-related shocks. We also see an
increase in terms of the usage of renewable energy. However, it seems that coal is being
gradually phased out.

As stated previously, three periods were chosen: 2006–2013, 2014–2020, and 2006–2020.
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Our dependent variable is GDP, as it is the most common measure of economic growth.
Our exogenous variables are:

Crude oil price per barrel.
Crude oil consumption (exajouls).
Coal consumption (exajouls).
Renewable energy consumption (exajouls).
Time dummy variable.

The first two were chosen to show the impact of oil consumption on economic growth.
Coal consumption was added to show the effect of another type of fossil fuel. Renewable
energy consumption was investigated, as it is very much the alternative to oil. Time dum-
mies were added to account for crises and other major shifts. Initially, we also considered
the inclusion of data on nuclear energy and natural gas consumption. However, the data
on the former was missing for several countries, while the latter had troubling levels of
correlation with other explanatory variables.

The Pooled regression model, Pooled weighted regression model, Fixed Effects, and
Random Effects models were built for early 2000s, and they were compared with each other
for accuracy and adequacy. The decision was made in favor of Fixed Effects model.

The main conclusions derived from this model are the following: it is important to
mention that there was a multi-caliber in oil consumption between models of 2000–2008 and
2006–2020. This was due to the fact that the price of oil had rebounded strongly since 2005–
2006, which did not have a negative impact on GDP. We believe that this situation caused
multicollinearity in our model—this was a characteristic feature of the period 2000–2008,
since, in the subsequent period 2006–2020, there was no such effect in this indicator.

Thus, start with testing the Pooled regression model [27] for EU countries for the
period 2006–2013 period:

Pooled regression model was built, and some important tests were made (Figure 2):

Figure 2. Pooled regression model.

We see that R2 = 0.9316, which means that 93.16% of changes in the GDP level were
explained by the changes in exogenous variables [28] (Crude oil price, Oil, Coal, and
Renewables) within the linear regression model.

Ftest shows us whether R2 is random. We compared the value of the statistic with the
critical value of the corresponding Fisher distribution at a significance level of 1% (Figure 3):
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Figure 3. Compare the value of the statistic with the critical value of the corresponding Fisher
distribution at a significance level of 1%.

F(4, 75) = 270.07 > Fcrit = 3.58, which means that R2 was not formed under the
influence of random variables, and the quality of the specification model was high.

Now then tested our model for heteroscedasticity (Figure 4).

Figure 4. Testing the model for heteroscedasticity.

There was heteroscedasticity in the model. The most significant variable was Renew-
ables. We built a weighted least squares model to remove heteroscedasticity.

The Pooled weighted regression model then looked as it does in Figure 5.

Figure 5. Testing Pooled regression models.
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R2 = 0.9448, which means that 94.48% of changes in the GDP level were explained by
the changes in exogenous variables within the linear regression model.

p-value (F) = 3.58 × 10−47—the value was also very small, which means that R2 was
not formed under the influence of random variables, and the quality of the specification
model was high [29].

In the Pooled regression model, rho = 0.86, which was close to 1, which means there
was a huge chance of having individual effects.

Now then compared Fixed Effects model with Pooled regression model (Figure 6).

Figure 6. Compare Fixed Effects and Pooled regression models.

We tested the Fixed Effects model using the Joint test on named regressors.
p-value = 5.08258 × 10−5—the value was very small compared with the alpha value, so we
chose the Fixed effects model from these two models.

Next, we checked the 3rd premise of the Gauss–Markov theorem—the presence of
autocorrelation. We performed the Durbin–Watson statistic test with the 5% significance
level. We obtained the critical values dL = 1.5337 and dU = 1.7430. The DW statistic was
1.4827. As we see, there was an autocorrelation. However, it will be explained further.

Now let’s check our model for adequacy, for this we calculate ŷmaxit , ŷminit :

ŷmaxit= a0max + a1max × xit + · · ·+ aimax × xit (4)

ŷminit = a0min + a1min × xit + · · ·+ aimin × xit, (5)

Now, let us consider the Stochastic Effects model (Figure 7).
We looked through the Breusch–Pagan test and then the Hausman tests.
Using the results of Breusch–Pagan test [30] we compared the Pooled regression model

with the Stochastic Effects model (Pooled vs. SE). p-value = 7.75515 × 10−40 < alpha value,
respectively; from the two models, we chose the Stochastic Effects model.

Let us compare the Stochastic Effects model with the Fixed Effects model using the
Houseman test: p-value = 0.00791073, which was also less than the alpha value, respectively.
We selected the Fixed Effects model from these two models.
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In the end, it turns out that, for the period 2006–2013, the Fixed Effects model corre-
sponded best. Testing on the adequacy for the Fixed Effects model are shown. (Figure 8).

Figure 7. Breusch–Pagan test, followed by the Hausman tests.

Figure 8. Testing on adequacy for the Fixed Effects model.

Now we check our model for adequacy. For this purpose, we calculate ŷmaxit , ŷminit :
based on Equations (4) and (5).

Since ŷmaxit = 1785.189, ŷminit = 0.545961 and our forecast GDP = 586.8418 lay in
this interval, our model was adequate, which means that the fourth premise of the Gauss–
Markov theorem was satisfied, and the coefficients of the model were unbiased, consistent,
and efficient.

We began analysis with the Pooled regression model for countries included in Euro-
pean Union for the period from 2014 to 2020.

We considered the influence of oil prices, oil, gas, coal, nuclear energy, and renewables
consumption on economic growth of mentioned countries, specifically on GDP.

Build Pooled regression model and implement appropriate tests (Figure 9).
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Figure 9. Output statistics for Pooled regression model in period 2014–2020.

To understand how well GDP is explained by given indicators, we should look at R-
squared modified—0.9386. It means that 93.86% of changes in GDP volume were explained
by changes in oil prices, consumption of oil, gas, coal, nuclear energy, and renewables [31].

It was assumed that the equation of model contained a random perturbation, which
means that the formula contained randomness. That is why we looked at p-value (F). It was
equal to 2.13 × 10−63 (less than 2.36, see Figure 10), which means that R2 was not random,
it was not formed under the influence of random variables, and the quality of the model
specification was high.

 
Figure 10. Critical value for Fisher test.

The next step is testing the model for heteroscedasticity (investigate the second hy-
pothesis of the Gauss–Markov theory). It is obvious that there was no heteroscedasticity in
the model, the second premise was fulfilled, the residuals of the model were homoscedastic,
and the coefficients of the model were not biased, consistent, and efficient (Figure 11).

In the Pooled regression model, the rho = 0.89 parameter was quite close to 1, so we
still checked for the presence of individual effects, and we needed to consider other models.

Let us compare the Fixed Effects and Pooled regression models (Figure 12).
We tested the Fixed Effects model by Joint test. p-value = P(F(5,55)) = 2.422 × 10−6—

the value was very small, so we chose the Fixed effects model from two models (Pooled
regression model and Model with Fixed Effects). We also conducted the Durbin–Watson
test. Stat. Darbin–Watson = 1.77. The value was low, so we needed to find critical values
according to the Darbin–Watson test:

5% critical values for Durbin–Watson test:
n = 70, k = 6
dL = 1.43
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dU = 1.80
It turns out that the value did not fall into the dU interval, but was quite close to the

critical value. Presumably, there was no autocorrelation in the model. It was probably
necessary to introduce an additional variable that had an impact on our dependent variable
GDP [32]. Nevertheless we first looked at the Random Effects model (see Figure 13).

Figure 11. White’s test.

Figure 12. Model with Fixed Effects.
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Figure 13. Random Effects model.

Let us test the model using the Brish–Pegan Test and the Hausman test [33].
Let us compare the random effects model with the united regressions model (Pooled)

based on the Brish–Pegan test. p-value = 1.7015 × 10−37 < 0.01, respectively. We chose the
Stochastic Effects model from two mentioned models [34].

Let us compare the Stochastic Effects model with the Fixed Effects model using the
Hausman test: p-value = 0.00026. It was less than alpha (0.01), respectively. We chose the
Fixed Effects model from two models. Taking into account that the Fixed Effects model
corresponded for the period 2000–2020 and for the period that we recently considered
(2014–2020) too, we can state with full confidence that the Fixed Effects model is the most
effective for forecasting.

2.2. Analysis of the Model Received

LSDV R-squared and R-squared in limits take high values. A total of 45% of changes in
GDP were explained by changes in independent variables under Fixed Effects model [35].

p-value was extremely small = 2.94 × 10−62. So, the value of R-squared was not
random, and the quality of the model specification was high.

2.3. Simulation Results and Their Discussion

As Fixed Effect was our choice for the model, the following equation was created to
illustrate the effects that our chosen variables had on GDP (Figure 14).
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Figure 14. Equation effects that our chosen variables had on GDP.

GDPit = 749.77 + 3.75*OilPriceit + 3.7*Oil(ex)it − 147.4*Coal(ex)it + 228.4*Renewables(ex)it + 68.8*dt15it + eit (6)

where:

Oilprice—Crude oil price.
Oil(ex)—oil consumption (exajoules).
Coal(ex)—coal consumption (exajoules).
Renewables (ex)—renewable energy consumption (exajoules).
Dt15—time dummy variable (for 2020 COVID pandemic).

In order to understand the significance of the explanatory variables, gretl automatically
performs the t-test and shows its results, which can be seen next to the variables in the table
for the FE model.

The regression results suggest that all explanatory variables, with the exception of coal
consumption, were significant on the 1% level, with time dummy being another exception
(significant on the 10% level instead). The conclusion that can be drawn is that, while
renewable energy does have a significant effect on economic growth, oil dynamics still play
an important role in the economic wellbeing of the selected states. Coefficients for both of
them, respectively, had a positive sign. Moreover, due to the phase-out of coal consumption,
its importance similarly diminished, and its coefficient was negative. The results for the
time dummy also indicate that the the COVID-19 pandemic did have a significant effect
on GDP. However, it is interesting to observe that the effect was positive. This may be
associated with a greater shift towards renewable energy during the pandemic [36,37].

In order to check the adequacy of the model, prerequisites for the Gauss–Markov
theorem were checked.

Prerequisite 1: Multicollinearity.

Correlation matrix for the variables (with the exception of the time dummy) can be
seen in Figure 15.

Figure 15. Correlation matrix for the variables.
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As can be seen, while there are some cases of correlation over 0,75, there were no
dramatically high values for correlation between exogenous variables. Moreover, given
that the signs of coefficients for other periods were the same, we can conclude that there
was no multicollinearity present here.

Prerequisite 2: homoskedasticity.

According to the Wald test [38] for heteroskedasticity, we can reject the H0 that the
units have a common error variance. Thus, we had heteroskedasticity in the residuals,
which fulfilled this premise of the Gauss–Markov theorem.

Prerequisite 3: autocorrelation.

Gretl [39] automatically gives out the test values for the Darbin–Watson statistic. In
this case, dW = 1.778, dL = 1.43, and dU = 1.7672. Accordingly, a table for acceptable values
can be seen in Figure 16.

- - 4-dU - dU - - 
0 dL dU 2 4-dU 4-dL 4 
0 1.43 1.7672 - 2.2328 2.57 4 

Figure 16. Acceptable values.

As can be seen, our given value lay in the “green zone”, indicating the absence of
autocorrelation. This means that the residuals were free from autocorrelation, and the
coefficients of the model were not biased, consistent, and efficient.

In order to test for adequacy (Figure 17), the prediction interval was constructed based
on the confidence interval for the coefficients:

Figure 17. Test for adequacy.

Now, let us check our model for adequacy; for this, we calculate ŷmaxit , ŷminit : Now
we check our model for adequacy. For this purpose, we calculate ŷmaxit , ŷminit : based on
Equations (4) and (5).

Since ŷmaxit = 1963.9, ŷminit = 158, and our forecast GDP = 541 lay in this interval, our
model was adequate, which means that the fourth premise of the Gauss–Markov theorem
was satisfied. and the coefficients of the model were not biased, consistent, and efficient.

Thus, we see that the economy of countries exporting oil depends on oil and non-oil
factors only by 32%, which means that it is not surprising that we missed a significant variable,
and, because of which, we have autocorrelation and heteroscedasticity in the model. It can be
concluded that the economy of the studied countries, among other things, depends on such
factors as: unemployment, population, level of education, investment, etc.

Conclusions for the model:

• In the period from 2014 to 2020, alternative energy played a higher role, and therefore
it was a significant variable. At the same time, the volatility of oil prices and its
consumption were still important for the economic growth of countries.

• Changes in oil prices, consumption of oil, and renewables positively influenced the
value of GDP of given countries (Austria, Belgium, Germany, Finland, France, Nether-
lands, Portugal, Romania, Spain, Sweden).
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The negative value for the variable “Gas Consumption” can be explained by the fact
that the increase in gas prices from 2014 to 2020 was a consequence of the increase in the
costs of its extraction and processing. That is, in principle, the increase in gas consumption
could not lead to an increase in the country’s GDP, but on the contrary, it led to a decrease
in GDP.

2006–2020 period:
In articles [40–43], the authors investigated the relationship between the unemploy-

ment rate and oil prices, oil price uncertainty, and interest rates. The paper used the method
of autoregressive distributed lag (ARDL). A fully modified conventional least squares
regression (FMOLS) was also applied to find optimal estimates of long-term coefficients for
regressions. All these tests were conducted in Sweden, Norway, Denmark, and Finland
based on monthly data from January 2008 to February 2020. The relationship was found
for Sweden, Norway, and Denmark. Long-term FMOLS regression coefficients have shown
that an increase in oil prices leads to an increase in the unemployment rate in Sweden
and Denmark. All countries, with the exception of Denmark, showed evidence of a causal
relationship between oil prices and unemployment, thus indicating a strong relationship
between these two variables.

Firstly, we built a Pooled regression model and made some important tests (Figure 18):

Figure 18. Pooled regression model. For 2006–2020 period.

The adjusted R-squared was quite high, with low p-value of F, thus indicating that it
was not formed due to random chance. The rho criterion was also close to 1, thus indicating
a presence of significant individual effects.

Next, we looked at panel models (Figure 19) and compared them against OLS and
each other.

If we are to look at the joint test on named regressors (Figure 20), we can see that its
p-value was very close to 0. This means that the FE approach was preferable to OR.

The p-value in case of the Breusch–Pagan was very close to 0, which means that we
could choose the RE model over the OR. In case of the Hasusman test, the p-value was
similarly low. This, on the other hand, signified that we choose the FE approach.

As can be seen, according to the results of the tests, the FE approach was the best one
in this case. Therefore, it was used as the final modelling choice.
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Figure 19. Panel models.

 

Figure 20. Joint test on named regressors.
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3. Simulation Results

Since FE is our choice for the model, the following equation was created to illustrate
the effects that our chosen variables have on GDP:

GDPit = 518.93 + 2.08 ∗ oilpriceit + 189.064 ∗ Oil(ex)it − 80.4627 ∗ Coal(ex)it + 351.425
∗ Renewables(ex)it + 69.57 ∗ dt15it + eit

(7)

where:

Oilprice—Crude oil price.
Oil(ex)—oil consumption (exajoules).
Coal(ex)—coal consumption (exajoules).
Renewables (ex)—renewable energy consumption (exajoules).
Dt15—time dummy variable (for 2020 COVID pandemic).

In order to understand the significance of the explanatory variables, gretl automatically
performs the t-test and shows its results, which could be seen next to the variables in the
table for the FE model.

The regression results suggest that all explanatory variables, with the exception of coal
consumption, were significant on the 1% level, with time dummy being another exception
(significant on the 10% level instead).

The conclusion that can be drawn is that, while renewable energy does have a signifi-
cant effect on economic growth, oil dynamics still play an important role in the economic
well-being of the selected states. Coefficients for both of them, respectively, had a positive
sign. Moreover, due to the phase-out of coal consumption, its importance has similarly
diminished, and its coefficient was negative. The results for the time dummy also indicate
that the COVID-19 pandemic did have a significant effect on GDP. However, it is interesting
to observe that the effect was positive. This may be associated with a greater shift towards
renewable energy during the pandemic.

In order to check the adequacy of the model, the prerequisites for the Gauss–Markov
theorem were checked.

Prerequisite 1—Multicollinearity.

In Figure 21, a correlation matrix for the variables (with the exception of the time
dummy) can be seen.

Figure 21. Correlation matrix for the variables for 2006–2020 period.

As can be seen, while there were some cases of correlations over 0.75, there were no
dramatically high values for correlations between exogenous variables. Moreover, as the
signs of coefficients for other periods were the same, we can conclude that there was no
multicollinearity present here.

Prerequisite 2—homoskedasticity.

According to the Wald test for heteroskedasticity, we could reject the H0 that the units
had a common error variance. Thus, we had heteroskedasticity in the residuals, which
fulfilled this premise of the Gauss–Markov theorem.
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Prerequisite 3—autocorrelation.

Gretl automatically gives out the test values for the Darbin–Watson statistic. In this
case, DW = 1.450197, dL = 1.6635, and dU = 1.8020. Accordingly, a table for acceptable
values can be seen in Figure 22.

- - 4-dU - dU - - 
0 dL dU 2 4-dU 4-dL 4 
- 1.6635 1.8020 - 2.1980 2.34 - 

Figure 22. Test values for the Darbin–Watson statistic.

As can be seen, our given value lay in the “red zone”, thus indicating the presence of
autocorrelation. However, this can be explained by the fact that we are only looking at the
variables from the energy sectors. It is only to be expected that some significant variables
(such as consumption and net trade, for example) are to be omitted.

In order to test for adequacy, the prediction interval was constructed based on the
confidence interval for the coefficients (Figure 23).

Figure 23. Confidence interval for the coefficients.

The minimum value for the GDP in this case was 3,898,729, while the maximum was
1,298,872,633. The real value (GDP for Sweden in 2020) was 54,122 bln USD. As the real
value fell within the obtained interval, we can conclude that the model was adequate.

4. Discussion

We took an approach to solving the question that was raised at the beginning of the
work: how oil prices, consumption of oil, coal, and renewable energy sources affect the
GDP of the main EU oil and gas importing countries differs in the utmost accuracy of
conclusions compared to other methods of assessing such a relationship.

In this article, several models for estimating the relationship between independent
variables and a dependent variable (the GDP of European countries) were analyzed. The
analysis has shown that the best model for identifying the correct relationship is a model
with Fixed Effects.

The advantage of the model is that the model with Fixed Effects is as close to reality as
possible. It is worth noting two important details that make it so accurate:

The second premise requires that the values of regressors related to different objects
are independent of each other. However, it is important to emphasize that it admits the
existence of a relationship between the values of regressors related to the same object, but
different points in time: for example, it admits that xi3 can be correlated with xi2, and that,
in turn, can be correlated with xi1. In other words, the future values of the regressor for a
given object may depend on its past values. This is a realistic assumption. For example,
oil consumption in this region today is probably related to its consumption in the past.
Similarly, oil prices in Europe today are likely to affect the future European oil price.

The fourth premise requires that the regressor be exogenous in the sense that it should
not be associated with a random error of the model. However, it admits the existence
of a correlation between the value of the regressor xit and the fixed effect μi. This is
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also a realistic premise. As part of our example about energy consumption, the cultural
characteristics of a given region (which are precisely characterized by its fixed effect) can
influence the decision to change the price of this energy source (that is, the value of xit).

This study made an attempt to take into account the most significant factors influencing
sustainable growth within the macro level. The use of mathematical tools made it possible
not only to increase the accuracy of the conclusions compared to other methods, but also to
identify its fixed effects in each analyzed period, which increases the accuracy of the models
that describe the impact of the variables we have chosen on the GDP and sustainable growth
of countries. At the same time, it should be noted that the unsustainable development of
the global economy imposes its effect on the development model.

5. Conclusions and Recommendations

To sum it up, there were observed three periods of GDP growth and other variables
influencing those periods. In all of these time periods, the best model for evaluating the
significance of factors in GDP growth became the Fixed Effects model. The results of
analysis were approximately the same: renewable energy did have a significant effect
on economic growth, while oil dynamics still played an important role in the economic
well-being of the selected states. Coefficients for both of them, respectively, had a positive
sign [44,45].

Nevertheless, the only difference in these time intervals is the following fact: It is
important to mention that there was a multi-caliber in oil consumption between models of
2000–2008 and 2006–2020. This is due to the fact that the price of oil rebounded strongly
since 2005–2006, which did not have a negative impact on GDP. We believe that this
situation caused multicollinearity in our model—this was a characteristic feature of the
period 2000–2008, since, in the subsequent period 2006–2020, there was no such effect in
this indicator.

In conclusion, we can say that the value of renewable energy has increased significantly
over the years. It is not surprising that many countries, especially ones from the EU, are
pushing for it. Our recommendation is that they stay the course. More attention must be
paid to the area of renewable energy, as well as the ways that it can be implemented.

On the other hand, oil still has a significant impact on the economy of many states.
Thus, while renewable energy is good for the future, the shift from fossil fuels to alternative
sources of energy must be gradual, so as to escape major ramifications that such sharp hits
may have. Coal is of much lesser importance, so it is advisable to move away from it.

In the future, this analysis could be expanded to provide a more detailed description
of the effect of specific types of renewable energy, as well as the effect on nuclear energy.
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Abstract: Auditing activity, in the last decade, is one of the most dynamically changing types of
economic activity, on the one hand, due to an increase in the number of state projects implemented by
many countries, and on the other hand, due to technological innovations and digitalization. Russian
auditing practices are also being actively reformed. For example, the Ministry of Energy is updating
their audit methodology. The subject of this study is to ensure the efficiency of spending public funds
for the implementation of strategic projects. The object of this study is the methodology of a state
audit. An analysis of the currently used Russian and international standards for public audits shows
that there are many opportunities to improve the methodology for conducting financial, strategic and
performance audits. First of all, there is a need to solve methodological problems in monitoring the
efficiency of investment developments, since partnerships between private investors and government
bodies for the implementation of strategic projects have expanded. The main difficulty of audit
methodology is the definition of a system of target criteria in long-term projects. Quite often it is
difficult to determine the main expected result, for example, financial, or social efficiency or the
adequacy of multi-unit tariffs. All these circumstances determine the relevance of methodological
changes. The aim of this study is to develop a new audit methodology as, first of all, a management
technology. We use a result-oriented approach that is based on the developed system of indicators, to
evaluate the effectiveness of an institutional project and to evaluate the effectiveness of environmental
costs and technological innovations to reduce anthropogenic emissions and to create a single Asian
energy space.
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1. Introduction

The COP26 international climate conference in Glasgow, held in November 2021,
showed how difficult it is for the world community to reach agreement on a number of key
issues, in particular, on the decommissioning of coal-fired generation facilities, the need
to reduce methane emissions and deforestation. However, significant progress has been
made on some important areas of climate policy that have been neutralized by sanctions.
For example, there is an agreement on the mechanisms for international carbon trading
under Article 6 of the Paris Agreement, which is expected to lead to increased interactions
between countries to achieve climate goals. Despite the global trend towards increased
electricity generation from renewable energy sources (RESs), fossil fuels account for more
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than 80% of the world’s primary energy consumption. The sharp increase in gas prices in
Europe in 2021 clearly indicates that the dependence of industrialized countries on fossil
energy resources remains high.

The Russian Federation has implemented 14 national projects (programs) in various ar-
eas: demography, health, education, housing and the urban environment, ecology, safe and
high-quality roads, labor productivity and employment support, science, digital economy,
culture, small- and medium-sized businesses and support for individual entrepreneurial
initiative, international cooperation and export [1,2]. Each national project consists of a
number of federal, regional and institutional projects aimed at achieving national devel-
opment goals. The system of project management of budget expenditures in the Russian
Federation consists of the following elements:

1. National projects that ensure the achievement of priority areas for accelerated
development.

2. Federal projects as part of national projects that ensure the achievement of goals,
objectives and target indicators of national projects.

3. Federal projects outside of national projects, ensurng the achievement of other indica-
tors on behalf of the President, the Government of the Russian Federation.

4. Regional projects that ensure the achievement of goals, objectives and target indicators
of national projects in the areas of jurisdiction of the constituent entities of the Russian
Federation.

5. Institutional projects that ensure the achievement of goals, objectives and target
indicators of departments.

The Ministry of Energy is implementing four strategic projects “Digital Energy”; “Uni-
fied Technical Policy—Reliability of Electricity Supply”; “Improving the Processes for
Collecting, Processing, Storing and Using Information Resources of the Fuel and Energy
Complex and Development of the State Information System of the Fuel and Energy Com-
plex”; and “Organization of project activities in the Ministry of Energy of Russia”, which
are being implemented as part of the national project “Digital Economy of the Russian
Federation”, adopted by the Russian government in 2017 [3–7]. These projects have caused
changes in the methodology of a state audit of budget spending.

One of the main requirements for the methodology is the definition of criteria for
efficiency, productivity and effectiveness. The auditor should communicate, in a trans-
parent manner, assurance regarding the outcome of the audit in relation to the subject
matter. In addition, it is very important to form a conclusion that the results are based on
sufficient and appropriate evidence. If there is any error in the evidence, the results and
conclusions will also be erroneous [8]. New technology is based on mathematical modeling
of investment dynamics.

As part of this study, scientific articles by authors who have studied audit (control)
issues of project activities have been analyzed [9–15]. By analyzing the standards of project
activities, it can be noted that the generally accepted international methodologies PMBoK
and PRINCE2, despite some fundamental differences in individual stages of projects,
contain requirements for monitoring their implementations and the need to know all risk
factors. The authors of [16] identified high-quality planning and consistent monitoring
at all stages of project implementation as key factors for the success of project activities.
The author of [17] pointed out the need for qualitative selection of projects during their
initiation. The importance of good planning as an analytical basis for evaluating the results
of each project was emphasized in [18]. The authors in [19] noted that public projects
are complex structures that require too many criteria, which sometime contradict each
other; and therefore, create difficulties in assessing the quality of their implementation
and achieving the final goals. Some authors have emphasized the need to determine the
contribution of the project to the achievement of national development goals [20]. The
work by [21] was devoted to the issues of project activities in the energy sector.
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2. Materials and Methods

A systems-oriented approach, according to GUID 3910, Article 54, is an approach that
does not primarily focus on public policies or goals, but focuses on properly functioning
governance systems as a condition for effective and efficient public policies. During the
process of developing the audit methodology, provisions to consider include the regulatory
legal acts and methodological documents in the field of project activities, INTOSAI interna-
tional standards and other internal regulatory documents used by the Accounts Chamber
of the Russian Federation in the process of controlling state property.

The audit of institutional projects should cover the following issues:

- The purpose of the system;
- Responsible participants;
- Responsibilities of each participant;
- The rules, regulations and procedures that will matter;
- Relevant information flows.

In addition to the questions specified in GUID 3910, the following is advisable:

- Identification and analysis of the tasks to be solved by the project;
- Identification of executors and beneficiaries of the project;
- Analysis of the transformational mechanism of the project;
- Assessment of the sufficiency of resource support for the implementation of the project

and the validity of the distribution of resources for project activities;
- Analysis of the quality of planning project targets;
- Checking of the compliance of the project passport with the established requirements

for the project development procedure;
- Checking of the implementation of project milestones;
- Checking of the implementation of project activities;
- Assessment of the achievement of project targets;
- Analysis of the quality of project implementation;
- Evaluation of the cost effectiveness of the project implementation [22].

The identified tasks to be solved by the project should be ranked according to the
degree of technical and financial significance, with the assignment of weighting coefficients,
which are determined by the internal audit standards of the self-regulatory organization of
auditors (SRO) working with energy companies on institutional projects. For each project,
a goal is identified and a network of interrelated tasks is formed that form a network graph,
as well as a list of criteria for monitoring managerial impacts. The network graph (or goal
tree) assumes that all elements are distributed over resources and over time. Each task (or
event of this graph) has different technical and financial characteristics (Figure 1).

 

Figure 1. “Network graph” of the tasks to be solved within the framework of the national project,
compiled by the authors.
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A “task tree” is the basis for the subsequent analysis of the content of an institutional
project using the criterion of completeness of coverage of all tasks and their components by
the tasks set in the project. If the project tasks are not aimed at eliminating individual causes
of tasks that can be managed, this is qualified as the cause of the risk of not achieving
the project goals. The “task tree” as a tool is widely used in the choice of investment
alternatives, in the tax control of affiliated persons.

The information necessary to build a “tree of tasks” is formed on the basis of regulatory
legal and methodological information, official statistics, results of scientific research, the
results of previously conducted control and expert analytical activities on the analyzed
topic and information obtained during their implementation.

In addition, based on a comparison of the “reference” and actual parameters of a
project, an analysis of its transformational mechanism is performed: An assessment is made
of the coverage of the identified tasks and components by the project activities as a whole
and in the context of activities that can be adjusted taking into account the conclusion that
the expected results (project activities) correspond to the identified tasks. An analysis of
the sufficiency of resource support for the implementation of the project and the validity of
the distribution of resources for individual activities is performed.

The results of the analysis are summarized in the form of a roadmap or project results
map (Figure 2).

 
Figure 2. Map of the results of the project.

On the basis of the project results map, an analysis of the quality of planning a project’s
target indicators is performed according to the following criteria: compliance of the target
indicators with the goals and objectives of the project; consideration of the ability of
performers to exert managerial influence on the solution of identified tasks when planning
the values of target indicators; consideration of the resource constraints of the project when
planning the values of target indicators; completeness of the reflection of the expected
results in the context of indicators of immediate results, indicators of final results and
indicators of the final effect.

Such an in-depth and complete analysis of the formation of a project will allow, in the
future, an evaluation of its implementation not only from the point of view of the achieve-
ment of milestones, activities and indicators of cash execution for budget expenditures, but
also from the point of view of the expected contributions to the achievement of national
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development goals of the country. One of the key conditions for implementing a promising
approach to a project audit is a high level of digitalization of control and analytical activities.
A systematic approach, automation tools and integration with government information
systems will ensure sufficient coverage and relevance of information for analytical work
within the framework of the project audit. Thus, in-depth systemic analyses of the for-
mation and implementation of projects, aimed at assessing the expected achievement of
national development goals, is of great importance in the professional activities of state
auditors [23–25].

The main directions for the methodology of a state audit of institutional projects are
defined as:

(1) An audit of the formation of the project (determination of the limit of capital invest-
ments and financial performance indicators);

(2) An audit of the project implementation (control of the distribution of resources and
work in time).

The audit of project formation includes several stages, which are presented in Table 1.

Table 1. Audit of the formation of an institutional project.

No Audit Stages Content of Audit Procedures

1
Identification and analysis of
the tasks of the region, which
the project is aimed at solving

An indicator of the distribution of resources
between the project executors in terms of their
potential contribution to the solution of each task

2 Identification of performers,
investors and beneficiaries

The coefficient of involvement of investors and
performers in the solution

3
Analysis of the
transformational mechanism
of the project

Distribution of weighting coefficients of tasks
between the activities of the institutional project
with the assumption that they fully cover each
identified task.

4 Creating a project results map

The works are adjusted in accordance with the
coefficients of sufficiency of the resource
provision for the implementation of the
institutional project and the coefficients of
coverage of tasks and components by the
activities of the institutional project in the
context of activities.

5 Analysis of the quality of
planning indicators

The quality factor of planning the targets of the
institutional project.

6
Checking the compliance of
the project passport with the
established requirements

The quality coefficient of the project passport
compilation.

7 Summary assessment of the
quality of project formation

Summary coefficient of the quality of project
formation.

Source: compiled by the authors.

The methodology for auditing the implementation of institutional projects provides
for the sequential implementation of two stages of the state audit in accordance with the
recommendations of INTOSAI includes:

(1) Analysis of the achievement of the expected results of the project (Table 2);
(2) Evaluation of the effectiveness of the project.
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Table 2. Recommended methodology for analyzing the achievement of expected results of an
institutional project.

Indicator Formula

Assessment of project milestones (Q).

Q =
Q f
Qp

,
where Qf—actual number of milestones
completed within the established time limit at
the end of the reporting period;
Qp—number of milestones planned for the
reporting period.

Achievement of project target indicators Pi

Pi =
P f

i
Pp

i
,

where P f
i —actual value of the i-th indicator at

the end of the reporting period;
Pp

i —planned value of the i-th indicator, set for
the corresponding reporting period.

Achievement of immediate target indicators
(Pimmediate)

Pi(immediate) =
∑n1

i(immediate) Pi(immediate)

n1
where Pi(immediate)—assessment of the
achievement of the i-th target indicator of
immediate target indicators;
n1—number of immediate target indicators.

Achievement of deliverable target indicators
(Pdeliverable).

Pi(deliverable) =
∑n2

i(deliverable) Pi(deliverable)

n2
where Pi(deliverable)—assessment of the
achievement of the i-th target indicator of
deliverable target indicators;
n2—number of deliverable target indicators.

Achievement of outcome target indicators
(Poutcome).

Pi(outcome) =
∑n3

i(outcome) Pi(outcome)

n3
where Pi(outcome)—assessment of the
achievement of the i-th target indicator of
outcome target indicators;
n3—number of outcome target indicators.

Final assessment of the achievement of target
indicators (P).

P = min(Pimmediate; Pdeliverable; Poutcome)× P′,
where P′—full data ratio to assess the
achievement of target indicators, calculated as
the ratio of the number of target indicators for
which actual data on implementation is
available to the total number of target
indicators set in the national project.

Assessment of national project expenditures Rj

Rj =
R f

j

Rp
j
,

where R f
j —actual volume of expenditures

from the j-th source to implement the national
project at the end of the reporting period;
Rp

j —planned volume of expenditures from the
j-th source to implement the national project at
the end of the reporting period;

Final assessment of expenditures from all
sources to implement the national project (R).

R =
∑n4

j Rj×vj

n4 ,
where vj—volume of the j-th source;
n4—amount of sources.

3. Results

The world is witnessing a change in trends in climate policy, a reorientation of export
flows of energy resources and an expansion of investors in state energy financing programs
in accordance with the concept of a multipolar world. An analysis of the methodology for
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auditing projects in the energy sector, both in the public administration sector and in the
corporate sector in many countries, makes it possible to determine common methodological
approaches for its implementation. In general, the audit of projects should be primarily
aimed at identifying inefficient activities and projects. To do this, it is important to define
key performance criteria during the planning stages. This procedure is recommended by
all internal auditing standards and the INTOSAI recommendations. Then, benchmarking
is appropriate—project management practices are generalized, systematized, and risks
are identified and assessed. In Russia, there are now 18 self-regulatory organizations
of auditors operating in the energy sector in different geographical areas, which form
internal standards for assessing the quality of management and provision of goods in the
energy sector.

In connection with the spread of the illegal practice of nationalization and the with-
drawal of investments and property, there is a need to establish legal documents and
obtain guarantees and pledges to pay off debts. Modern digital technologies expand the
possibilities of modeling the relationship between resources and the properties of all types
of beneficiaries, since an energy product can now be a multicomponent product and the
created energy product can now be stored (this was not possible before). In a state audit
of projects, the assessment of quality planning of needs is of key importance. Currently,
for example, in Russia, China and Australia, the process of identifying consumers is being
conducted. Energy consumers have changed the structure, volumes of consumption and
requirements for energy resources. It is the analysis of needs in terms of strategic goal
setting, reliability, safety and the optimal distribution of resources over time that makes it
possible to implement an integrated approach.

The first stage of the recommended methodology for auditing an institutional project
is to identify and analyze the tasks that the project is aimed at solving. The result of this
stage is the construction of a “task tree” (Figure 2).

The indicator of the distribution of resources between the project executors in terms of
their potential contribution to the solution of each task is defined as:

∑n
i=1 Vi = ∑m

g=1 Cl
g = 1 (1)

where Vi is the weighting coefficient of the i-th task and is the potential contribution of the
g-th executor to solving problems.

At the second stage of an audit of the formation of an institutional project, the executors,
investors and beneficiaries are identified by sectors of the economy. The list of performers
is determined on the basis of a competition; in Russia and China, this competition is held
in the form of a state order. In Russia, often in energy projects, you can find a mixed form
of ownership and a wide variety of investors. Therefore, now they take into account the
coefficient of involvement of investors and performers in solving problems:

E1 =
∑m

k=1 Cp
g

∑m
k=1 Cl

g
(2)

where E1 is the coefficient of investment participation;

- planned contribution of the g-th performer to the solution of the task;
- the potential contribution of the g-th performer to the solution of the tasks set.

The individual coefficient of a performer’s involvement in solving tasks is:

Eg
1 =

Cp
g

Cl
g

(3)

where Eg
1 is the coefficient of involvement of the g-th performer in solving the task, Cp

g is
the planned contribution of the g-th executor to the solution of the planned task, Cl

g is the
potential contribution of the g-th executor in solving the problem.
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The list of project executors is correlated with the “task tree” in order to determine
the potential contribution of executors (individual organizations) to the solution of the
identified tasks (Ei). When calculating the potential contribution, only those components
of the tasks that have the ability to exert managerial influence are taken into account.

The list of project beneficiaries should be strictly regulated. The choice of performers
should be based on an analysis of the achievements of the performers, the results of previ-
ously implemented projects and expert analytical activities on the subject under analysis.

Based on the list of beneficiaries of the project and the “task tree”, certain needs are
correlated with the tasks, activities and results.

The quantitative indicator of the second stage of an audit of an institutional project is
the coefficient of involvement of performers in solving the tasks set (Ei), which, if necessary,
is adjusted taking into account the conclusion that the project can satisfy the needs of all
groups of beneficiaries by the value (ki):

• Equal to 1, if it is concluded that the institutional project can meet the needs of all
groups of beneficiaries;

• Equal to 0.85, if it is concluded that the institutional project has a limited ability to
meet the needs of all groups of beneficiaries;

• Equal to 0.7, if there are doubts about the possibility of an institutional project to
sufficiently meet the needs of all groups of beneficiaries.

Based on the results of identifying the executors and beneficiaries of a project and the
analysis performed, the reasons for possible failures are determined, as well as the ability
of the institutional project to sufficiently satisfy the needs of all groups of beneficiaries, for
which individual coefficients of involvement of executors in solving the identified tasks
(Eg

i ) are calculated. The coefficient (Eg
i ) if necessary, is adjusted by the value (Eg

i ), taking
into account the conclusion that the institutional project can satisfy the needs of all groups
of beneficiaries, similarly to the order determined for the coefficient of involvement of
performers (Ei).

At the third stage of an audit of the formation of an institutional project, an analysis
of the transformational mechanism of the project is performed. To do this, task weights
(Vi) are distributed among the activities of the institutional project with the assumption
that they fully cover each identified task. The distribution of task weights (Vi) between
institutional project activities, assuming full coverage of each identified task, is:

n

∑
i=1

Vi =
n′

∑
j

Sl
j = 1, (4)

where Vi is the weighting factor of the i-th problem and Sl
j is the value of the full coverage

of the tasks by the j-th event.
The coefficient of coverage of the task components by the activities of the institutional

project is:

E2 =
∑n′

j=1 Sp
j

∑n′
j=1 Sl

j

(5)

where E2 is the coefficient of coverage of tasks and components by the activities of the
institutional project, Sp

j is the planned coverage of the j-th event of tasks and components,

and Sl
j is the complete coverage of the j-th event of tasks and components.

In order to correlate the tasks, activities and expected results of the implementation of
the institutional project with the “task tree”, an expert assessment is performed:

Coverage of the identified tasks and components by the activities of the institu-
tional project;
Compliance of the expected results of the institutional project with the identified tasks.
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Based on the results of the assessment, the coefficient of coverage of the identified
tasks and components by the activities of the institutional project (Ei) is calculated, which,
if necessary, is adjusted, taking into account the conclusion that the expected results of the
national project correspond to the identified tasks by the value (ki):

Equal to 1, if it is concluded that the expected results of the institutional project
correspond to the identified tasks;

Equal to 0.85, if it is concluded that the expected results of the institutional project
meet the identified tasks in a limited way;

Equal to 0.7, if there are doubts about the compliance of the expected results of the
institutional project with the identified tasks.

Based on the results of the analysis of the transformational mechanism of the institu-
tional project, the reasons for the failure to fully cover the identified tasks and components
by each activity, as well as the discrepancy between the expected results of the national
project and the identified tasks, are determined, for which the coefficients for covering the
identified tasks and components by the activities of the institutional project in the context
of activities E2

j are calculated. The coefficient E2
j is adjusted, if necessary, by the value k2

j
taking into account the conclusion that the expected results of the project correspond to the
identified tasks in the order determined for the coefficient (k2).

At the fourth stage of an audit of the formation of an institutional project, the results
of the previous analysis are summarized in the form of a project results map in order
to establish:

Sufficiency of resource support for implementation of the institutional project;
The validity of the distribution of resources for the activities of the national project.
The sufficiency of resource support for implementation of the national project is

determined based on the number and content of the activities of the institutional project
with the assumption that they fully cover each identified task (Vi).

The sufficiency of collateral can be assessed using several coefficients:

E3 =
∑n′

j=1 Cp
j

∑n′
j=1 Cl

j

(6)

where E3 is the coefficient of sufficiency of the resource provision for the implementation of
the national project, Cp

j is the planned amount of resource support for the implementation

of the j-th event of the national project, Cl
j is the required amount of resource support for

the implementation of the j-th event of the national project.
The following is the coefficient of sufficiency of resource provision for the implemen-

tation of the j-th event of the institutional project:

Ej
3 =

Cp
j

Cl
j

(7)

where Ej
3 is the coefficient of sufficiency of resource support for the implementation of

the j-th measure of the institutional project, Cp
j is the planned volume of resource sup-

port for the implementation of the j-th measure of the institutional project, and Cl
j is the

required amount of resource support for the implementation of the j-th measure of the
institutional project.

Based on the results of assessing the planned cost of the activities of the institutional
project, the coefficient of sufficiency of resource support for the implementation of the
institutional project (E3) is calculated, based on the results of which, in order to determine
the reasons for the insufficiency of resources, the corresponding coefficients are determined
in the context of the activities of the institutional project (Ej

3). The validity of the distribution
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of resources for the activities of the institutional project implies the maximization of the
coefficient (Ej

3) depending on the weighting coefficients (Vi).
In order to determine the validity of the allocation of resources for project activities,

the activities are ranked by the weighting coefficients of the tasks to be solved by the
corresponding activities. If the values of the coefficients (Ej

3) do not reflect the resulting
distribution, a conclusion is made about the unreasonable distribution of resources among
the activities of the institutional project.

The residuality coefficient of resource support for the implementation of the institu-
tional project, if necessary, is adjusted by the value (k3):

Equal to 1, if a conclusion is made about the reasonableness of the distribution of
resources for the activities of the institutional project;

Equal to 0.85, if it is concluded that the allocation of resources for the activities of the
institutional project is insufficiently justified;

Equal to 0.7, if there are doubts about the validity of the distribution of resources for
the activities of the institutional project.

The coefficient (Ej
3) in relation to individual activities of the institutional project, taking

into account the conclusion about the reasonableness of the distribution of resources for
the activities of the institutional project, is not adjusted.

At the fifth stage of an audit of the formation of a national project, based on the results
map of the national project, an analysis of the quality of planning the target indicators of
the national project is performed.

The institutional project target planning quality factor (E4) is the sum of the following
four criteria:

- Compliance of target indicators with the goals and objectives of the project (weight 0.25);
- The ability of performers to exert managerial influence on the solution of problems

when planning the values of target indicators (weight 0.25);
- Availability of resource limitations of the national project when planning the values of

target indicators (weight 0.25);
- Completeness of reflection of the expected results in the context of indicators of imme-

diate results, indicators of final results and indicators of the final effect (weight 0.25).

Based on the analysis, the value of the quality factor for planning the target indicators
of the institutional project (E4) is determined as the sum of the above four criteria.

At the sixth stage of an audit of the formation of an institutional project, the compliance
of the institutional project passport with the established requirements for the procedure for
developing institutional projects is checked, as well as checking the timely updating of the
project passport. The project passport quality factor (E5) is:

- Equal to 1, in the absence of significant comments on the content and (or) timely
updating of the project passport;

- Equal to 0.5, if there are significant comments on the content and (or) timely updating
of the project passport.

Based on the results of the check, the value of the quality factor for compiling an
institutional project passport (E5) is determined, which takes the following values:

Equal to 1, in the absence of significant comments on the content and (or) timely
updating of the project passport;
Equal to 0.5, if there are significant comments on the content and (or) timely updating
of the project passport.

At the seventh stage of an audit of the formation of an institutional project, the results
obtained at the previous stages are summarized. The summary coefficient of the project
formation quality is calculated by:

Eresult = 0.8 ×
E1×k1+E2×k2+

E3×k3

3
+ 0.2

E4+E5

2
× M (8)
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where E1 is the coefficient of involvement of performers in solving problems; k1 is the value
of the adjustment, taking into account the conclusion that the institutional project can meet
the needs of all groups of beneficiaries (k1 takes the values: equal to 1 if it is concluded
that the national project can meet the needs of all groups of beneficiaries, equal to 0.85 if
a conclusion is made about the limited ability of the national project to meet the needs of
all groups of beneficiaries, equal to 0.7 if there are doubts about the ability of the national
project to sufficiently meet the needs of all groups of beneficiaries); E2 is the coefficient
of coverage of tasks and components by the activities of the institutional project; k2 is the
amount of adjustment, taking into account the conclusion about the compliance of the
expected results of the project with the identified tasks (k2 takes the values: equal to 1
if it is concluded that the expected results of the institutional project correspond to the
identified tasks, equal to 0.85 if it is concluded that the expected results of the institutional
project meet the identified tasks in a limited way, equal to 0.7 if there are doubts about the
compliance of the expected results of the institutional project with the identified tasks); E3
is the coefficient of adequacy of resource support for the implementation of the project; k3
is the value of the adjustment, taking into account the conclusion about the validity of the
distribution of resources for project activities (k3 takes the values: equal to 1 if a conclusion
is made about the reasonableness of the distribution of resources for the activities of the
institutional project, equal to 0.85, if it is concluded that the allocation of resources for
the activities of the institutional project is not sufficiently justified, equal to 0.7, if there
are doubts about the reasonableness of the allocation of resources for the activities of the
institutional project); E4 is thequality factor for planning project targets; E5 is the quality
coefficient of the project passport compilation; M is the maturity level of drawing up a
national project passport.

For the project as a whole, an assessment of the quality of project formation (Eresult) is
calculated. The maturity level of drawing up an institutional project passport takes values
in accordance with the criteria presented in Table 3.

Table 3. Criteria for the maturity level of the project.

Level of Maturity Criteria Value

Level 0:
lack of indicators or

baseline data

Achievement of goals is not characterized by
indicators or indicators do not have target values, or
justification is not provided to achieve target values
of indicators.

0.5

Level 1:
explicit assumptions

Assumptions used in justification are clearly stated;
Acceptable and reliable statistical data are used;
Starting points and inertial scenarios are available
only for some indicators.

0.5

Level 2:
realistic assumptions and

sound methods

Assumptions used in justification are realistic;
Methods used for forecasting are reasonable (in
particular, expected changes in indicators are
calculated directly or follow national and/or
international examples).

0.75

Level 3:
manageable contingencies

There is a plan of action in case of risks;
The most significant risks are correctly identified,
assessed and managed.

1

In relation to an institutional project activity, the evaluation of the quality of the
formation of the project activity (Eresult) is calculated. If the assessment of the quality
of the formation of an institutional project and (or) the assessment of the quality of the
formation of an individual project event takes a value of 0.8 or higher, it is concluded that
the institutional project can contribute to the achievement of the national development
goals of the Russian Federation for the period up to 2050.
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If the assessment of the quality of the formation of an institutional project and (or)
the assessment of the quality of the formation of an individual project event takes a value
below 0.8, it is concluded that it is necessary to finalize the institutional project in order to
contribute to the achievement of the national development goals of the Russian Federation
for the period up to 2030 and up to 2050 of the year.

An assessment of the quality of the formation of an institutional project and project
activities, as well as conclusions and proposals based on the results of the audit, are used
when conducting a state audit of the implementation of institutional projects.

An audit of the implementation of an institutional project is aimed at assessing the
achievement of the expected results of the institutional project, as well as the effectiveness
of its implementation. When conducting a state audit of the implementation of institutional
projects, the reliability of the information contained in the information analytical system
for the implementation of institutional projects is also verified.

The first stage of an audit of the implementation of an institutional project is the
analysis of the achievement of the expected results of the project. In order to analyze the
achievement of expected results, the following are assessed:

- Fulfillment of institutional project milestones;
- Achievement of target indicators of the institutional project;
- Cash execution for the costs of the implementation of the institutional project [26].

The assessment of the degree of implementation of an institutional project milestones
(Q) is conducted on the basis of a comparison of the actual number of milestones completed
on time at the end of the reporting period and their planned number. When evaluating the
degree of fulfillment of control points, the following scale is used:

“High level” of performance is assigned when the value of the score is more than 0.9;
“Average level” of performance is assigned when the score value is more than 0.7;
“Low level” of performance is assigned when the score is 0.7 or less.
If it is impossible to achieve a high level of implementation of the control points of the

institutional project, an analysis of the reasons for non-fulfillment is performed, and the
risk of non-fulfillment of the expected results of the institutional project is assessed. The
assessment of the risk of non-fulfillment of the expected results is conducted taking into
account the calculated value of the coefficient of involvement of performers in solving the
identified tasks (Ei), adjusted for the conclusion that the institutional project can satisfy the
needs of all groups of beneficiaries (ki).

In the case of failure to achieve a high level of implementation of the project milestones
with the value of the adjusted coefficient (Ei × ki) below 0.8, it is concluded that there are
significant risks of not obtaining the expected results of the institutional project.

The assessment of the achievement of the target indicators of the institutional project
(Pi) is conducted on the basis of a comparison of the actual values of the indicators at the
end of the reporting period and the planned values of the corresponding indicators. For a
group of target indicators for direct results, the degree of achievement of target indicators
for direct results (Pdirect) is calculated. For the group of target indicators of the final results,
the degree of achievement of the target indicators of the final results (Pfinal) is calculated.
For the group of target indicators of the final effect, the degree of achievement of the target
indicators of the final effect (Presult) is calculated. When assessing the degree of achievement
of target indicators for each group, a single scale is used:

- “High level” of performance is assigned when the value of the score is more than 0.9;
- “Average level” of performance is assigned when the score value is more than 0.7;
- “Low level” of performance is assigned when the score is 0.7 or less.

The final assessment of the degree of achievement of the target indicators is based on
the smallest of the three estimates of the groups of target indicators (P). If it is impossible
to achieve a high level of target indicators, all causes are analyzed and the risk of non-
fulfullment of the expected results of the project is assessed. The assessment of the risk
of non-fulfillment of the expected results of the national project is conducted taking into
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account the calculated coefficients (E2) and (k2). If the value of the adjusted coefficient
(E2× k2) is below 0.8, it is concluded that there are significant risks of non-fulfillment of
the expected results of the project.

The assessment of the degree of cash execution for the costs of implementing the
institutional project (R_j) is based on a comparison of the actual costs of implementing
the project at the end of the reporting period and their planned level. When assessing the
degree of cash execution for the costs of project implementation, a single scale is used:

- “High level” of performance is assigned when the value of the score is more than 0.9;
- “Average level” of performance is assigned when the score value is more than 0.7;
- “Low level” of performance is assigned when the score is 0.7 or less.

The final assessment of the degree of cash execution for expenses (R) from all sources
for the implementation of the institutional project is based on the lowest of the estimates
for each source of expenses.

If it is impossible to achieve a high level of cash execution for expenses from all sources
for project implementation, the reasons for the impossibility of failures are analyzed, taking
into account the calculated value of the resource adequacy ratio for project implementa-
tion (E3), adjusted by taking into account the conclusion about the reasonableness of the
distribution of resources for project activities (k3).

If it is impossible to achieve a high level of cash execution for expenses from all sources
for the implementation of an institutional project with the value of the adjusted coefficient
(E3 × k3) below 0.8, it is concluded that there are significant risks of non-fulfillment of the
expected results of the project.

The second stage of an audit of the implementation of an institutional project is the
assessment of the effectiveness of its implementation. In order to assess the effectiveness of
project implementation, information on the results of the analysis of the implementation of
the expected results of the project, the existing significant risks of non-fulfillment of the
expected results of the project, is summarized in Table 4.

Table 4. Evaluation of the effectiveness of the implementation of the institutional project.

(Q)/(P)/(R)
E1 × k1/E2 × k2/E3 × k3

Less than 0.8 0.8 and More

Low level

Efficiency is low, there are
significant risks of
non-fulfillment of expected
results of the departmental
project, a revision of the
content of the national project
is required

Efficiency is low,
there are significant risks of
non-fulfillment of expected
results of the departmental project

Average level

Efficiency is average, there are
risks of non-fulfillment of
expected results of the
departmental project, a
revision of the project content
is required

Efficiency is average,
there are risks of non-fulfillment
of expected results of the
departmental project

High level

Efficiency is high, risks of
non-fulfillment of expected
results of the departmental
project are minimal, a revision
of the project content is
required

Efficiency is high,
risks of non-fulfillment of
expected results of the
departmental project are minimal

As can be seen, the proposed methodology differs significantly from the traditional
one [16] in the gradation of risks and the level and status of beneficiaries.
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If it is possible to achieve a high level of efficiency in all areas of the assessment, a
conclusion is made about the expediency of the project and its inclusion in the national
plan for the period up to 2050.

4. Discussion

During this study, we conclude that there is a need to develop an integrated approach
to auditing (control) the efficiency of project activities of executive authorities, which, as
part of project activities, initiate and implement institutional projects, the targets of which
should be aimed at achieving national development goals provided by federal and national
projects. At the same time, the planning stage and the stage of analysis of the project
execution are singled out as the main stages of an audit (control) of an institutional project.
The main goal of the first stage is an independent assessment of the validity of goal setting
and the volume and the timing of expenditures on the institutional project. At the second
stage, the efficiency of budgetary resources is estimated.

The need to assess quality planning of a project was emphasized by Mark Velasquez
and Patrick T [27], who paid considerable attention in their works to the need for quality
selection at the stage of project initiation.

We agree with the conclusions of Primadhika M., Teguh R., Matos S. and Lopes E.,
who attached great importance to the pre-investment phase when assessing the quality
planning of a project, and proposed using such variables as: compliance with quality
characteristics, social responsibility, stake-holder satisfaction, costs, timing and reliability.
This approach was considered in terms of identifying and analyzing the tasks that an
institutional project is aimed at, determining executors and beneficiaries of the project,
while developing individual ratios for the involvement of executors in solving identified
tasks, which allows assessing the ability of the institutional project to sufficiently satisfy
the needs of all groups of beneficiaries [28].

Cordoş, G. S. and Fülöp, M. T. [29] rightly believe that when estimating the efficiency
of the project, it is necessary to assess the achievement of desired project results, which is
consistent with the conclusion about the need to evaluate the outcome as the final effect of
the institutional project.

George-Silviu, C. and Melinda-Timea, F. [30] attached great importance to project
activities in the public sector, considering it to be a powerful catalyst for economic recovery
and state renewal. The authors noted the need for a subsequent assessment of the results of
a project’s implementation, which can be both direct (immediate) and indirect (side). At the
same time, the authors noted that side effects can cause a negative effect, and performance
should be assessed not only in the short term, but also in the long term. As performance
indicators, the authors proposed using such criteria as relevance (retaining the need for
the project), sustainability (saving benefits throughout the entire implementation period)
and benefit costs (cost-benefit analysis). This approach is consistent with the results of this
study in terms of the need to cover the entire cycle of using public resources—from project
planning to obtaining the outcome.

5. Conclusions

The presented methodology for a state audit of institutional energy projects is universal
and can be used for any country. It is recommended that a state audit of institutional projects
be performed in the following areas: an audit of the formation of the national project and
implementation of the national project.

The methodology focuses on assessing the possibility of each institutional project
providing a significant contribution to the achievement of a country’s national development
goals for the period up to 2050 and on identifying the risks accompanying each project.
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Abstract: This paper proposes a novel approach to optimizing the structure of the electricity market
by mitigating market power through the use of forward contracts. The IEEE 30 node test system is
used as a case study for the paper, which employs nodal pricing and a Cournot model with recursive
optimization. The findings show that forward contracts can reduce market power and lead to a
more competitive market structure with fewer participants. The study emphasizes the importance of
successor companies having a well-balanced mix of generation technology. Six players with a different
generational mix are optimal in the constrained nodal pricing scenario, while five players with slightly
different mixes are optimal in the Cournot case study. These findings have important implications
for policymakers and industry stakeholders involved in the design and implementation of efficient
electricity markets. Market power can be reduced by using forward contracts and establishing an
appropriate number of market participants, resulting in more efficient and sustainable electricity
markets. Overall, this study provides useful insights for improving electricity market structures and
increasing competition in the electricity sector.

Keywords: forward contract; nodal pricing; Cournot; market power; market structure

1. Introduction

In recent years, many countries have undergone electricity market restructuring in or-
der to achieve competitive pricing and maximize welfare. Despite the significant resources
invested in this process, market power has emerged as a significant issue, with the potential
to keep electricity prices above competitive market levels. A crucial step in establishing a
competitive electricity market is the division of the monopoly generation company (GenCo)
into multiple competitive successor companies. As noted by [1], an adequate number of
competing generators is crucial for mitigating market power and ensuring that wholesale
markets are reasonably competitive. The regulatory reform and development of a competi-
tive electricity market depend on creating an efficient number of competitors to mitigate
market power and ensure that wholesale markets are reasonably competitive. In light of
this, during the early stages of the restructuring phase, the state-owned GenCo should be
restructured into several competitive successor enterprises that consist of multiple types of
power plants. This split aims to create a competitive environment without the existence of
dominant and pivotal players in the market that could exercise market power, and compe-
tition among generating companies will also ensure a sufficient mix of energy balance in
the power system. As suggested by [1], it is advisable to address potential market power
structurally before restructuring, in order to mitigate the potential adverse effects on prices
and welfare.

Many countries have undergone electricity market restructuring with the goal of
achieving competitive pricing and maximizing welfare. However, market power has
emerged as a significant issue, resulting in market failure and preventing the attainment of
maximum potential welfare gains. According to the authors of [2], market prices are often
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susceptible to unilateral market power, with pivotal successor companies exercising market
power through strategic behaviors. To mitigate these effects, it is crucial for electricity
regulators to design and implement a market structure that promotes competition and
ensures efficient functioning of the market, while minimizing the influence of political con-
siderations in decision-making processes. One crucial aspect of this is creating competitive
successor companies in the wholesale electricity market through divestiture, as seen in
the case of England and Wales [3]. However, it is important to note that simply divesting
state-owned generation companies does not guarantee competitive behavior in the market,
and efforts should also be made to design an optimal electricity market structure and
generation technology mix to minimize market power through market power modeling.

Mitigating market power in the design of electricity markets is crucial for ensuring
competitive pricing and maximizing welfare [2,4–6]. A crucial step in achieving this is
the division of the monopoly GenCo into multiple competitive successor companies, as
an adequate number of competing generators is essential for mitigating market power
and ensuring that wholesale markets are reasonably competitive [1]. The configuration
of players post-generation split should minimize market power, which can be achieved
through ex-ante simulations prior to restructuring. Traditional measures of market power,
such as the Herfindahl–Hirschman Index (HHI), may not accurately capture the dynamics
of competition behavior in the wholesale electricity market due to factors such as inelastic
demand, significant short-term capacity constraints, and high storage costs. Therefore,
an alternative method, such as the Residual Supply Index (RSI), which was developed
by the California Independent System Operator (CAISO), is considered more effective
for market power mitigation in the electricity market [7–9]. The RSI is more effective
because it considers the supply-side response to a market change, taking into account
supplier behavior in relation to available capacity. Because it captures the incentives of
suppliers to adjust their supply based on market conditions, this approach allows the RSI to
provide a more realistic assessment of market power. As a result, in the design of electricity
markets, the RSI is a better measure of market power and more effective in mitigating
market power [10]. It is important for government and electricity authorities to take these
considerations into account in determining the optimal configuration of the wholesale
electricity market from a state-owned electricity company.

A review of the literature on market power mitigation reveals that most studies focus
on corrective measures to address market power after it has already emerged, rather than
preventive strategies to minimize its potential exercise. This is especially true for countries
in the early stages of restructuring their electricity markets. A preventive approach to
minimize market power is crucial for achieving maximum welfare for society and can serve
as a more efficient approach towards establishing a competitive electricity market. The
study by [11–14] presents a preventive approach to creating optimal successor companies
prior to electricity market restructuring, but it does not incorporate the use of forward
contracts as a tool to mitigate market power and optimize market structure. This present
research aims to extend the work of [11,13,14] by incorporating the application of forward
contracts in the proposed algorithm, which can potentially optimize the market structure
with fewer market participants, thus reducing the exercise of market power. As such, this
research makes a significant contribution to the literature by offering a novel and preventive
approach to electricity market restructuring that accounts for the use of forward contracts
as a tool to mitigate market power.

This research developed a bottom-up electricity market model that incorporates sig-
nificant economic features and uses an ex-ante modeling approach to provide a realistic
power system analysis. The model includes various market pricing structures such as loca-
tional marginal pricing and zonal pricing, taking into account the market boundaries and
grid limitations of the specific power system. The computational simulation also includes
strategic market behaviors, such as imperfect and perfect competition strategic interactions,
and uses the Cournot model for ease of analysis. Incorporating the Residual Supply Index
(RSI) and modeling the dynamics of the power system, where each node represents a load
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serving entity (LSE) and a supplier, present a novel approach to mitigating market power.
This simplifies the calculations for load flow simulation. The model calculates load flow
using a direct current approach and models marginal cost as a linear function based on
heat rate curves, resulting in a more accurate calculation of generation costs. The model
also employs a restricted-stylized approach for large-scale power system simulation, in
which the transmission network model is based on the actual power system topology and
one node represents a single high or extra high voltage power substation.

This research presents a novel algorithm for mitigating market power in electricity
market restructuring by utilizing a balance of granular and easily accessible data. The
algorithm, which can be implemented by any market designer in any state, utilizes publicly
available datasets and takes into account the unique characteristics of the power network,
grid code, and legal features. The economic modeling combines microeconomics, power
engineering, law, policy, and mathematics, and incorporates forward contracts as a tool
to reduce the number of market participants and create an optimal market structure in
different competition scenarios. The algorithm can be applied in electricity markets that are
still in a state of monopoly and considers the unique features of the power system topology.
The ultimate goal of this research is to provide a practical solution for policymakers and
market designers to mitigate market power and optimize market structure, building on
previous research by [5,11,12,15].

The first chapter gives an overview of the research problem, objectives, and contribu-
tion. The literature review in Section 2 is thorough, covering relevant theories and models
related to electricity market restructuring, market power, and forward contracts. The
methodology section is detailed in Section 3, and it includes a bottom-up electricity market
model that incorporates significant economic features and employs an ex-ante modeling
approach for a realistic power system analysis. The section also discusses how forward
contracts can be used to reduce market power and optimize market structure, as well as the
Cournot model for strategic market behaviors. The study’s findings are presented in the
results section in Section 4, including the optimal ownership structure and mix of successor
companies, as well as the impact of forward contracts on mitigating market power. The
results are analyzed in the discussion section of Section 5. Finally, the conclusions section
in Section 6 summarizes the main findings, emphasizes the research contribution, and
suggests future research directions.

2. Literature Review

2.1. Market Power and Preventive Antitrust Law

In his essay, the author of ref. [16] highlights the importance of economics in shaping
antitrust policy, noting that economic theory plays a crucial role in shaping an economist’s
perspectives on competition policy. He argues that antitrust laws are designed to pro-
mote competition among market players with the ultimate goal of reducing prices and
increasing consumer welfare. Stigler also explains the distinction between preventive and
corrective antitrust laws, noting that most US antitrust laws are corrective in nature and
aimed at eliminating existing monopolies. However, he emphasizes the importance of
antimerger statutes as a tool for preventing the formation of monopolies. This aligns with
the argument in [17] that US antitrust policy is not designed to regulate or approve market
structures and firm behavior across the economy; instead, the system relies on case law
developed through enforcement actions which may have limitations in performing complex
economic evaluations.

The European Commission’s approach to competition law, specifically with regard to
merger policy, is focused on improving the structure of national markets through reactive
measures. This means that the Commission only evaluates proposed mergers and assesses
whether they will result in a better market structure than the current state. However,
this approach has its limitations as the Commission cannot enforce a competitive market
structure unless a merger proposal is brought forth. Additionally, the EU’s competition
tools, such as directives, are flexible and rely on member states to take action and implement
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them. As a result, these tools may not be sufficient to create a truly competitive market, as
argued by the authors of [18].

Effective antitrust provisions and institutions are crucial for maintaining a competitive
market. Antitrust rules provide a legal framework for enforcing action and punishment for
illegal activities, while antitrust agencies have the power to ensure compliance through
enforcement actions. To achieve this, it is essential to have a solid economic foundation for
antitrust laws and policies. An economics-based approach allows for the development of
clear and understandable antitrust provisions and enables courts to evaluate and implement
antitrust policy designs. This helps ensure that market players receive clear signals and
guidelines regarding allowed and prohibited strategic actions.

Creating optimal antitrust laws, as outlined in [19], involves identifying and address-
ing anticompetitive behaviors in the market, while also considering the impact on market
welfare. By assessing these behaviors and conducting law enforcement to intervene in
harmful effects, the antitrust institution also creates a deterrent for misconduct behav-
iors. This approach not only addresses harmful market effects but also helps maintain a
competitive market by preventing future misconduct.

Antitrust law is guided by two main theories of value: an efficiency-based theory,
which prioritizes the maximization of welfare and efficient allocation of resources; and a
standard for permissible strategic behavior, which aims to protect weaker economic entities
and consumers from the market power of monopolies. Fines and sanctions play a crucial
role in enforcing competition law prohibitions. According to the authors of [20], sanctions
can prevent antitrust violations in three ways: by creating a deterrent effect, by having a
moral effect, and by raising the cost of setting up and engaging in anticompetitive behavior.
The threat of prosecution and fines can deter companies from violating antitrust laws,
create a sense of moral commitment to compliance, and increase the cost of engaging in
anticompetitive behavior, such as setting up and running cartels.

2.2. Forward Contract to Mitigate Market Power

The strategic interaction of market firms can be studied using game theory and in-
dustrial organization concepts. Firms’ strategic behavior is determined by their ability to
predict the price and quantity decisions of other players. We chose the Cournot strategy for
our study because of its simplicity and compatibility with power system characteristics
such as generation and transmission constraints, voltage and stability conditions, gener-
ation ramp-up and ramp-down, contingency analysis, and commodity flow PTDF. The
Cournot model involves quantity gaming, in which the strategic interaction is based on
the supply provided by the company. This is in contrast to the Bertrand model, in which
the quantity is the only decision variable, and each firm accepts the fixed price, resulting
in no market power. While the Stackelberg model considers quantity gaming, it assumes
a “leader” firm whose decisions correctly consider the reaction of “followers”, who are
unaware of how their reactions affect the leader’s decision. This assumption may not
hold true in practice, making the Cournot model a better fit for our research. Overall, by
incorporating the effects of anticipation and strategic behavior among firms, the Cournot
model with forward contracts can help to reduce market power in the electricity market
and produce more realistic prices.

The matching of power supply with electricity demand is essential in the electricity
market. To maintain this balance, power systems have objectives such as maintaining a
stable frequency and voltage level. Power system dispatchers plan the export and import
of electricity based on transmission characteristics and PTDF load flow. Additionally, the
restructured electricity market is characterized by price volatility, particularly in the spot
market. To mitigate this risk, forward contracts are important for retailers and suppliers [21].

In cases where market settings heavily rely on the spot market, as seen in the California
crisis of 2000–2001, electricity market crises may occur. At the time, the system reserve
margin was tight and there was a lack of forward contracts. The authors of ref. [22] suggest
that implementing forward markets could have reduced or prevented the crisis. Forward
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contracts address three main issues in the wholesale market: investment, risk, and market
power. In tight and scarce conditions, generator owners may accept profits below the true
electricity price due to price cap regulations and adjustments from operators. Forward
markets provide reliable payments and investment incentives for efficient entry, thus
reducing this risk.

The use of forward contracts in the electricity market can help to reduce the market
power of key players, as demonstrated by studies such as [23,24]. The Cournot model,
which is widely used in the electricity market due to its simplicity and compatibility with
power system characteristics such as generation and transmission constraints, voltage and
stability conditions, and commodity flow PTDF, can be easily integrated with forward
contracts. Additionally, the Cournot model is known to produce prices that are higher than
would be expected with realistic demand elasticity, and forward contracts can help to make
the model more realistic.

Forward contracts play a crucial role in reducing the ability of key market players
to exercise market power, as demonstrated in [23] in their analysis of Cournot oligopoly
behavior and in [24] in his study of the supply function equilibrium. In the electricity
market, modelers often use the Cournot framework due to its simplicity and compatibility
with power system characteristics, such as generation and transmission constraints, voltage
and stability conditions, generation ramp-up and ramp-down, contingency analysis, and
commodity flow PTDF. Incorporating forward contracts into large-scale Cournot power
systems is also a convenient option. However, the Cournot equilibrium price is considered
too high and output too low, when compared to realistic demand elasticity. Therefore,
forward contracts can help make the model more realistic, as per [25].

In the long run, contracts can also increase new entry and competitive behavior,
especially in the power plant investment sector, particularly in gas power plants. For
example, in the first year after the establishment of the OFGEM (Office of Gas and Electricity
Markets) in 1998, there was a significant investment of five GW gas power plants from
IPPs and five GW from existing companies. This was due to the support provided by
long-term forward contracts in the gas and electricity commodity market. However, as per
the [24] model, contracts may also deter entry in cases where such deterrence is necessary
for increasing efficiency.

3. Research Methodology

The optimized electricity market structure is based on the preventive approach devel-
oped by the authors of [11–14].

The conceptual algorithm outlines a four-step process for achieving the optimal mar-
ket structure.

• The first step is to create a model of the nodal market using market characteristics and
constraints. We developed perfect and imperfect (Cournot) competition models of the
IEEE 30 nodes system by incorporating generation and transmission constraints. The
perfect competition model is grounded in research conducted in [13–15,26–30]. The
research on Cournot competition modeling served as the basis for our implementation
of this approach in the study. Specifically, we relied on the work of [4,11,13,31,32]. The
constraints related to generation include capacity, energy mix, and reserve margin,
whereas transmission constraints encompass DC load flow, transmission limits, and
line connections.

• The model is then calibrated to match the actual conditions of the power system in
the second step. This includes examining market power behavior during peak loads.
This step is critical for ensuring that the model accurately reflects the power system’s
real-world conditions.

• The third step is to use a power plant merger analysis to examine potential market
structure configurations. We assume that companies that own multiple power plants
behave as multi-plant monopolists [33]. This step takes into account things such as
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the initial generation structure and the presence of independent power plants. The
goal is to determine the best ownership structure and succession company mix.

• The final step is to assess market power using the Residual Supply Index (RSI) and
consider any additional capacity investments that may be required. This step ensures
that the market structure is competitive, and that welfare is maximized while address-
ing any issues with generation capacity and reserve margin. Based on the empirical
study in [7–9], we used a screening process to determine the optimal market structure
for each configuration. The screening process was based on an RSI threshold of 110%.

It should be noted that each cascading optimization in the study calculates various
factors such as nodal price, nodal demand, nodal supply, nodal consumer surplus, nodal
producer surplus, and power flow for each market configuration. However, for the purpose
of our analysis, we primarily focus on the Residual Supply Index (RSI) calculation for each
market setting. Specifically, we select the highest RSI value among all possible market
settings as our main point of emphasis. This algorithm’s overarching goal is to achieve
a competitive market structure that maximizes welfare while addressing any issues with
generation capacity and reserve margin. Policymakers and market designers can follow
this four-step process.

The methodology used in this study is a single-shot game methodology in which
generating firms submit fixed supply functions to the ISO while taking into account their
competitors’ bid functions. This is used for a single bidding period, and once all firms
have submitted bids, the ISO clears the market, resulting in a market-clearing price. This
price is determined by the ISO based on the market’s generation and transmission network
structure, as well as the balance of supply and demand for electricity. The ISO pays the
bus nodal price to all generating firms based on the amount of electricity sold to the pool
in this model, and consumers pay the ISO the electricity price based on the active power
load received.

3.1. Nodal Pricing and DC Power Transmission System

The concept of nodal pricing, as established by [34,35], is a fundamental theory used
to determine optimal electricity prices that achieve welfare maximization under specific
constraints. In this research, we perform a nodal pricing analysis based on Optimal
Power Flow (OPF) and a marginal cost calculation at each node. The authors of ref. [36]
incorporated transmission constraints and optimized electricity prices as a dual value in the
program’s implementation of nodal pricing in the England and Wales market. The authors
of ref. [27] expanded on this implementation by accounting for transmission losses in the
optimal power flow (OPF) in order to apply nodal pricing in the same market. However, in
this study, transmission losses are assumed to be minimal, and the load flow formulation is
approximated into the DC load flow. The equilibrium structure is then used to calculate
the Nash equilibrium for specific bid functions and the electricity network [37].

Kirchhoff’s law is a fundamental principle that governs power flow in power systems.
The vector sum of the currents at any node in a circuit must be zero. This law governs all
electrical circuits, including power grids. Kirchhoff’s law can be restated in terms of power
flow in a grid as the vector sum of a node’s input and output being equal to the electricity
injection at that node. This means that the power flow through any node in the system
must be balanced, with the power flowing in equaling the power flowing out. Kirchhoff’s
law must be followed to ensure the stability and reliability of the power system, as any
deviation from this principle can cause power flow imbalances and potential power outages.
To ensure the accuracy and stability of our power flow calculations, we use Kirchhoff’s law
as a fundamental principle in our bottom-up electricity market model in this study.

We assume that bus i is the sending node and j is the receiving node, connected by
transmission line ij. Vm is the voltage magnitude, Vθ is the voltage angle, and θ is the phase
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angle. Gij and Bij, respectively, are conductance and susceptance of transmission line ij.
The AC power flow from bus i to j is defined as Pij(AC):

Pij(AC) = VmVθ

[
Gij cos

(
θi − θj

)
+ Bij sin

(
θi − θj

)]− V2
mGij (1)

If Pij is positive, then the power is flowing from bus i to bus j, and vice versa.
Using the AC power flow equation, the DC power flow Pij(DC) assumes that voltage

magnitudes bus i and j equal to 1 p.u. (per unit) and
(
θi − θj

)
< 2π

9 , which implies that
cos

(
θi − θj

) ≈ 1 and sin
(
θi − θj

) ≈ (
θi − θj

)
for a normal operating condition in the

power system.
Pij(DC) = Bij

(
θi − θj

)
(2)

In power system theory, the susceptance Bij is the imaginary part of admittance Yij

and could be denoted as 1
Xij

where Xij is the reactance of the transmission lines. Thus, the
DC power flow could be stated as:(

θi − θj
)
= XijPij(DC) (3)

We assume a power setting with m transmission lines and n nodes. X is a vector of
reactance (m × m). PF is a vector of DC power flow (m × 1). M is the node–branch incidence
matrix for the angle phase vector matrix (n − 1 × m) excluding the reference node (slack
bus), i.e., the node with phase angle is zero. P is the power injection matrix (n − 1 × 1). B is
the susceptance matrix. PTDF is the power transfer distribution factor. The DC power flow
vector equation could be expressed in a matrix form as PTDF vector multiplies the power
injection vector:

PTDF = X−1MT B−1

MTθ = XPF
PF = X−1MTθ

P = MPF = MX−1MTθ = Bθ
PF = X−1MT B−1P = PTDF P

PF = ∑
i

PTDF( qsi − qdi)

(4)

The power injection at node n is calculated using the DC power flow assumption as
the difference between power generation production qSi and consumer demand qli. As a
result, the transmission line’s power flow can be represented as a linear function of PTDF
and qsi − qdi.

3.2. Supply and Demand

The GenCo generates electricity based on the actual cost of the generator, while the
consumer provides demand functions that represent the amount of electricity consumed.
The demand function is the derivative of the benefit function, while the marginal cost
function is the derivative of the total cost function. The consumer utility function is an
inverse quadratic function as follows:

UDi(qdi) = aiqdi − biqdi
2; i = 1, . . . , I (5)

The load demand coefficient and active load demand at node i are represented by ai,
bi, and qdi, respectively. The coefficient ai is a positive value, and I indicates the number
of consumers.

The demand function’s slope is negative, and it follows a linear form in the inverse.

pi(qdi) = ai − biqdi; i = 1, . . . , I (6)
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Total generation cost TCi(qsi) consists of fixed ( fi) and variable cost Ci(qsi)

TCi(qsi) = fi + ciqsi +
1
2

diqsi
2; i = 1, . . . , I (7)

Ci(qsi) = ciqsi +
1
2

diqsi
2; i = 1, . . . , I (8)

UDi(qli) = ciqli − 1
2

diqli
2; i = 1, . . . , I (9)

The bid or marginal cost function MCi(qsi) of a generating firm is represented as a
linear function because a constant marginal cost does not fully capture the true cost of
generation in the power sector. We defined ci as the intercept of the marginal cost, while di
was the slope of the marginal cost which reflected the true cost of the Genco.

MCi(qsi) = ci + diqsi; i = 1, . . . , I (10)

Consumer surplus is defined as the net benefit of consumers. The total consumer
surplus is computed by adding the individual consumer surpluses based on the price.
The consumer surplus in each region is determined by a variety of factors, including the
structure of the power network, the location of generators and consumers, and transmis-
sion constraints. Let Di(pi) represent consumer i’s electricity demand at price (pi). The
consumer surplus for the inverse linear demand function is expressed as follows:

CSi(pi) =
1
2
(ai − pi)Di(pi); i = 1, . . . , I (11)

The producer surplus is the profit earned by a generator from selling electricity to the
power pool and can be expressed as PSi(pi).

PSi(pi) =
1
2
(pi − ci)qsi(pi); i = 1, . . . , I (12)

3.3. ISO Problem in Nodal Pricing

The system operator balances electricity supply and demand using a mechanism
known as the balancing mechanism. The ISO’s goal is to maximize total welfare, denoted
by πi (p), by selecting a single price for each bus I (1, . . . , I) in the network while taking
the network’s limits (generation and transmission) into account as both inequality and
equality constraints. Let Pi(qdi) represent the benefit from electricity consumption, MCi(qsi)
represent the total cost of generators at node i, qsi represent the active load supply from the
generator at bus i, and qsi represent the available capacity of the generator at node i. The
problem of maximizing ISO welfare can be expressed as follows:

max
qdi

(
∑
i

Pi(qdi)qdi − ∑
i

MCi(qsi)

)
Subject to/constraints :

Electricity demand balance ∑i qsi − ∑i qdi = 0
Transmission constraint ∑l PTDF( qsi − qdi) ≤ Tl ,−Tl ≤ ∑l PTDF( qsi − qdi)

Generation constraint qsi ≤ qsi
Non − negativity qdi > 0, qsi > 0

(13)

3.4. Cournot Equilibrium Determination

We assume each node has a unique inverse linear demand function and the total
demand function is defined as:

P(Q) = α − βQ (14)
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where Q is the total demand for a particular interconnected power system and P is the
Cournot equilibrium price.

In a competitive electricity market, generating firms make decisions on the amount of
electricity they wish to produce and sell, based on market conditions and their own costs.
This output decision, in turn, affects the market price level through the inverse demand
relationship. In a single-shot game, firms assume that their rivals’ outputs are constant
and use this information to calculate their own profit function, which is the difference
between their benefit function and total cost function. The role of the independent system
operator (ISO) is to ensure that this profit function is maximized for all players, taking
into account the constraints imposed by the power network. In a Cournot equilibrium, the
profit function for each firm (i) is given by a specific mathematical equation that takes into
account the output decisions and costs of all firms in the market.

πi =

(
α − β

(
i=I

∑
i=1

qi

))
qi −

(
fi + ciqi +

1
2

diqi
2
)

(15)

The above profit function is in quadratic form and concave. Hence, the derivative
solution for ISO profit maximization is easy to calculate.

dπi
dQi

= α − β

(
i=I

∑
i=1

qi

)
− βqi − (ci + diqi) (16)

Taking the function’s derivative with respect to each node and setting it to zero yields a
matrix equation with the variable subject to the total demand and cost function coefficients.
The array’s size is determined by the number of participants in the electricity network.

When the derivative function is set to zero in each node, a matrix equation with qi as
the subject variable and subject to the total demand and cost function coefficient is obtained.
The array’s size is determined by the number of participants in the electricity network.

⎡
⎢⎢⎢⎢⎣
−2β − d1 −β . . . −β −β

−β −2β − d2 . . . −β −β
. . . . . . . . . . . . . . .
−β −β . . . −2β − dI−1 −β
−β −β . . . −β −2β − dI

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

q1
q2
. . .

qI−1
qI

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

c1 − α
c2 − α

. . .
cI−1 − α

cI − α

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

q1
q2
. . .

qI−1
qI

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

2β + d1 β . . . β β
β 2β + d2 . . . β β

. . . . . . . . . . . . . . .
β β . . . 2β + dI−1 β
β β . . . β 2β + dI

⎤
⎥⎥⎥⎥⎦

−1⎡
⎢⎢⎢⎢⎣

α − c1
α − c2

. . .
α − cI−1

α − cI

⎤
⎥⎥⎥⎥⎦

(17)

The FOC profit maximization has diagonal function 2β + di with 0 < β < 1 and
0 < di < 1; therefore, the coefficient of the matrix is positive and will give a unique solution
for each qi.

The object variable qi is the Cournot best response function in the network and could
be defined as q∗i .

q∗i =
(α − ci)−

(
β ∑

j
i �=j qj

)
2β + dI

(18)

In a case where the generating firms are symmetric, i.e., produce electricity in a
uniform marginal cost, ci and di coefficients are equivalent for all firms.

The power system is composed of numerous subnetworks in the actual power system
topology, with each node representing a single load serving entity (LSE) and one or more
power plant technologies. Each power plant technology, such as the base, intermediate, and
peaking power plants, has a distinct linear marginal cost that reflects its distinct generation
characteristics. The power system’s power plant technology mix can be classified based

178



Energies 2023, 16, 3543

on the power plant’s ability to ramp-up and ramp-down to adjust to fluctuations in LSE
aggregate electricity demand. Peak-load power plants have high ramping rates, low fuel
costs, and relatively short construction times, whereas base-load power plants have low
ramping rates, low fuel costs, and relatively short construction times.

When a GenCo operates multiple power plants, it behaves similarly to a monopolist
with multiple plants, with the marginal cost of each plant determining the cost of gener-
ating electricity. When two power plants merge, their marginal cost functions are added
horizontally. The efficiency constant used in the merger process is 1, which means that the
GenCo’s efficiency before and after the merger is the same (epre−merger = epost−merger).

To describe the system with two power plants that have a linear marginal cost mc1 = c1 + d1q1

and mc2 = c2 + d2q2, the combining marginal cost is mc12, where c12 =
[

c1d2+c2d1
d1+d2

]
and

d12 =
[

d1d2
d1+d2

]
. The merger of the power plants results in changes to both the original

marginal costs mci and the supplier capacity k where k12 = k1 + k2. Note that for uniform
power plant capacity, the combined generation capacity is the maximum supplier capacity
kmax = k12.

The application of forward contract in this study is following the work by the authors
of [23]. The producers could supply electricity in the forward market by determining
a definite quantity as contract coverage, and then bid in the spot market. The system
operator clears the market according to the Cournot game. Based on [23], we assume
two players x and y with inverse demand function q(z) = (a − z). The cost functions are
c(x) = bx and d(y) = by with forward contracts f and g, respectively. The profit functions
in the Cournot equilibrium for x and y with a constant marginal cost and forward sales
are πx = (a − x − y)(x − f ) − bx) and πy = (a − x − y)(y − g) − by. Solving FOC for

both equations above leads to reaction function x(y) = a−b+ f−y
2 . The quantity’s Nash

equilibriums are x = a−b+2 f−g
3 and y = a−b+2g− f

3 , while the Cournot price is q = a−b− f−g
3 .

The authors of ref. [21] conducted a forward contract study using the RSI and proving
that the RSI is suitable for a competition analysis and has an ability to determine the
potential of generators to raise prices considering contracts and non-price-responsive

supplies. Incorporating the forward contract, the RSI formula is ri =
kT−ki

Q , where kT is the
total installed capacity, Q is the total demand equilibrium, and ki is the relevant capacity
(capacity—forward contract). Based on this equation, the forward contract reduces the
GenCo’s relevant capacity. Therefore, the contract mitigates the market power by increasing
the residual supply faced by the market.

4. Case Study and Numerical Results

4.1. Case Study: Modified IEEE 30 Bus

In this study, we use a modified IEEE 30 bus power system to gain insights into power
system analysis and economics. The system comprises 132 and 33 kV transmission lines
with a combination of single, parallel, and phi line configurations. This test system is
composed of five power producer nodes, twelve load serving entities nodes, eight power
producer–load serving entities nodes, and the remaining nodes are null nodes with zero
supply and demand. We have assumed the presence of 13 power plants located at nodes
(1, 2, 3, 8, 11, 13, 14, 15, 18, 22, 23, 27, 30). To determine the optimal ownership structure
and the mix of successor companies, we model the IEEE 30 bus electricity system into
three types of power plant technology: base, intermediate, and peak power plants. As
seen in Figure 1, base-load power plants are located at nodes 2, 11, 14, 22, and 23, and are
represented in green. Intermediate power plants are located at nodes 1, 13, 18, and 27 and
are represented in blue. Lastly, peak power plants are located at nodes 3, 8, 15, and 30 and
are represented in yellow. The marginal cost is a linear function, as can be seen in Table 1.
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Figure 1. IEEE 30 bus test power system.
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Table 1. Marginal cost function.

Type PP ci di

Base Coal PP 30 0.1
Intermediate Gas 35 0.15

Peaking Diesel 40 0.2

The IEEE 30 bus power system is distinguished by its radial structure, with power
flowing from the source to the loads via a single path, as well as its interconnection with
other power systems. These characteristics must be taken into account when analyzing
the behavior of the power system and optimizing its performance. The arrangement of
components in the power system, including generators, transmission lines, transformers,
and loads, is one of the unique features of the power system topology. The topology of the
IEEE 30 nodes system includes the specific types of components used, the system layout
and design, and the specific operating conditions under which the system operates. The
system, for example, includes a mix of base-, intermediate-, and peaking-load power plants,
and the transmission lines vary in length and capacity. These characteristics influence the
behavior of the power system and must be considered when analyzing its performance.

The IEEE 30 bus power system is chosen as the test system in this study due to its
widespread acceptance in the power system community and well-documented properties.
The modified IEEE 30 bus power system used in this study includes a variety of transmis-
sion line configurations, load serving entities, and power producer nodes. It consists of
a mix of base, intermediate, and peak power plants, which are the most common types
of power plants in the electricity industry. We can gain valuable insights into the optimal
ownership structure and the mix of successor companies by modeling this system, which
can help policymakers and market designers create a competitive electricity market struc-
ture. Additionally, by using a well-known and well-documented system, we can ensure the
replicability and generalizability of our results. Overall, the use of the IEEE 30 bus power
system in this study is justified as it provides a realistic and well-documented test bed for a
power system analysis and economics.

The marginal cost function for each type of power plant, which includes base-load
PP, intermediate PP, and peaking PP, is displayed in Table 1. ci and di represent the
intercepet and slope of the marginal cost function, respectively. Table 2 lists the nodal
information, including the generation capacity and load demand for each node in MW.
The total demand in the system is 1530 MW, which is equivalent to the total supply. The
demand and marginal cost functions are based on real-world data and have been calibrated
to align with actual nodal and aggregated demand and supply. The nodal demand in this
test system is characterized by an inelastic demand curve, which remains unchanged for
the Cournot case study. In addition, we use transmission line capacity data as specified in
Table 3 to accurately represent the transmission constraints in the system. This information
is crucial for understanding the power flow dynamics and economic behavior of the market
participants in the simulation.

Table 2. Load and installed capacity (MW).

n ki (MW) qdi (MW) n ki (MW) qdi (MW)

1 100 10 16 0 9
2 200 0 17 0 0
3 50 20 18 100 35
4 0 0 19 0 17
5 0 85 20 0 60
6 0 0 21 0 34
7 0 50 22 150 0
8 130 25 23 150 85
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Table 2. Cont.

n ki (MW) qdi (MW) n ki (MW) qdi (MW)

9 0 0 24 0 9
10 0 190 25 0 9
11 120 0 26 0 0
12 0 50 27 120 0
13 120 20 28 0 27
14 160 50 29 0 35
15 100 50 30 30 0

Table 3. Transmission line characteristics in IEEE 30 bus power system.

From i to j Xij (p.u) Tl (MW) From i to j Xij (p.u) Tl (MW)

1 2 0.06 130 15 18 0.22 100
1 3 0.19 130 18 19 0.13 100
2 4 0.17 65 19 20 0.07 132
3 4 0.04 130 10 20 0.21 64
2 5 0.2 130 10 17 0.08 64
2 6 0.18 90 10 21 0.07 64
4 6 0.04 90 10 22 0.15 64
5 7 0.12 140 21 22 0.02 64
6 7 0.08 130 15 23 0.2 64
6 8 0.04 132 22 24 0.18 96
6 9 0.21 96 23 24 0.27 100
6 10 0.56 96 24 25 0.33 64
9 11 0.21 65 25 26 0.38 130
9 10 0.11 65 25 27 0.21 65
4 12 0.26 65 28 27 0.4 65
12 13 0.14 65 27 29 0.42 64
12 14 0.26 64 27 30 0.6 64
12 15 0.13 132 29 30 0.45 18
12 16 0.2 64 8 28 0.2 32
14 15 0.2 64 6 28 0.06 32
16 17 0.19 100

4.2. Numerical Results

This section presents the results of a power system simulation that was conducted to
explore the impact of different market structures on the overall performance of the system.
We use the IEEE 30 bus power system model as the basis for our simulation and apply
it to three different scenarios: (1) locational marginal pricing (LMP) with transmission
constraints as a base case, (2) Cournot modeling, and (3) Cournot with forward contracts.
The main objective of this numerical analysis is to determine the optimal mix and structure
for each case study, the minimum number of players needed to create a competitive market,
and the optimal contract coverage. To achieve this, we use a deterministic approach and
provide ad-hoc configurations for each market structure. Through this simulation, we aim
to gain valuable insights into the effects of different market structures on the performance
of the power system and identify the most efficient and effective market design for ensuring
a competitive and well-functioning electricity market.

4.2.1. Base Case: Nodal Pricing with Transmission Constraint

The load flow for the base case power system can be seen in Figure 2 below. As
illustrated in the figure, congestion arises at lines 1–4, 2–9, 3–12 and 4–14, indicating
that transmission constraints are limiting the ability of local power producers with low
marginal costs in certain regions to transfer their cheap power to other areas. This results
in market power, higher electricity prices, and lower welfare. Furthermore, in real power
systems, these transmission bottlenecks can lead to forced system outages where the load
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flow exceeds its transfer limit and causes damage to the cables. This further enables
power producers to exercise market power. Table 4 below illustrates the four congested
transmissions in the IEEE 30 bus power system, providing a clear picture of the transmission
constraints that are impacting the power system.

Figure 2. IEEE 30 bus test power system.

Table 4. Congested transmission lines IEEE 30 bus.

No From i To j Pij(DC) (MW)
Case 1: Perfect Competition

1 4 6 90
2 9 10 65
3 12 13 −65
4 14 15 64

The shift factor matrix, as shown in Table 5, is a crucial tool in determining the optimal
load flow for each transmission line in the base case scenario. This matrix represents
the proportion of the load on each line that is shifted to other lines in order to alleviate
transmission congestion and improve overall system performance. By analyzing the
shift factors, it is possible to identify which lines are the most congested and in need of
additional capacity or upgrades. Furthermore, the shift factors can be used to determine
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the most cost-effective solutions for addressing transmission constraints, such as building
new transmission lines or upgrading existing ones. Additionally, this information can
also be used to inform pricing mechanisms and market design, as it can help to identify
which generators are most affected by transmission constraints and therefore may be
able to exercise more market power. Overall, the shift factor matrix is an essential tool
for understanding and improving the performance of power systems in a competitive
market environment.

The pre-model market configuration consists of 13 firms with a total capacity of
1530 MW. Through the application of a merger analysis in the model, we have determined
the optimal market structure for 12 players as can be seen in Table 6 and Figure 3. This
optimal structure is achieved when the power plant in node 15 is combined or merged with
the power plant in node 30. The merger results in a Residual Supply Index (RSI) of 1.526,
indicating that the combined firm’s market power is reduced, and competition is enhanced.
A merger analysis is a common approach used in antitrust policy to assess the potential
effects of a merger on competition in a market. By analyzing the market structure and the
impact of a merger on the concentration of market power, regulators can make informed
decisions on whether to approve or reject a proposed merger. In this case, the merger of
the two power plants in nodes 15 and 30 is deemed to be optimal as it results in a more
competitive market, with reduced market power and increased welfare for consumers.

Figure 3. Load flow for base case IEEE 30 bus power system.
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Table 6. Optimal market structure and configuration.

n Firm r Combination

12 1.526 15 Merge 30
11 1.521 3 Merge 11
10 1.497 1 Merge 18
9 1.418 13 Merge 27
8 1.387 8 Merge 15 + 30
7 1.324 14 Merge 22
6 1.294 3 + 11 Merge 23
5 1.185 1 + 18 Merge 2
4 1.043 8 + 15 + 30 Merge 13 + 27

The use of the Residual Supply Index (RSI) in a merger analysis is a key approach to
identifying the optimal market structure for a competitive electricity market. By analyzing
the combination of generation technology and the installed capacity of power producers
post-merger, this approach allows for the creation of competition between different genera-
tion technologies within a firm and the spreading of large, pivotal power plants among
multiple competitive players. The RSI was first introduced in the California electricity
market by [1], and traditionally a threshold of 120% is used to determine a reasonable com-
petitive market. In this study, a six-player configuration with an RSI of 1.294 is identified
as the minimum number of players needed to create a competitive market, while a con-
figuration with five players has an RSI of less than 1.2, indicating the potential for market
power to be exercised. Figures 4–12 display all of the possible configurations resulting from
the merger.

Figure 4. Optimal market structure case 1.
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Figure 5. RSI for 12 firms’ setting (PC).

Figure 6. RSI for 11 firms’ setting (PC).
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Figure 7. RSI for 10 firms’ setting (PC).

Figure 8. RSI for 9 firms’ setting (PC).
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Figure 9. RSI for 8 firms’ setting (PC).

Figure 10. RSI for 7 firms’ setting (PC).
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Figure 11. RSI for 6 firms’ setting (PC).

Figure 12. RSI for 5 firms’ setting (PC).

4.2.2. Second Case: Cournot Model

Figures 13–21 display all the possible configurations resulting from the merger in
the Cournot assumption. In this Cournot case study, the simulation results in a slightly
different optimal market structure compared to the base case scenario, as can be seen in
Figure 22 and Table 7. The first merger step taken by the model is similar to the base case
scenario, where two peaking power plants at nodes 15 and 30 are combined, resulting
in a Residual Supply Index (RSI) of 1.573 in a 12-player market structure. However, the
next merger steps taken to create the optimal market structure in eleven- to four-player
configurations are different from the base case. This means that the minimum number of
players needed to create a reasonably competitive electricity market is five players with an
RSI of 1.224. Market configurations with player participation below five have the potential
for market power exercise. The load flow for the locational marginal pricing (LMP) and
Cournot modeling can be seen in Table 8.
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Figure 13. RSI for 4 firms’ setting (PC).

Figure 14. RSI for 12 firms’ setting (Cournot).

Figure 15. RSI for 11 firms’ setting (Cournot).
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Figure 16. RSI for 10 firms’ setting (Cournot).

Figure 17. RSI for 9 firms’ setting (Cournot).

Figure 18. RSI for 8 firms’ setting (Cournot).
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Figure 19. RSI for 7 firms’ setting (Cournot).

Figure 20. RSI for 6 firms’ setting (Cournot).

Figure 21. RSI for 5 firms’ setting (Cournot).
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Figure 22. RSI for 4 firms’ setting (Cournot).

Table 7. Cournot case study: optimal market structure.

n Firm r Combination

12 1.573 15 Merge 30
11 1.562 3 Merge 8
10 1.541 1 Merge 18
9 1.477 13 Merge 27
8 1.432 11 Merge 15 + 30
7 1.383 22 Merge 23
6 1.311 3 + 8 Merge 14
5 1.224 1 + 18 Merge 2
4 1.051 13 + 27 Merge 22 + 23

Table 8. DC load flow for PC and Cournot.

From i to j Pij(DC) (MW)
Case 1: Perfect Competition

Pij(DC) (MW)
Case 2: Cournot

Tl (MW)

1 2 27.0 20.0 130
1 3 37.6 23.6 130
2 4 43.0 25.7 65
3 4 44.8 26.9 130
2 5 79.8 66.9 130
2 6 60.6 33.1 90
4 6 90.0 39.6 90
5 7 −5.3 −17.7 140
6 7 55.0 66.4 130
6 8 3.3 0.3 132
6 9 43.1 −8.5 96
6 10 28.9 15.9 96
9 11 −21.9 −105.7 65
9 10 65.0 97.2 65
4 12 −2.2 13.0 65

12 13 −65.0 −32.1 65
12 14 −44.8 −24.1 64
12 15 9.0 0.2 132
12 16 48.5 19.8 64
14 15 64.0 31.4 64
16 17 39.6 11.7 100
15 18 15.8 31.0 100
18 19 80.8 46.1 100
19 20 63.8 25.4 132
10 20 −3.7 35.7 64
10 17 −39.6 −11.7 64
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Table 8. Cont.

From i to j Pij(DC) (MW)
Case 1: Perfect Competition

Pij(DC) (MW)
Case 2: Cournot

Tl (MW)

10 21 −30.0 −58.2 64
10 22 −22.5 −38.9 64
21 22 −64.0 −87.9 64
15 23 7.2 −20.1 64
22 24 −31.7 −21.1 96
23 24 32.3 5.5 100
24 25 −8.3 −17.3 64
25 26 0.0 0.0 130
25 27 −17.3 −20.4 65
28 27 1.1 26.6 65
27 29 21.8 12.8 64
27 30 4.8 −5.5 64
29 30 −14.0 −19.3 18
8 28 5.4 −0.5 32
6 28 20.3 −1.4 32

Table 8 presents the power transfer for each transmission cable in the LMP and Cournot
case study. The table provides a detailed analysis of the power flow for each transmission
line, including the congested lines identified in the base case scenario. The load flow for
the LMP case study is calculated based on the transmission constraint and the optimal load
flow for each transmission line, as determined by the shift factor matrix. On the other hand,
the load flow for the Cournot case study is calculated based on the Cournot equilibrium,
which takes into account the strategic behavior of the market players. The comparison
between the two load flow results can provide insight into how different market structures
and behaviors affect the power flow in the system. Additionally, the table also shows how
the power transfer changes between the two scenarios, which can be used to identify the
potential impact on market power and welfare.

4.2.3. Forward Contract in Cournot Model

Table 8 shows the power transfer for each transmission cable in the LMP and Cournot
case study, with the addition of forward contract as a variable. The simulation results
indicate that the Cournot model, when incorporating the forward contract as a portion of
the installed capacity, is a suitable method for analyzing the market equilibrium. In order
to ensure realistic data in the numerical simulation, we have avoided the conjured forward
contract and instead calibrated contract coverage in the Cournot formula to determine the
optimal contract coverage that can create a competitive market structure. The simulation
results show that by using forward contract as an instrument, it is possible to create a
competitive electricity market with a lower number of player participants, with the optimal
market configuration resulting in an RSI of 1.005 with only four players. Furthermore, by
calibrating the contract coverage, as can be seen in Figures 23 and 24 and Table 9, we have
determined that a minimum contract coverage of 26% is needed to increase the market
power index to a competitive level.
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Figure 23. Optimal market structure case 2.

Figure 24. Relationship between contract coverage and market power.

Table 9. Contract coverage and RSI.

Scenario Contract Coverage r

1 0% 1.05
2 5% 1.08
3 10% 1.11
4 20% 1.17
5 26% 1.20
6 30% 1.22
7 40% 1.28
8 50% 1.34
9 60% 1.40
10 70% 1.45
11 80% 1.51
12 90% 1.57
13 100% 1.62
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5. Discussion

This study presents a preventive approach for optimizing the structure of electricity
markets [11,13] by considering the use of forward contracts and using the IEEE 30 bus test
system as a case study. The simulations demonstrate the ability to determine the optimal
mix and structure of successor companies using a bottom-up merger approach. The use of
the RSI as a measure of market power mitigation highlights the importance of a minimum
number of players to create a reasonably competitive market. This study extends the
application of forward contracts in Cournot models, as previously studied in [23,25], by
incorporating the RSI as a tool to mitigate market power. It also extends the application of
the RSI in the contract-Cournot study of [21] by applying the concept of forward contracts
in a more complex market structure, represented by the IEEE 30 bus test system, and taking
into account DC load flow.

The level of contract coverage in a competitive market plays a crucial role in maintain-
ing competitiveness and reducing market power. The optimal level of contract coverage
is determined by the model behavior and assumptions. According to the authors of [21],
under a Cournot model with a constant marginal cost and linear demand schedule, the
equilibrium level of contract coverage for each oligopolist is the same fraction of output.
The level of forward contracting under a monopoly is 0%, increasing to 50% under a
duopoly, and reaching up to 80% when there are five firms. It ultimately converges on
full coverage with a sufficient number of companies. When power producers are fully
contracted, the best strategy for them is to bid competitively in the spot market, as their
bidding would not change the spot price, as per [24]. However, the authors of [25] have
shown that the optimal contract coverage under the Cournot model in the German market
is 50%, twice as much as in the SFE case.

In this study, we used a threshold of 1.2 for the Residual Supply Index (RSI) based on
the experience of the California Independent System Operator (CAISO). Using Cournot
modeling and a 120% RSI limit threshold, we found that a minimum of five players
with a balanced mix of generation technology are needed to create a competitive market.
Additionally, by using forward contracts as a tool to reduce market power, the market
regulator could design a four-player configuration with an optimal contract coverage of
26%. It is important to note that the results of this simulation are subject to the assumptions
and characteristics of the power system used, and that a dynamic calculation in a real-time
power system could yield different results.

6. Conclusions

This study highlights the significance of utilizing an ex-ante analysis approach in
the restructuring of electricity markets to ensure the creation of competitive successor
companies. The goal of market restructuring should be to avoid the formation of market
structures with firms possessing excessive market power. Poor market restructuring can
lead to the emergence of a dominant GenCo, which can significantly increase market prices
due to strategic behavior constrained by other GenCos. Conversely, successful market
restructuring results in the formation of efficient and competitive successor companies. The
use of preventive antitrust policies, as outlined in [38], plays a crucial role in preventing
the formation of uncompetitive market structures by promoting wholesale configurations
that foster competition and positive economic growth, while also preventing the abuse of
dominant market power.

The main contribution of this paper is the development of an algorithm that can be
used to optimize the structure of electricity markets in large power systems, providing a
balanced mix of generation technologies for each GenCo. By using a bottom-up merger
approach and incorporating forward contracts, the algorithm is able to determine the
optimal mix and structure of successor companies in the IEEE 30 bus test system. The
results of the simulations show that the Cournot market setting (with five players) offers
a lower number of participants compared to the perfect competition setting (with six
players). This is consistent with the preference configuration observed in the UK electricity
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market. However, it is important to note that the equilibrium is affected by the specific
characteristics of the power system and the market power index threshold used.

An antitrust analysis is crucial in understanding the factors that drive prices away
from marginal cost, such as scarcity rent and market power exercises. Without the imple-
mentation of antitrust laws and policies, market players may have the ability to exercise
their market power. By monitoring the strategic behavior of players, electricity market au-
thorities, such as OFGEM in the UK, FTC in the US, and KPPU in Indonesia, can maximize
customer welfare by reducing the exercise of market power ex-ante. However, guidelines
should be efficient, clear, and easily understood by players to avoid any potential business
distortions. Effective laws and policies are a fundamental aspect of the application of
economics in the real world. The use of simple yet insightful research tools is essential to
achieve a comprehensive understanding of the electricity market.

While this study provides useful insights into mitigating market power in electricity
markets through the use of forward contracts, some limitations should be noted. For starters,
the proposed algorithm is based on a simplified model that does not take into account all
of the complexities and nuances found in real-world electricity markets. Furthermore, the
study only focuses on the IEEE 30 bus test case, which may not be representative of other
electricity markets. Finally, the study is based on hypothetical forward contract data and
does not include real-world data, which may limit the findings’ generalizability.

Future research could focus on incorporating real forward contract data into the
algorithm to address these limitations. This would entail gathering and analyzing data
on forward contracts in the electricity market, and then using this information to validate
and improve the proposed algorithm. Such an approach would provide a more accurate
reflection of market conditions and could provide valuable insights into the effectiveness
of using forward contracts as a tool for market power mitigation. This study could also
be expanded to include a broader range of electricity markets and investigate how the
proposed algorithm performs under various scenarios and conditions.
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