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Methodological Approach to an Integrated
Assessment of Systems for Remote Renewable
Energy Supply

O.A. Baldynov'”, S.P. Popov!

! Melentiev Energy Systems Institute of Siberian Branch of Russian Academy of Sciences, Irkutsk, Russia

Abstract — The use of renewable energy sources to
reduce greenhouse gas emissions has become a global
trend. According to forecasts of various international
energy research organizations, this trend will persist in
the future. As resources located near consumption
centers are developed, the long-distance renewable
energy transportation from areas where renewable
sources operate with greater efficiency becomes a more
pressing issue. Thus, the objective to establish an
energy system using remote renewable sources arises.
The study aims to elaborate a methodological approach
for an integrated assessment of systems for energy
supply from remote renewable energy sources. A
distinctive feature of the proposed approach is a
separate analysis of the main technological processes of
production, conversion, storage, and use of energy
carriers, with specific attention given to the generation
of electricity from renewable energy sources. The
Technique for order of preference by similarity to ideal
solution (TOPSIS) is used for multi-criteria analysis of
various solutions. This study aims to compare different
energy systems for a project designed to export
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renewable energy from Russia (Sakhalin Island) to
Japan (Yamagata Prefecture).

Index Terms — remote renewable energy sources,
electric  hydrogen  system, liquid hydrogen,
methylcyclohexane, electrofuel, TOPSIS.

. INTRODUCTION

The increase in the level of global energy consumption, the
decrease in the specific cost of wind turbines and
photovoltaic modules, as well as international and national
programs aiming to reduce greenhouse gas emissions have
led to a surge in the share of renewable energy sources
(RES) in global final energy consumption. According to
forecasts made by energy research organizations and
consulting agencies, this trend will persist in the future [1—
3]. As resources located near consumption centers are
developed, long-distance renewable energy transportation
(above 1000 km) from areas where renewable sources
operate with greater efficiency (coastal wind zones, solar
radiation in deserts) will be increasingly in demand.
However, long-distance renewable energy transportation is
costly and technologically challenging due to a low value
of the capacity factor of wind farms and solar power plants,
and their intermittent generation. Thus, the construction of
long power transmission lines (PTL) for the renewable
energy transportation is economically unviable due to the
high cost of PTL and the low value of the capacity factor
of solar and wind power plants.

The “Power to X (P2X)” concept can serve as a potential
technological solution for developing SYstems for Remote
Renewable Energy Supply (SYRRES). This concept
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involves the production of hydrogen by electrolysis based
on the electricity generated from RES. The hydrogen
derived is then used as an energy carrier or transformed
into other types of electrofuels (e-fuels) or liquid organic
hydrogen carriers (LOHC). The use of “P2X” allows
accumulation, seasonal storage, and long-distance
transportation of renewable energy, which makes it
possible to establish SYRRES.

Many countries, including Russia, plan to develop such
systems. In 2020-2021, the Russian government approved
several policy documents aimed at creating RES parks and
advancing hydrogen energy industry to reduce greenhouse
gas emissions and participate in international energy
cooperation with other countries as an exporter of low-
carbon energy sources [4-6]. The initial stage suggests
producing hydrogen by steam-gas reforming of natural gas
and water electrolysis using electricity generated by
nuclear and hydropower plants. In the long term, it is
planned to switch to the use of solar and wind power plants.

The  “PtX” concept encompasses numerous
technological paths to establishing SYRRES based on the
production of hydrogen or other e-fuels and LOHC. These
systems differ significantly from each other in the
production process, numerical values of energy and
economic efficiency indices, as well as the level of
anthropogenic impact on the environment. Thus, the
development of a methodological approach for an
integrated assessment of systems for remote renewable
energy supply becomes relevant, as this assessment will
allow selecting their most reasonable option.

A wide range of studies explores the issue of
establishing and comparing SYRRES. Let us consider
general methodological approaches to assessing the
effectiveness of such systems.

A comparative techno-economic (capital and annual
operating costs) and environmental (CO, equivalent)
assessment of energy transportation systems based on the
use of gas pipelines, rail and road transport for the delivery
of gaseous and liquid hydrogen, liquefied ammonia, and
methane-hydrogen mixture (over a distance of 100 to 3 000
km for road transport and of 1 000 to 3 000 km for gas
pipelines and rail transport) is presented in [7]. The study,
however, does not explore the sea transportation of energy
carriers and hydrogen-containing substances, despite the
cost-effectiveness of this method of transportation.

A methodology developed for assessing projects aimed

at using RES in local energy systems is presented in [8].
The use of RES is grounded in resource, economic, social,
non-energy, budgetary, environmental, and energy
significance. However, the paper does not consider
alternative options for constructing energy systems based
on converting electricity generated from RES into other
energy carriers.

A comparative analysis of energy supply chains using
liqguid hydrogen, methylcyclohexane, and ammonia is
conducted based on the calculation of energy losses and the
cost of hydrogen for end consumers [9]. Energy carriers are
produced using a carbon-free method and delivered to end
consumers. However, the work does not consider the
processes of intermediate storage and final consumption. A
comparison of the reduced cost of long-distance sea
transportation for energy carriers produced from RES was
carried out in [10, 11]. Determining a reasonable route for
exporting hydrogen and hydrogen-containing substances
from Australia involves calculation of the transportation
and intermediate storage cost, excluding the cost of energy
carrier production. The technical and economic model
developed by the authors is aimed at determining the final
cost of 1 kg of liquid hydrogen (in the form of LHy),
liquefied natural gas (LNG), methanol, ammonia, and
methylcyclohexane (MCH). The results indicate that
ammonia ($0.56/kg H-) and methanol ($0.68/kg H.) are the
least expensive hydrogen derivatives for transportation,
followed by LNG ($1.07/kg Hz), MCH ($1.37/kg H>), and
liquid hydrogen ($2.09/kg H>).

In [11], the authors compare capital costs of building
hydrogen storage systems with a capacity of 500 tons/day
of hydrogen in gaseous and liquid form, as well as the costs
of producing LOHC and other energy carriers. The
findings indicate that building an energy supply system
based on the use of liquid hydrogen is more than twice as
expensive as storing gaseous hydrogen and four times
more expensive than energy supply using LOHC. Using
ammonia and methanol as hydrogen carriers is a viable
option for large-scale production due to the possibility of
using existing infrastructure. However, their synthesis and
dehydration are more energy-intensive and capital-
intensive compared to LOHC.

The analysis performed in [12] examines the present
value of the production of liquid organic hydrogen carrier
(LOHQ), specifically methylcyclohexane (MCH), along
with liquid hydrogen and ammonia, utilizing hydrogen
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generated by electrolysis powered by renewable electricity
in South Africa. This analysis spans the period from 2020
to 2050. In South Africa, the cost of renewable electrolytic
hydrogen production is the lowest. Its production is based
on electricity generated by a hybrid park of wind and
single-axis photovoltaic power plants using a large-scale
alkaline electrolyzer. The produced energy carriers and
LOHC are transported to Japan and the European Union.

The existing methodological approaches fail to provide
a comprehensive, systems study of the SYRRES. Most of
the presented works limit the scope of the study,
considering individual components or a set of components
that constitute these systems. The criteria used to compare
such systems are rather limited. In the studies discussed,
the comparison of energy supply systems focuses primarily
on the analysis of energy and economic efficiency. To
determine a reasonable avenue to establish SYRRES, it is
necessary to expand the set of criteria. The need for a multi-
criteria assessment when comparing these systems is
confirmed by the practice of formulating strategies for the
development of hydrogen energy in various countries, in
particular when considering options for process chains of
importing RES energy from abroad. When comparing
options for import chains, the Japanese government
emphasized the importance of not only minimizing the cost
of delivered energy resources generated from RES but also
reducing the anthropogenic impact on the environment
throughout their production and use.

Il. TECHNO-ECONOMIC MODEL OF THE ENERGY
SUPPLY SYSTEM FROM REMOTE RES

Previously, we developed a methodological approach
for the Integrated Assessment of systems for transporting
energy from remote renewable energy sources and
presented it in [13]. This approach does not involve
calculating the volume of energy services rendered to end
consumers from the volume of e-fuels and LOHC
delivered over the period. Energy services represent the
volume of thermal electric energy production, as well as
the productivity of vehicles. Calculation of this indicator
allows assessing the efficiency of the systems in question
for end consumers. For example, the delivered volume of
LOHC can be comparable to or exceed the volume of liquid
hydrogen delivered. After transporting LOHC, however,
hydrogen needs to be extracted (dehydrogenated) from the
chemical structure of LOHC, which is an energy-intensive

process consuming part of the delivered energy. As a
result, the volume of delivered RES energy and, hence, the
volume of energy services rendered will decrease.

The approach published in [13] is also aimed at
calculating the economic, energy, and environmental
performance indicators for each option of energy
transportation systems. However, it does not allow
identifying the most reasonable option among the
alternatives considered.

The aim of this study is to develop a methodological
approach for the Integrated assessment of systems for
remote renewable energy supply (SYRRES). The scientific
novelty of this work is its contribution to addressing the
previously identified gaps in the methodology [13].

In comparison with the study [13], the Integrated
assessment of SYRRES has an expanded range of systems
under consideration. In addition to systems based on the
P2X concept: production of LOHC (methylcyclohexane,
MCH), liquid hydrogen (LH>), synthetic methane (SNG),
and ammonia (NHs), it analyzes an electric hydrogen (EH>)
system. Within the EH, system, the electricity generated
from RES is transmitted via a high-voltage direct current
(HVDC) transmission line and then is used to produce
compressed hydrogen. Compressed hydrogen is then sold
to consumers or recovered into electricity by reversible
fuel cells (rSOEC) or a hydrogen combined-cycle gas
turbine (CCGT) (Fig. 1).

As in the other power systems at issue, compressed
hydrogen is produced based on RES. Compressed
hydrogen storage is supposed to be on the consumer side,
which eliminates the need to transport hydrogen.
Electricity transmission via HVDC from the RES location
to the hydrogen production site is described by the power
transmission loss, the cost of power transmission line, and
the limitation of its transfer capability.

In contrast to the methodological approach presented in
[13], this work introduces the following changes in the
integrated assessment of SYRRES.

To calculate the volume of energy services provided, the
calculation of additional indicators was added to the
techno-economic model of power systems. These are:

X D CCGT/rSOEC (1)

= T CCGT/rSOEC
o
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Fig. 1. Electric hydrogen system (1 — industrial consumers, 2 — consumers in the public sector, 3 — consumers in the transport

L = OLBEV/FCE% @)
where
D — volume of e-fuels / LOHC delivered to the consumer
during the period, tons;
X — volume of energy services rendered to the consumer
from delivered energy carriers during the period,
MWh/year;
aCCCTISORC _ gpecific electricity generation from CCGT or
rSOEC, per ton of fuel,
nCCCTISOEC _ efficiency of CCGT or rSOEC;
Ly — vehicle productivity, passenger-km;
BEV/IFCEVING ICBV _ gpacific consumption of electricity or
fuel (hydrogen or SNG) Battery electric vehicle (BEV) /
Fuel cell vehicle (FCEV) / Natural gas internal combustion
engine vehicle (NG ICEV) (see Table 1 [14, 15]).

The reasonable way of constructing the system of energy
supply from remote RES was determined using the
“Technique for order of preference by similarity to ideal
solution (TOPSIS)” [16, 17]. The TOPSIS is based on the
idea that the selected alternative should have the shortest
geometric distance from the positive ideal solution and the
largest geometric distance from the negative ideal
solution. As part of the Integrated assessment, the TOPSIS
was revised to determine the most reasonable way of
establishing SYRRES and now it consists of the following
successive stages:

1) ranking the weight of criteria within the Integrated
assessment of SYRRES depending on the degree of

importance for the SYRRES project;

2)building a normalized matrix consisting of i
alternatives and j criteria of the integrated assessment and
constructing a normalized matrix:

Zij
S; = ——— (3)

R
where z;; is alternative i assessed according to criterion j;
3) calculating the weighted normalized matrix:
m; =S§;n;; (4)
4) identifying “ideal” and “negative” solutions for each
criterion:
{ =((max m|iel),(min m| jeJ)), )
m; =((min m|iel), (max m| jeJ));
5)calculating the distance for alternatives to “ideal”
and “negative” solutions:

c :\lzj(mii -m;)° '

6) calculating relative proximity of the considered
systems S; to the ideal solution. The option closest to the

(6)

TaBLE 1. Energy Consumption of a VVehicle for Different Fuel

Systems
. NG
Vehicle type BEV  FCEV ICEV
Fuel consumption, kg/pass.-km - 0.34 2.47
Electricity consumption, g 56 _ _

kW/pass.-km
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“ideal” solution is recognized as the most reasonable way
to establish SYRRES:

c-
S = i . 7
YC+C 0

I1l. TESTING OF THE INTEGRATED ASSESSMENT OF A
SYRRES WITHIN THE FRAMEWORK OF THE “GREEN
ENERGY” EXPORT FROM RUSSIA TO JAPAN

A production cluster on Sakhalin Island was one of the
projects proposed by the Ministry of Industry and Trade of
the Russian Federation for the production of hydrogen
based on RES 18]. According to published data, it is
planned to build a wind farm with an installed capacity of
200 MW alongside the establishment of infrastructure for
the production and transportation of hydrogen in 2025. It
is assumed that the hydrogen produced through electrolysis
will be liquefied and transported to countries in the Asia-
Pacific region [18]. The project does not indicate the
locations of the wind farm, hydrogen production facilities,
and hydrogen delivery points.

The production of liquid hydrogen is characterized by
significant energy losses during storage and transportation.
Based on the methodological approach for the Integrated
assessment, a system based on the production of liquid
hydrogen was compared with other SYRRES options.
Within the framework of this study, the point of departure
for e-fuels and LOHC is Uglegorsk port and the end point
is Sakata port (Yamagata Prefecture, Japan). Let us
consider the following SYRRES options:

1. An electric hydrogen system. A high-voltage direct
current power transmission line with a total voltage of
720 kW and a length of 1 120 km will connect the wind
farm near the port of Uglegorsk and the port of Sakata,
where the production facility and compressed hydrogen
storage facility are located;

2. An energy system based on the production of
liquid hydrogen (LH-). Liquid hydrogen is produced in
the port of Uglegorsk, and then transported by sea
hydrogen tankers to the port of Sakata.

3. An energy system based on the LOHC (MCH)
production. MCH is produced from hydrogen derived by
the method of electrochemical splitting of water at
Uglegorsk port. MCH is then transported by oil tankers to
Sakata port.

4. An energy system based on SNG production. SNG
is generated at Uglegorsk port utilizing hydrogen produced

by the method of electrochemical water splitting. Then
SNG is transported by gas tankers to Sakata port.

5. An energy system based on ammonia (NHs)
production. Ammonia is produced from hydrogen derived
by the method of water electrolysis at Uglegorsk port. Then
NHjs is transported by ammonia sea tankers to Sakata port.

The length of the sea route between the ports of
Uglegorsk and Sakata, when transporting e-fuels and
LOHC by sea tankers (carrying capacity of 40 000 m3), is
1240 km.

The methodological approach described in [13, 19] was
applied to calculate the annual volume of e-fuels and
LOHC exported from Russia to Japan, along with
associated levelized cost as part of the first stage of the
Integrated assessment. In this case, the cost of generating
plants and distribution infrastructure (electric power plants,
gas stations, storage facilities) is not considered due to their
location on the territory of the importing country (Table 2).

Formulas (1) and (2) were used to calculate the volume
of electric and thermal energy for CCGT and rSOEC
(Fig. 2), as well as the performance of electrified vehicles
for various combinations of their refueling and/or charging
(Fig. 3). This indicator for BEV was calculated for various
methods of electricity generation.

TABLE 2. Delivered Volume of E-Fuels/LOHC

Volume of Levelized cost of
SYRRES delivered e-fuels/LOHC,
e-fuels/LOHC, tons USD/kg

LH, 9 600 14.7
MCH 5600 14.4
SNG 8700 13.9
NH;3 8 500 13.7
EH, 9100 13.9

MWh

150

100

° CCGT rS0EC CCGET rSOEC CCGT rS0EC CCGT rS0EC CCGET rSOEC
EH, LHy MCH sNG NH;
Electricenergy m Thermal energy

Fig. 2. Thermal and electric energy production
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TABLE 3. Integrated Assessment of SYRRES

Criteria Units EH, LH, MCH NH; SNG
Technical:
Energy losses % 41.7 48.9 69.1 64.5 60.1
EROEI - 2.05 2.1 1.85 1.72 1.67
Economic:
Levelized cost UsD 147 144 13.9 13.7 13.9
bn
NPV USD 1.326 1.314 1.271 1.352 1.337
Environmental:
COy t 140.3 149.8 267 296.1 294.7
Geopolitical factor
Possibility of replacing an importing B 05 1 1 1 1

country

The second stage of the Integrated assessment focuses on
calculating the numerical values of the criteria (Table 3).
The establishment of systems for energy supply from
remote RES also involved assessing geopolitical factors.
The history of the Asian Super Grid project illustrates
Japan's high interest in ensuring energy security when
developing international power transmission lines that
would connect the country with other participants in the
global electric power system [21-23]. At the same time,
the country widely used liquefied natural gas (LNG),
supplied by sea LNG tankers from various exporters.

If Japan declines to import energy from Russia, the
export of e-fuels and LOHC will be redirected to other
Asia-Pacific countries. In this case, sea transportation of e-
fuels and LOHC is preferable in terms of political risks, as
it facilitates consumer diversification. Thus, the SYRRES

options were ranked as follows: in the case of impossibility
of changing the direction of e-fuels and LOHC
transportation — 0.5, in the case of SYRRES independence
from consumers — 1.

The third stage of the Integrated assessment employed
the TOPSIS to determine the most reasonable option for
establishing SYRRES. The considered hydrogen
production project on Sakhalin Island is an export-oriented
project aimed at generating profit. In this regard, at the first
step of TOPSIS, the emphasis was placed on assigning

TABLE 4. Weights of Criteria in the Integrated Assessment of

SYRRES
Energy ERO  Levelize NP COe Geopolitica
losses El d cost \Y; z | factor
0.15 0.15 0.2 0.2 0.15 0.15

10
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TABLE 5. Normalized Matrix

Geo-

Energy Leveliz

Criteria EROEI NPV CO: political
losses ed Cost
factor
EH. 0.323 0.486 0.465 0.445 0.261 0.243
LH, 0.379 0.498 0.456 0.449 0.279 0.485
MCH 0.535 0.439 0.440 0.431 0.498 0.485
NHs 0.499 0.408 0.434 0.458 0.552 0.485
SNG 0.465 0.396 0.440 0.453 0.549 0.485
TABLE 6. Weighted Normalized Matrix
Geo-
Criteria  E"®'%  propr Y2 \pyv  co,  political
losses ed Cost
factor
EH. 0.048 0.073 0.093 0.089 0.052 0.049
LH 0.057 0.075 0.091 0.090 0.056 0.097
MCH 0.080 0.066 0.088 0.086 0.100 0.097
NHs 0.075 0.061 0.087 0.092 0.110 0.097
CM 0.070 0.059 0.088 0.091 0.110 0.097
SNG 0.048 0.073 0.093 0.089 0.052 0.049

weights to the criteria based on economic efficiency, as
detailed in Table 4:

In the second step of TOPSIS, the obtained numerical
values of the Integrated assessment criteria were employed
to calculate the normalized matrix elements using formula
(2) (Table 5).

The third step involved calculating the values of the
weighted normalized matrix elements using formula (4)
(Table 6).

At the fourth step, “ideal” and “negative” solutions were

identified when choosing SYRRES options (Table 7).
At the fifth step, the distance for alternatives to both the
“ideal” and “negative” solutions was calculated (Table 8).
The sixth step of the TOPSIS involved calculating the
distance of relative proximity to the ideal solution for each
system at issue. The results of calculations based on
TOPSIS within the framework of the Integrated assessment

TABLE 7. “ldeal” and “Negative” Solutions

+

m; 0.048 0075 0.087 0.092 0.052 0.097

m; 0.080 0.059 0.093 0.08 0110 0.049

TABLE 8. Calculated Distance for Alternatives to the
“Ideal” and “Negative” Solutions

Criteria Cc* Cc
EH, 0.04902 0.06765
LH, 0.01026 0.07828

MCH 0.05791 0.05037
NH; 0.06524 0.04955
SNG 0.06329 0.05008

MCH NHz SNG

08
06
05
03
02
EHy LHs

Fig. 4. Determining a reasonable energy system using
TOPSIS.

show that the reasonable SYRRES option under the
accepted assumptions is a system based on the production
of liquid hydrogen (Fig. 4).

IVV. ANALYSIS OF THE OUTCOMES ACHIEVED

The results of the Integrated assessment confirm the
SYRRES option based on the production of liquid
hydrogen within the framework of the hydrogen
production project on Sakhalin Island. This system is
characterized by high values of economic indices in
comparison with systems based on the production of MCH,
ammonia, and SNG. Energy losses of the electric hydrogen
system are minimal; however, Japan’s decision to stop
importing energy resources from Russia will make these
HVDC power lines unnecessary and lead to their
shutdown.

V. CONCLUSIONS

This paper presents a methodological approach to the
Integrated assessment of systems for remote renewable
energy supply. The study examines an electric hydrogen
system utilizing a HVDC power line for the transmission
of electrical energy and a hydrogen subsystem for its
storage. The TOPSIS is adopted to determine a reasonable
SYRRES option.

Based on the proposed methodological approach, the
Integrated assessment of the energy systems was
performed for the case study of exporting Russian energy
resources to Japan. The results obtained demonstrate the
viability of this approach and reveal its potential for
conducting pre-project studies of the development of
systems for remote renewable supply.
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Abstract — Power systems in Vietnam's coal mining
industrial areas supply power of inferior quality.
Supraharmonic voltages and currents in power grids
serving electric energy to open-cut coal mines were
detected by measuring power quality indicators and
operating parameters in the power grid serving electric
energy to the open-pit coal mine and coal screening
plant operated by “Cua Ong-Vinacomin” company.
The active powers of harmonics and supraharmonics
do not produce any useful work. They induce extra loss
of active power. Coal mining and coal processing
companies pay for the loss, which results in diminished
rate of return for them.

This paper offers a review of published research on the
topic. It presents the results of measuring the operating
parameters and power quality indicators for non-
sinusoidal conditions at the point connecting a 22 kV
power line to the power system that serves electric
energy to an open-pit coal mine and coal screening
plant. The active power loss caused by supraharmonics
is calculated and analyzed.
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I. INTRODUCTION

Electric energy is used in all areas of human life.
Maintaining its quality in compliance with the established
standards [1] facilitates the efficient use of various material
resources, including the reliable operation of energy
systems. Energy saving is key in operating the power
sector and addressing the issues of its expansion planning.
It is directly related to the power quality in power grids,
which affects the operation of electrical equipment of
power utilities and consumers, and the efficiency of their
work [2]. One of the power quality problem is voltage non-
sinusoidality [3]. Voltage non-sinusoidality in electrical
networks occurs all over the world [4-8]. Non-
sinusoidality of voltages and currents gets higher with
increased use of electrical equipment having nonlinear
current-voltage characteristics, such as generators, motors,
transformers, as well as electronic equipment (rectifiers
and inverters) and the electrical equipment whose
operation is based on electric discharge phenomena
(electric welding equipment, arc furnaces) [9-15]. At
present, electronic equipment is everywhere, and its use is
steadily on the rise. Power electronics is an industry whose
products are vital to electrical engineering and electric
power industries [16]. At the same time, modern power
electronics is a source of high-frequency emissions. They
can damage electrical equipment, cause extra power loss,
and decrease reliability of serving electric energy to
consumers [17].
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Coal mining in Vietnam is an important part of the
economy. Underground and open-pit coal mines have
become the industrial centers of the country. Power
systems of underground and open-pit coal mines have a
complex configuration, different voltage levels, loads of
various types and powers. Underground mines, open-pit
mines, and coal screening plants are actively embracing
new process equipment, including electrical equipment
with nonlinear current-voltage characteristics that
consumes current with non-sinusoidal waveforms. At coal
screening plants, the main electrical equipment driving the
process equipment is variable-frequency induction motors
that cause non-sinusoidal waveforms of voltages and
currents. The instrumentation-aided studies of power
quality reveal the presence of harmonics, interharmonics,
and supraharmonics in non-sinusoidal currents and
voltages [18-20]. They create extra loss of active power,
cause accelerated aging of electrical equipment insulation,
and, as a result, shorten its service life. An increase in the
total harmonic distortion of voltage up to 10-15% lowers
power factor and torque on the shaft of induction motors
[18]. The active energy of harmonics is dissipated in
electrical equipment and network components, causes loss
of electrical power and, as a consequence, incurs extra
costs for electric energy consumed. Consumers also face
additional costs in the form of penalties if the load power
factor is less than the established standard value [19].

The coal screening plant operated by “Cua Ong-
Vinacomin” company in Quang Ninh Province also
employs variable-frequency induction motors to drive the
plant's process equipment. Harmonics, interharmonics, and
supraharmonics in voltage and current in the power grid
supplying electric energy to the open-pit coal mine and
coal screening plant were detected by measuring power

quality indicators and operating parameters.

This paper presents the results of measuring harmonic
and supraharmonic voltages and currents at the node
connecting a 22 kV overhead power line to the feeding
network. The power line supplies electricity to the open-pit
coal mine and coal screening plant of the coal mining
company. The results of the calculations and the analysis
of active power loss resulting from supraharmonics in the
power line are also provided.

Il. SUPRAHARMONICS ARE VOLTAGE AND CURRENT
COMPONENTS THAT OCCUR UNDER NON-SINUSOIDAL
CONDITIONS IN ELECTRICAL NETWORKS

Non-sinusoidal  conditions in transmission and
distribution networks induce subharmonic, harmonic,
interharmonic, and supraharmonic voltage and current in
addition to the 1st harmonic of the 50 Hz frequency.
Figure 1 shows the frequency ranges that characterize the
above periodic components of voltages and currents and
non-periodic electromagnetic interference.

Subharmonics are voltage and current components with
frequencies below the fundamental frequency of the
feeding voltage. Their frequency is an integer number of
times less than the fundamental frequency of 50 Hz [21,
22].

As per GOST 32144-2013, harmonics are sinusoidal
voltages and currents, the frequency of which is a multiple
of the fundamental frequency of the feeding voltage [1].

Interharmonics are voltage and current components
whose frequencies are not integer multiples of the
fundamental frequency of the voltage. The spectral
components of the interharmonics are those located
between two consecutive harmonic frequencies.
Interharmonic components simultaneously arising at
convergent frequencies can form a voltage with a

0Hz 50Hz 2 kHz 150 kHz 30 MHz
g g = 29
= § E 25
E E E £
= S 28
2 5 35
22} [Sa

Fig. 1. Distribution of signal compﬁnents by frequency range.
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broadband spectrum [1, 21, 23]. The levels of current
interharmonics in arc steelmaking furnaces can reach up to
10-20% of the fundamental frequency current [15].

Numerous publications [24-30] consider the
components with frequencies ranging from 2 to 150 kHz as
supraharmonics. GOST 30804.4.7.7-2013 defines
supraharmonics “as components of signals (currents and
voltages) whose frequencies are above the 40th harmonic
frequency (approximately 2 kHz) but below the upper limit
of the low frequency band (9 kHz)” [23]. Supraharmonics
can be caused by the use of control devices in power supply
units with pulse-width modulation on the side of
connection to the electrical network; the signal
transmission in electrical networks; the interference
emitted into power supply systems by the technical
equipment (voltage converters) connected; and the voltage
and current fluctuations induced by narrowband radio
emissions. Supraharmonic currents are generated by real
distribution systems that are based on smart grids,
advanced electronic loads, and distributed generation
devices. The IEC standard [23] also notes that the spectral
components of supraharmonics have small amplitudes.
Supraharmonic numbers are denoted by the frequency
value in kHz at 0.2 kHz intervals, i.e., 2.1, 2.3, etc.

This paper considers 35 supraharmonics ranging from
2.11t0 8.9. They are mentioned in [23] and can be measured
by purpose-made instruments [8, 31].

Supraharmonics were discussed at the 14th International
Conference on Harmonics and Electric Power Quality held
in Italy in 2010 [17]. Conference participants raised the
issue of supraharmonics measurement technology and the
standard [23], which was implemented in 2008 (IEC
61000-4-7:2008) and had to be revised, in particular to
introduce changes related to supraharmonics.

The useful work is done at the 1st harmonic [7]. All the
above harmonics shown in Fig. 1, except for harmonic 1,
are harmful because they do not produce useful work [7,
15]. The sources of harmful harmonics [3, 4, 8, 15, 16, 26,
30, 32-35] are:

— rotating machines such as generators and motors
because their rotating field is not perfectly
sinusoidal;

— saturated magnetic circuits of transformers;

— power converters of all types;

— equipment that uses electric arc or electric
discharge, such as electric arc furnaces and welding

machines;

— modern electronic electric devices (variable
frequency electric drives, pulsed power supplies,
fluorescent and LED lamps, chargers for electric
vehicles, etc.);

— medium-voltage wind turbines, medium-voltage
solar power plants, low-voltage photovoltaic plants;

— interference fields caused by ultrahigh voltage lines
(corona effect);

— narrowband communication over power lines for
transmitting meter readings;

— power supply units of computers;

— programmable controllers of control systems for
industrial plants and production processes, etc.

All harmonic components degrade power quality;
increase power losses; can cause damage, malfunction, or
failure of equipment; as well as compromise the reliability
of power systems [34].

Study [8] focuses on the calculation of active power loss
due to supraharmonics in a 20 kV power cable in an
electrical network, which serves electric energy to
communities with residential and commercial loads and
contains many decentralized energy sources producing
renewable energy (wind farm, solar power plants). Low-
voltage photovoltaic power plants are connected to low-
voltage distribution networks together with other power
electronic devices that use high switching frequency power
converters such as charging stations, consumer electronics,
etc. The authors calculate active power loss based on the
measurements of supraharmonic currents in a real medium-
voltage cable network and conclude that modern
distribution networks have supraharmonic power loss that
can amount up to several percent of power loss at the
fundamental frequency. Power loss due to supraharmonics
can exceed ten percent of the power loss caused by
common current harmonics in a medium-voltage cable.

I1l. ANALYSIS OF VOLTAGE AND CURRENT
SUPRAHARMONICS MEASUREMENTS

Measurements were carried out in the distribution
network feeding a coal mine power supply circuit via a
22 kV transmission line. Figure 2 shows the diagram of the
power supply system of the open-pit coal mine and coal
screening plant. The designations used in the Figure are:
PS — power system, PTL — power transmission line, W —
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PS
110 kv
25 MVA
110/22 kV
22 kKVy=r—
vl
PQ-Box
150 PTL
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W W W  Excavator
Nol No2 No3

Fig. 2. Fragment of the network feeding the open-pit coal
mine and coal screening plant.
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Fig. 3. Oscillograms of phase currents.

ERE: R

works. The three-phase power transmission line, 8 km
long, is made with a steel-aluminum wire (AC-185) [36].

The PQ-Box 150 instrument was used for measuring the
operating parameters and power quality indicators [31].
Measurements were conducted continuously for 24 hours,
with data collected at 1-second intervals. 86 754 values
were obtained for each of the measured parameters. The
operation of the coal screening plant involves the process
of coal grading followed by service break. Figure 3
presents the oscillograms of phase currents captured at a
specific moment during the measurements.

The oscillograms reveal that the current curves are non-
sinusoidal and exhibit substantial distortion. The effective
values of currents in phases, given all of the above
components, are 60.4 A, 57.4 A, and 53.5 A.

Figure 4 plots changes in active power supplied to the

open-pit coal mine and coal screening plant over 24 hours.
The maximum active power consumption during
operational hours reaches 1035kW, with 203 kW
consumed during the break in operation.

Figure 5 shows the measured values of the indicator - the
total harmonic distortion of the voltage in three phases. The
standard value of 6.5% is set for the indicators in [19]. The
graph shows that throughout the majority of the
measurement period, the indicators exceed the standard
value, reaching their peaks during the break in operation.
They surpass the standard value by more than 2.5 times.

Figure 6 demonstrates supraharmonic voltage changes
in phase B. The voltage of supraharmonic 2.1 has the
highest value during operational hours. It is equal to 1.6 V.

IVV. ESTIMATION OF ADDITIONAL ACTIVE POWER LOSSES
DUE TO SUPRAHARMONICS IN A 22 KV OVERHEAD POWER
TRANSMISSION LINE

The additional active power losses due to
supraharmonics is calculated in accordance with the
technique presented in [37]. The calculation procedure is
as follows:

1. Calculating extra loss of active power in one phase of
the line for one of the supraharmonics, using the expression

AP, =15.Rq,, 1)
where isn is the number of supraharmonics, lis, is the
measured effective value of current flowing through the
wire of a single phase; Risn is the ohmic resistance of the
wire, which, given the skin effect [4, 5, 8, 11] and ambient

temperature [24], is defined as
Risn = RZO +aT (t _20) ) (2)

where Ry is wire resistance at 20°C; Risn iS wire resistance
at ambient temperature; ar is temperature coefficient of
wire resistance; t is ambient temperature;

2. Calculating total active power loss due to
supraharmonics ranging from 2.1 to 8.9, i.e. for 35
supraharmonics, using the expression

|sn2 Z I|sn isn ? (3)

isn=1
3. Calculating additional loss of active power due to the 1st
harmonic, for the ambient temperature
AR; = |12R11 Q)
where |, is the measured RMS value of positive-sequence
current of the fundamental frequency, R; as calculated by

2);

17


http://esrj.ru/

L.I. Kovernikova, Bui Ngoc Hung

Energy Systems Research, VVol. 7, No. 3, 2024

4. Calculating total additional active power loss due to
supraharmonics relative to active power loss of the 1st
harmonic, according to the expression
AP, =AP . | AB; -100%. (5)
The additional loss of active power due to
supraharmonics is calculated based on the measurements
performed for 24 hours.

Winter temperatures are around +10°C and summer
temperatures can reach +40°C in the area of Vietnam
where the measurements were made. Additional loss of
active power in the transmission line was determined for
these temperatures. Figure 7 shows the changes in the
resistance of the wire of one phase of the line as a function
of temperature and skin effect coefficient. When the
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Fig. 4. Changes in phase active powers.
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Fig. 7. Changes in the resistance of a single-phase wire.

ambient temperature changed from +10°C to +40°C, the
resistance of the wire increased two-fold.

Table 1 shows the calculated additional power loss in
three phases of the transmission line along with the
maximum and average values of active power loss due to
supraharmonics for one day. The additional loss of active
power due to supraharmonics in phases A and C reach
0.0004% of the active power loss due to the 1st harmonic
and 0.0079% in phase B. The loss is very little but the line
is only 8 kilometers long. The 22 kV transmission lines in
Quang Ninh Province, where the open-pit coal mine and
coal screening plant are located, are 1 700 kilometers long.
Their total additional loss due to supraharmonics for one
day can amount to about 1 133 MW.

The results of calculations and analysis of harmonic
active powers for the same 22 kV overhead transmission
line feeding an open-pit coal mine and coal screening plant
are presented in [37]. The value of harmonic active power
for the operation time relative to the value of the first
harmonic active power was 6.5%, for the period of routine
break — 1.5%. The loss caused by supraharmonics relative

to the loss due to harmonics was calculated to be about
0.001%. In [8], the authors believe that the correct
estimation of the total active power loss in modern
distribution networks that have electronic equipment
requires considering the loss caused by supraharmonics.

Study [27] indicates that there is a continuous shift of
the electrical equipment emissions from the common
harmonic range below 2 kHz to the supraharmonic range
above 2 kHz (up to 150 kHz). The shift is accompanied by
interference (reversible faults) and hidden effects that
come in the form of elevated voltages applied to shunt
capacitors, which can be observed even at relatively low
levels. The authors emphasize the necessity for a
comprehensive  system  of  standardization  (the
establishment of compatibility levels, emission limits, and
interference immunity) — an area that requires further
investigation.

V. CONCLUSION

Power quality problems call for a system of power
quality management, including standards and technical

TABLE 1. Additional Loss of Active Power Due to Supraharmonics

o Phase
t, °C Parameter A B C
+10 Pisn max, W 162.977 47.217 49.307
Pisn avgy W 0.574 10.460 0.567
Pin s W 49 803.020 907 442.978 49 176.590
P1 max, W 276 275.875 270 414,518 275 944.305
P1 avg, KW 1 366.286 132.476 135.279
Pis, MW 11 823.069 1149.255 11 735.752
Pisns/P1s, % 0.0004 0.0079 0.0004
+40 Pisn max, W 182.382 53.166 55.518
Pisn avgs w 0.646 11.778 0.638
Pisn s, KW 56.077 1021.760 55.372
P1 max, KW 311.080 304.481 310.707
P1 avg, KW 153.455 149.165 152.321
Pis, MW 133 125.000 12 940.348 13 214.187
Pisns/P1s, % 0.0004 0.0079 0.0004
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documents concerning voltages and currents at
interharmonics and supraharmonics.

In order to study the operating parameters in electrical
networks at interharmonic and supraharmonic frequencies,
it is necessary to develop special devices. Such devices are
already used in various countries.

To estimate additional loss at harmonic, interharmonic,
and supraharmonic frequencies, it is essential to develop
specialized techniques. Electricity meters should be
designed and installed at the consumer's end, including
households, to measure the power flow direction at
harmonic, interharmonic, and supraharmonic frequencies.
This capability is essential to calculate the cost of
electricity provided to the consumer.

Resolving the issue of non-sinusoidal conditions in
power grids necessitates installing special devices in
existing power systems at the request of non-distorting
consumers. Their incorporation into power systems must

be anticipated during the design phase.
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Abstract — In 2019, Russia, being a climate-conscious
country, ratified the Kyoto Protocol to the UN
Framework Convention on Climate Change caused by
anthropogenic emissions of greenhouse gases. The
increase in the emissions is primarily driven by the
advancements in energy production. The existing level
of technology for processing and using raw materials in
many energy industries leads to dangerous
environmental pollution and causes an increase in
environmental problems. Many companies have
adopted their carbon neutrality strategies to use “green
energy” based on ESG criteria, which allows them to
increase their competitive advantages. Achieving
carbon neutrality involves minimizing direct emissions
during production processes or shifting to renewable
energy sources. The paper examines the transformation
of the oil and gas companies towards cutting
greenhouse gas emissions and analyzes the mechanisms
for achieving decarbonization. To assess the
effectiveness of investment projects in the field of low-
carbon energy, the paper analyzes an approach and
proposes a dynamic simulation model based on a
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modification of the discounted cash flow method. The
model is tested under the assumption that carbon
regulation is carried out through the introduction of a
carbon border tax.

Index Terms — Environment, carbon neutrality,
energy, greenhouse gases, oil company, efficiency.

I. INTRODUCTION

The world is currently undergoing a significant shift in
climate, characterized by rising temperatures coupled with
escalating emissions of greenhouse gases (GHG) that trap
infrared radiation. The industrial revolution gave impetus
to the use of fossil fuels and biomass, along with
widespread deforestation. As a consequence, the
concentration of greenhouse gases in the planet's
atmosphere has increased, resulting in a significant rise in
global temperatures.

The main source of greenhouse gas emissions is the
energy sector. World’s energy generation accounts for
76% of carbon dioxide (COZ2) emissions, with a slightly
higher share in Russia — 78.7% [1]. The energy sector is
the backbone of the Russian economy, sustaining and
driving the growth of its other sectors. The main priority of
Russia's energy policy in the context of a change in
technological structure is to ensure environmental safety,
which is largely due to the geopolitical situation and the
role of the energy sector in the development of the country.
These issues gained the importance with the signing of the
UN Framework Convention on Climate Change
(UNFCCC, 1992), the adoption of the Kyoto Protocol
(1997) and the Paris Agreement (2015). These agreements
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mandate the participants to limit or reduce greenhouse gas
emissions, which largely determines the long-term
development of global energy towards carbon neutrality.

In this context, an accelerated transition to flexible and
sustainable energy began to adequately respond to
challenges and ensure environmental safety [2-3]. Many
companies have developed programs to reduce greenhouse
gas emissions and adopted their green energy strategies
based on global standards, in particular ESG (a set of
criteria for transitioning to socially responsible corporate
management—Environmental, Social and Governance
aspects.), which allows them to increase their competitive
advantages. The trend towards carbon neutrality is realized
by reducing direct emissions from production; transition to
renewable energy sources (hydrogeneration, solar energy,
wind, water, hydrogen energy); direct capture of CO; from
the atmosphere (absorption by plants, soil and water
masses). One of the economic measures contributing to the
transition to green energy is the introduction of a carbon
border tax (CBT) - simpler name for the Carbon Border
Adjustment Mechanism (CBAM), which is planned to be
levied from January 1, 2026 [4]. According to analysts of
the international consulting company.

The Boston Consulting Group, the oil and gas industry
accounts for 45-53% of all carbon emissions of Russian
exporters (45-84 million tons of CO>) [5].

As a consequence, the development of large oil and gas
companies is transforming towards carbon neutrality,
which makes it especially important to assess the
introduction of a carbon tax on the efficiency of investment
projects and the need to choose an adequate approach.

I. CLIMATE STRATEGY AND TRANSITION TO A GREEN
EcoNnomy

To fulfill the obligations under the Paris Agreement,
the European Union approved a strategy aimed at reducing
CO, emissions by 55% by 2030 and achieving zero
greenhouse gas emissions on the continent by 2050
(European Green Deal) [6]. As technological
advancements continue to evolve, the processes of
environmental pollution accelerate, increasing the
likelihood of the land ecosystem degradation in the future,
which underscores the importance of transitioning to a
green economy.

In 1972, the United Nations Environment Program,
established by the United Nations as the leading global

environmental authority, formulated a broadly applied
generalized definition of the concept of a green economy —
an economy characterized by low carbon emissions,
efficient resource utilization, and a commitment to serving
the interests of society as a whole [7]. According to the
forecast, the global energy landscape is expected to change
by 2040 with a significant shift towards clean fuels. The
share of natural gas is anticipated to increase to 25%,
renewable sources are projected to reach nearly 15%. In
contrast, oil may decline from 32 to 27%, although it will
remain a dominant energy source [8].

The Russian Federation is actively involved in the
implementation of the climate strategy. The Paris
Agreement was signed in 2016 and ratified in 2019. In
2021, the Strategy of Russia until 2050 was approved,
introducing two country's development scenarios,
including inertial and intensive. The intensive scenario is
supposed to be taken for implementation [9]. The inertial
scenario is aimed at fulfilling national goals and objectives.
It does not explicitly outline programs for reducing
greenhouse emissions and relies on planned modernization
and replacement of outdated equipment. The scenario
activities fail to encourage companies to adopt low-carbon
technologies, which increases the risks of slowing down
the development of green technologies. The intensive
scenario was constructed to ensure the compliance of
Russian climate regulation with international standards,
including ESG. It takes into account economic
development opportunities in the context of the global
energy transition to green technologies with low CO,
emissions, alongside the principle of return on the
investment made in them. It suggests reducing the share of
“traditional” industries by 9.4% in 2050 compared to 2020.

The fundamentals of carbon regulation in Russia are
established by Federal Law No. 296-FZ “On the Limitation
of Greenhouse Gas Emissions” of July, 2 2021 [10]. The
carbon unit indicator and the term “greenhouse gas
reduction target" were introduced. Entities with high
emissions are required to submit reports. The law primarily
seeks to provide entrepreneurs with the opportunity to
implement investment projects aimed at reducing GHG
emissions. The document advises state corporations,
companies, and joint-stock companies with state
involvement to revise their strategies to align with
initiatives that promote the national economic growth
while maintaining low carbon dioxide emissions.
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1. MECHANISMS FOR ACHIEVING CARBON NEUTRALITY

Carbon neutrality means that in the process of
production activities the company reduces carbon dioxide
emissions and its analogues to zero or compensates for
emissions through the implementation of carbon-negative
projects [11].

Common regulatory mechanisms include greenhouse
gas emission quota systems, carbon taxes and fees, and
product labeling that reflects carbon footprint level based
on national environmental and energy efficiency standards.
Additionally, there are prohibitions on the sale (use) of
carbon-intensive products and establishment of technical
standards to limit the level of GHG emissions from
automobiles, which aims to reduce the reliance on internal
combustion engines (Norway, Denmark, United Kingdom,
Spain, France, China, Germany). Mixed forms of
regulation are also widely used. The mechanisms
considered cover about 21% of global greenhouse gas
emissions, which makes it possible to reduce the carbon
footprint of production and involve interested companies
in decarbonization, thus contributing to the transformation
of the energy system, the use of new technologies and
capacities, and the development of renewable energy
sources, including hydrogen. The main mechanisms for
cutting carbon emissions are the emissions trading system
(ETS) and the carbon border tax (also known as carbon
border adjustment mechanixm), which is calculated based
on the carbon intensity of each product. The two
instruments are not mutually exclusive; in some
jurisdictions, both are applied simultaneously.

Of interest is the establishment of a Russian carbon
quota system and a mechanism for trading emission
permits, considering the specific features of the energy
development. Sberbank of the Russian Federation put
forward a proposal to partially compensate for investments
in decarbonization through trading in emission permits.
The bank is also keen on expanding ETS to encompass the
entire Russian economy [12].

Russia is set to implement fees for GHG emissions,
introducing several pricing options. One of these options
aligns with the European model, which employs a marginal
pricing system based on established quotas (85% of quotas
are free, 15% of quotas are sold on the market at €50-55
per ton of COy). The average pricing option is €5—7 per ton

of CO; [13]. The first attempts to assess the consequences
were made for electricity. Most experts expect a significant
increase in the wholesale price of electricity, forecasting
the rise up to 9% with mandatory payment of only 10% of
emissions at a price of €60 per ton. Furthermore, if the
emissions are fully paid at €50 per ton CO, the cost of
electricity from coal-fired power plants will increase by 5.3
times, and that from gas-fired plants — by 2.7 times [14].

The Ministry of Natural Resources of the Russian
Federation proposes establishing negotiable fines for over-
emissions and charge for exceeding quotas based on the
world average price for GHG emissions of $2 per ton of
CO- and the average quota price in the European quota
trading system of €25 per ton of CO,. If the emission limit
is not reached, then quota fulfillment units are charged (one
“saved” ton of CO; is equal to one unit). The entity will be
able to sell or count upon repayment of its accumulated
quotas [15].

The process of trading emissions permits in Russia has
not yet begun. To assess the effectiveness of the CO;
emission quota mechanism, it is planned to implement
regional experiments. The establishment of carbon
regulation in test mode can begin on Sakhalin. The purpose
of the experiment is to achieve a 10 % reduction in the
volume of GHG emissions in the region by the end of 2025
(in 2021, it amounted to 12.3 million tons of CO--
equivalent, the volume of absorption was 11.1 million
tons). To achieve carbon neutrality, the region needs to
convert 145 boiler houses from coal to gas, increase the
share of environmentally friendly transport to 50%, and
boost the share of renewable energy sources [16].

According to assessment conducted by the Ministry of
Economic Development of the Russian Federation in 2021,
the introduction of a carbon tax is expected to affect
exports from Russia in the amount of about $7.6 billion per
year. By 2030, annual losses for importers of Russian
products due to taxation are projected to range between
$3.5 and 6.3 billion [4]. The mechanisms under
consideration will reduce the carbon footprint of
production and involve interested companies in
decarbonization. Moreover, they will contribute to the
transformation of the energy system, the use of new
technologies and capacities, the construction of facilities
based on renewable energy sources, and the development
of hydrogen energy.
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I1l. ENERGY TRANSFORMATION OF OIL AND GAS
COMPANIES

The energy sector generates a huge amount of
environmentally hazardous waste, associated and
secondary resources, whose storage and disposal pose an
economic challenge on a national scale affecting all sectors
of activity and the environment. The accumulation of
significant masses of waste in many energy industries
stems from the existing level of technology for processing
raw materials and the lack of its integrated use. A major
problem is the flaring of associated petroleum gas (APG),
which leads to environmental pollution and an annual loss
of up to 35 billion cubic meters of valuable resources.
According to the World Bank, Russia ranks among the top
countries with the highest rates of APG flaring. The access
of service gas processing companies to burned raw
materials and their economic incentives are not regulated
by legislative and other regulatory acts. Due to the
depletion and qualitative deterioration of oil and high-
pressure natural gas resources, the problem of rational and
full use of hydrocarbon reserves is becoming especially
acute. Under these circumstances, in order to maintain
competitive advantages, many oil and gas companies in
Russia adopted their strategies for using low-carbon energy
based on ESG criteria [17]. In 2022, PJSC Rosneft [18]
topped the ranking of Russian companies for achieving
carbon neutrality, followed by TATNEFT in the second
place, and LUKOIL in the third.

Rosneft's priority, along with high profitability, is the
use of environmentally friendly technologies. In 2016—
2020, Rosneft invested over RUB 240 billion in green
initiatives. The plans for the next five years were to invest
another RUB 300 billion [19]. In 2021, the Strategy
“Rosneft-2030: Reliable Energy and Global Energy
Transition” was approved by the company. The main
stages of achieving its targets are aimed at accelerating
decarbonization initiatives. The company aims to cut
absolute GHG emissions by 5% by 2025 as compared to
2020, exceed a 25% reduction by 2035, and achieve carbon
neutrality by 2050 [20].

To achieve these goals, Rosneft develops and
implements investment projects that employ various
technologies focused on the complete capture and
processing of carbon dioxide, the recycling of materials,
and facilitate the transition to renewable energy sources. A
special plant was designed to convert methane into

synthetic liquid hydrocarbons, which was assessed by
international expertise as a “high-tech modern solution.”
Aromatization of methane is carried out, enabling a
simultaneous production of hydrogen and aromatic
petrochemical products from natural and associated
petroleum gas [21].

Infrastructure projects are implemented for the
beneficial use of APG in order to reduce emissions of
harmful substances generated from the combustion of APG
at Rosneft’s flares [5].

The largest project of Rosneft is the Vostok Oil project
in Taimyr (the confirmed resource base is 6 billion tons of
liquid hydrocarbons with a uniquely low-sulfur content of
0.01-0.04%) [20]. As part of the field's carbon
management plan, APG will be fully utilized, which will
provide the project with a 75% reduction in the carbon
footprint. This achievement is a significant advantage
when compared to major oil projects globally.

Gazprom Neft, in partnership with leading companies
in aviation industry, is creating a technological alliance to
develop green fuel. Solar panels are used in the
Kharampursky field development project
(Kharampurneftegaz LLC) in the Yamalo-Nenets
Autonomous Area. An autonomous hybrid power plant
was installed in Yamal, and solar panels were implemented
at Rosneft gas stations in Sochi [21].

LUKOIL's priority is to increase production and
develop growth projects based on the use of modern
technologies to achieve carbon neutrality by 2050. The
company’s planned investments in renewable energy for
the next 10 years surpass the state’s allocated support for
this sector in Russia by 30% [14].

One of the ways to achieve carbon neutrality is the
large-scale introduction of renewable energy sources
(RES). In 2018, RES capacities generated about 1 MWh of
green electricity, which amounted to 5.2 percent of the total
energy generated by the company [22]. The company
expands renewable energy capacities for the use of energy
for commercial purposes and for auxiliary power supply to
its production facilities [23]. The company’s Strategy
developed in 2021 offered three possible decarbonization
scenarios based on the forecast “Prospects for the
development of world energy until 2050.” These are
“Evolution,” “Equilibrium,” and “Transformation.” The
Transformation scenario involves the abandonment of
hydrocarbons alongside the swift development of electric
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transport and renewable energy technologies. It is planned
to invest $15 billion in green energy, to implement up to
30 GW of renewable power generation capacity, which
will exceed ten times such capacities located throughout
the country [24]. This will facilitate the achievement of the
goal of decarbonization and reduce the company's
dependence on oil prices through business diversification.

NOVATEK works actively in the Arctic to build
liquefaction natural gas (LNG) plants in the Yamalo-
Nenets Autonomous Area. A new project for LNG
facilities is introduced based on innovative gravity-based
technology adapted to work beyond the Arctic Circle. This
achievement can significantly reduce the scope of work
and the cost of liquefaction due to the assembly and
installation of the main equipment in the Center for the
construction of large-capacity offshore structures. As a
result, it also lessens the environmental impact.

It is worth noting that the companies diversifying their
business to reducing CO; emissions face increased
investment, high risks, and long implementation periods.
Given these circumstances, the importance of selecting
appropriate approaches to assessing the effectiveness of
investment projects related to the energy transformation of
companies is increasing.

IV. APPROACHES TO ASSESSING THE EFFECTIVENESS OF
INVESTMENT PROJECTS

A crucial factor in the process of making investment
decisions is the selection of methods for evaluating their
effectiveness. Currently, there is a wide range of methods
for assessing the effectiveness of investment projects.
These are dynamic, static (single-period and multi-period),
real-option, and non-economic (social, environmental and
budgetary effect) methods, which are selected following
the specifics of the investment project in question [25-40].
Static methods are the most prevalent choice due to their
simplicity and speed of calculation [22-23]. The real-
option method offers significant benefits enabling the
companies respond flexibly and quickly to changes in the
environment [32-33]. A widely adopted method today is a
dynamic approach based on discounted cash flows,
recommended by the UN and the World Bank [25, 28-33].
The primary drawback of this approach is its failure to
consider social and environmental impacts.

In modern context, economic analysis tends to reflect
indicators of environmental sustainability considering

social priorities when evaluating investment projects [38-
39]. When choosing an effective innovative technology,
projects face the problem of low commercial effectiveness,
alongside the underestimation of social and environmental
impacts. Utilizing the assessment of the public
effectiveness of innovative projects is proposed to
determine the expected economic effects for supporters
and opponents of the technology. This can be achieved by
adapting the methodology of project analysis and foresight
research, which are used by global financial institutions
[40].

A dynamic simulation model based on the method of
discounted cash flows is proposed to assess the
effectiveness of green energy investment projects of oil
and gas companies. The model assumes the involvement of
a single investor (a company) along with the
implementation of carbon regulation via the introduction
of a carbon border tax (CBT) [41]. The novelty of the
proposed approach is the modification of the criterion of
the basic model by including the CBT and the
environmental component in the form of payment for
environmental pollution with greenhouse gases. This
allows considering economic damage as a cost
representation of expenses incurred in preventing the
environmental impact of emissions, reflected in the net
present value of the investment project.

V.EVALUATING THE EFFECTIVENESS OF INVESTMENT
PROJECTS IN THE FIELD OF ALTERNATIVE ENERGY

The approach was tested using Rosneft as an example,
given that the reduction in the carbon footprint is the main
aim of investment projects for energy transformation. The
calculations were made on the assumption that all green
energy investment projects are represented by one
aggregated alternative energy project, GHGs are
represented by CO, and methane.

The impact of CBT on the effectiveness of the
company's development was assessed using two
investment scenarios based on the volume of capital
investments in green energy in the amount of RUB 300
billion for the period of 2023-2027. Scenario 1 does not
introduce CBT; Scenario 2 introduces CBT and factors in
the economic costs of preventing air pollution (pollution
fee). A comparative assessment of the performance
indicators of Rosneft investment projects for the two
scenarios is presented in Table 1.
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TABLE 1. Comparative Valuation of Investment Projects for 2023-2027, RUB billion

Effectiveness of Investment

Indicator - Projects -
Scenario 1 Scenario 2
Without CBT With CBT
Investment volume 300
Free cash flow 8352
Operating expenses 1024.8
Pollution charges - 244
Sales profit 7327.2 7302.8
Taxes (excluding CBT) and customs 3834.3
Carbon border tax - 2501
Net profits 34929 967.5
Discounted capital investments 208.2
Discounted cash flow 1666.9 214.7
Net present value 1458.7 6.5
Profitability index 5.56 0.72
Payback period, years 3 5

Source: Author's calculations

TABLE 2. Forecast of Environmental and Economic Indicators of Investment Projects for Scenario 2

Indicator 2022 2023 2024 2025 2026 2027 Zoggiaz'gg
Volume of direct pollutant emissions, thousand tons
Carbon dioxide 56 317 55742 55 167 54 594 53 445 52 296 271244
Methane 135.7 134.3 132.9 131.6 128.8 126 653.6
Reduction in direct emissions compared to the previous period, thousand tons
Total - 576.4 576.4 574.3 1151.8 1151.8 4030.7
Economic costs of preventing pollutant emissions, RUB billion
Total 5026.9 4975.0 4923.3 4819.7 4716.1 24 461.7

Source: Author's calculations

A comparative analysis of the scenarios reveals that
with the introduction of CBT, the company's net profit for
the period of green energy investment projects decreases
by more than 3.5 times — to RUB 967.5 billion, while net
present value reaches RUB 6.5 billion. The forecast of
emissions and economic costs to prevent air pollution is
based on the actual data of Rosneft for 2018-2020 and the
climate agenda of Rosneft until 2030, using the
methodology for determining the prevented environmental
damage (Table 2).

The total volume of direct emissions is reduced by
4 030.7 thousand tons, whereas the pollution fees amount
to RUB 24.5 billion. To reduce pollutant emissions by
1 ton, the company needs to invest RUB 74.42 thousand in
alternative energy technologies, while the net present value
will be only RUB 1.61 thousand per 1 ton, which is
unprofitable even for the largest company in the short term.
“Green” investments begin to yield returns only in the fifth

year of the project, aligning with the company’s long-term
profitability expectations.

VI. CONCLUSION

To effectively address the issues of environmental safety
in the energy sector, the Russian Federation effectively
leverages the specific mechanisms established by the UN
Framework Convention on Climate Change and its Kyoto
Protocol.

The introduction of carbon regulation, planned as part of
the EU climate policy, necessitates a change in the strategy
for the energy development towards decarbonization.
Incorporating the carbon neutrality criteria into the
evaluation of the effectiveness of investment projects is
likely to adversely affect the financial performance of oil
and gas companies during the initial stage of introducing
cross-border regulation.

The proposed approach the

allows assessing
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effectiveness of green energy investment projects by
considering the introduction of CBT and the economic
costs of preventing environmental damage in light of
global economic development trends.

An effective adaptation of the Russian oil industry to the
conditions of cross-border regulation requires a
comprehensive state policy. First of all, it is essential to
develop a domestic methodology for assessing the carbon
intensity of products and, within its framework, to establish
a system for tariffing carbon emissions and a procedure for
trading rights to greenhouse gas emissions. The
decarbonization process can be stimulated by establishing
supportive measures from the state for Russian companies
that are investing in green energy projects.
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Abstract — The paper applies machine learning
methods to make projections of natural gas
consumption volumes in China. It is critical for Russia
as a major supplier of natural gas to China to have a
reasonable estimate of possible volumes of exports. This
contributes to the proper allocation of available raw
materials, reduces the cost of excess gas storage, and
also facilitates long-term planning for future trade.
These aspects are critical for sustaining Russia's
economic security and developing international
economic relations. It is possible to estimate possible
exports based on the projected volumes of natural gas
consumption in China. This study uses machine
learning methods, which are considered a promising
data analysis tool, to model such consumption. We used
multiple models for their benchmark comparison.
Ridge regression was used as a linear model, whereas
random forest and gradient boosting served as
nonlinear models. The simulations performed proved
gradient boosting to be the best choice. The study
revealed the decisive role of socio-demographic factors,
such as the population and the urban area size. The
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most significant factors were the total population, gas
reserves, urban area size, number of passenger cars,
and the population in urban agglomerations with over
1 million inhabitants. The most significant factors were
the total population, gas reserves, urban area size,
number of passenger cars, and the population in urban
agglomerations with over 1 million inhabitants.

a modification of the discounted cash flow method. The
model is tested under the assumption that carbon
regulation is carried out through the introduction of a
carbon border tax.

Index Terms — forecasting, gradient boosting, machine
learning, natural gas, random forest.

I. INTRODUCTION

It is critical for the economic security of a country to
have as much information as possible about its potential
exports volumes. China is currently one of the most
important markets for Russian gas. Building and
strengthening international economic relations depends,
among other things, on the awareness of the needs of the
countries with which Russia conducts trade. There is a
body of published research that deals with projections of
the dynamics of gas production and exports in Russia [1—
3], which gives an idea of the possible exports volumes.
However, without understanding the demand in other
countries in the years to come, it is impossible to estimate
future trade volumes.

Today’s China is a country with one of the fastest
growing economies in the world. Naturally, its economic
boom comes at a high cost, including energy. This is
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Fig. 1. Dynamics of gas consumption and production in China by year, exajoules.

attested by the fact that China has been ranked first in the
world in terms of primary energy consumption since 2009
to the present day.

For a fairly long period of time, the country's natural gas
production was sufficient to cover domestic consumption,
but since 2007, consumption has been growing faster than
production and the domestic market have been unable to
cope with the growing demand anymore. Fig. 1 shows that
this gap has been increasing every year.

The Chinese Government, acknowledging the
importance of this challenge, is actively pursuing policies
to remedy the gap. For example, the 14" Five-Year Plan
targets increasing the LNG and natural gas storage capacity
to approximately 2 trillion cubic feet by 2025, which
amounts to a more than two-times increase since 2023.
This will be achieved by additions of regasification
terminals: in 2023 alone, the construction of 14 such
terminals in the country was started [4].

The focus on mitigating environmental impacts also
drives the demand for gas. Natural gas is considered a
“cleaner” energy source compared to coal, whose share in
China's energy consumption is high. Partial replacement of
coal with natural gas will curb emissions of air pollutants.

We conclude from the above that it is necessary to
forecast gas consumption volumes, since it becomes
impossible to rely on historical consumption data: current

volumes may differ too much from the past ones.

Il. LITERATURE REVIEW

We have compiled a table to analyze the relevance of the
topic of our study. Tablel shows the number of
publications on related topics and it makes it clear that the
interest in natural gas demand forecasting is growing
bigger every year. That being said, only a small percentage
of the studies relied on machine learning models. This can
be due to the fact that machine learning is still at its infancy
and it is yet to be embraced by all research fields.

The above body of research employed statistical and
multivariate models or time series models. The present
study is based on the research contributions to the field of
energy resources and the efficiency of their use made by
A.G. Korzhubaev, I.V. Filimonova,  A.A. Makarov,
T.A. Mitrova, A.N. Dmitrievsky, V.V. Bushuev,
D.M. Vasilyeva and others. It also relies on the machine
learning research by Anibal Alviz-Meza, Edwin Torres-

TABLE 1. Number of Studies on Related Topics by Year

Years of publication Number of studies %
2003-2007 6 9.5
2008-2012 12 19
2013-2017 21 333
2017-2022 24 38.1
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Salazar, Silvia Gastiaburu-Morales, Halyn Alvarez-
Vasquez, Juan Orozco-Agamez, Dario Pefia-Ballesteros,
Wei Zhang, Jun Yang, Sunil Dhal, Dario Sebalj, Josip
Mesari¢, Davor Dujak.

Our literature review focused on the factors considered
in the publications. Most of the works limited themselves
to natural, climatic, and economic factors, whereas we
assumed the key role played by socio-demographic factors.
Therefore, in what follows we use both the factors that
were deemed significant in other studies and the socio-
demographic factors that were for the most part omitted
from such studies. We also investigated the models that
were used in the published research. Table 2 presents the
factors and models reported in the literature.

I1l. METHODOLOGY

We relied on the following sources for collecting
information: reports by the National Bureau of Statistics of
China, BP Statistical Review, the U.S. Energy Information
Administration, the research published in Russia and
abroad by the experts in the field of gas production and
available from ResearchGate, eLibrary, Scopus.

When deciding on a set of factors, we strived for a
comprehensive analysis of their possible impact on natural
gas consumption. As a result, we have identified four main
groups of factors: economy, demography and urban areas,
energy and climate (Table 3).

A number of studies included such factors as the GDP
and GDP per unit of energy consumed [6]. The latter has
been a key performance metric for the Chinese government
for the last 10 years: it captures the efficiency of energy use
in production and therefore it can have a significant impact
on natural gas consumption. We have also included oil and
coal prices as these are the main alternatives to natural gas.

Furthermore, we covered socio-demographic factors [7],
since one of the uses of gas is residential heating and
cooking. It was decided to consider such factors as the total
population, population in urban agglomerations with over
1 million inhabitants, and urban area size. While the
relationship between gas consumption and the number of
people seems obvious, the relationship with the population
of cities with over 1 million inhabitants warrants an
explanation. The reasoning behind including this factor
was as follows: the total population numbers may fail to
serve as a representative metric since not all cities and
settlements can be gasified; whereas the opposite is true for
population numbers of major urban agglomerations
because such cities are likely to already have in place
district heating systems and gas available to households. It
is also worth noting the fact that cities with a population of
less than a million inhabitants are considered very small in
China and therefore they may have less developed
infrastructure.

Based on the above we can formally write down the

TABLE 2. Factors and Models Used in Related Studies

Factor

Forecasting method

Gas demand
Temperature
Month

Wind data
GDP
Population
Number of gas
consumers
Gas price 1 -

P PP NWNOD>
\

C D E F
2 9 4 7
2 8 2 2
- 1 1 -
- 1 1 1
- 2 1 -
- 1 1 1
- 2 - 1
- 1 1 1

A — neural networks, B — ANFIS, C — genetic algorithms, D —
statistical models, E — hybrid models, F — time series. Source: [5]

TABLE 3. Factors Covered by the Study

Economy Demography and urban areas Energy Climate
 GDP o Size of the urban area e Coal consumption o Average annual temperature
o Energy intensity o Total population e Energy consumption from
e Qil price » Population of urban  renewable sources
e Coal price agglomerations with over 1 e Passenger cars

million inhabitants

o Natural gas reserves
o Availability of proven gas
reserves
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problem statement. We consider a set of objects X and an
associated set of values Y. It is assumed that between these

two sets there exists a mapping function y": X —Y such
that y, =y (x,), and we can observe its values only on a

limited subset of objects {x,, ..., X} from X. Let us call

each “object-response” pair a precedent. The set of all such
pairs X' =(x,Y, )1:1 forms a training sample. Algorithm

training on these precedents is essentially to recover the y”
function based on the data of the training sample, that is, to

find a decision function that will approximate the y"(x)

function as accurately as possible. It is important for the
proposed solution to be effective not only for the data used
for training, but also for the entire set X, which
characterizes the generalizing ability of the algorithm.

Next, we need to determine which models to use for
solving the problem. To secure more accurate results, we
use several models, both linear and nonlinear. Linear
regression, which is trained by the least squares method,
serves as the basic model. Ridge regression is used as an
advanced linear model. Random forest and gradient
boosting represent non-linear models.

Ridge regression

Ridge regression is a type of regularization.
Regularization is a method to reduce overfitting of models.
Overfitting occurs when a model “learns” the correct
answers on a set of training data and therefore its
generalization ability decreases. Ridge regression works by
adding a penalty to the loss function used for training.
Ridge regression, also known as L2 regularization, adds to
the loss function a penalty equal to the square of the
Euclidean norm (L2 norm) of the weight vector multiplied
by the regularization parameter A. This is expressed as:

L(W)=y—Xw* +2w;, €))
where A — the regularization parameter of the model, w, —

the sum of the squares of the entries of the vector w.

L2 regularization does not reset the coefficients of the
model but makes their values closer to zero, which reduces
the risk of overfitting and makes the model less sensitive
to individual, possibly noisy, features.

Random forest

Random forest is a machine learning algorithm

developed by Leo Breiman and Adele Cutler. The random
forest uses a modified tree learning algorithm, which
consists in selecting a random subset of features at each
candidate split in the learning process. This is done in order
to eliminate the correlation of the trees. After all, the higher
the correlation of the trees in the “forest”, the lower the
accuracy of the forecast will be. However, the forecast
accuracy gains are not only due to low correlation since
there is a number of other reasons. For example, a random
forest, due to the fact that trees are trained on a random
subset of data, is not sensitive to various noises, outliers
and distortions in the data. Moreover, the resistance to
overfitting, which was referred to above, greatly improves
the final quality of the model [8]. Since each tree in a
random forest is built on the basis of a random subset of
data and features, which is why different trees capture
different aspects of the data, the chance of overfitting is
significantly reduced.

Gradient boosting

Gradient boosting works by sequentially adding up
predictors, usually decision trees, where each new
predictor corrects for the errors of its predecessor. Unlike
random forests, where trees are built independently,
gradient boosting trees are built sequentially.

The algorithm starts with a very simple model, e.g., a
plain average. This step is the starting point for all
subsequent improvements. Next, the algorithm loops to
improve the current model at each step. The goal is to close
the distance between the prediction of the model and the
actual data. The algorithm calculates the discrepancy
produced by the current model for each instance of the
data. The difference between the predicted and the actual
values can be represented as an error that needs to be
corrected. The algorithm then trains a new model, called a
“weak learner” or “helper”, which should correct for these
errors. After training a new “helper”, its predictions are
added to the predictions of the basic model. This is done
very carefully, at small increments, so as to avoid
overfitting and ensure a smooth improvement of the basic
model. The steps of error assessment, training of new
“helpers”, and their addition to the main model are repeated
multiple times. Each iteration improves the model.

The coefficient of determination (R?) and the mean
absolute percentage error (MAPE) were chosen as metrics
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of the quality of the models. The coefficient of

determination is calculated as per the next equation:
s;

_S_j'

where Sf — variance of the response variable, S? —

R2 =1 @)

variance of prediction errors.

The mean absolute percentage error is calculated as per
the next equation:

—y°
Yio¥ -100% , 3)

1 N
MAPE :Wz

t=1

where y, — the observation i from the training sample, y’

— a calculated observation as predicted by the model, N —
the number of observations.

In order to minimize the risk of overfitting, cross-
validation was used. The essence of the cross-validation
technique is as follows. The training sample is divided in
N random ways into two subsamples: training and control
samples. These samples must be disjoint. For each of the N
partitions, the algorithm a, is constructed and the error

functional Q, is calculated [9]. Then the cross-validated

model performance will be defined as the averaging of all
functional values on all partitions:

oV =230 (X)) @

where @, — the algorithm for the i-th of N partitions, Q, —
the functional of the i-th partition error.

Normalization of all factors is required for building
models further. We normalize the features according to the
next equation:

X..
X = )

bl
where x; —the i-th value of the j-th factor, x| — L2 norm

of the vector X; .

Normalization is an important step when working with
linear and ridge regressions. Modeling can begin after
method selection and data preparation are completed.

IV. RESULTS AND DISCUSSION

We applied linear regression to make a forecast for
benchmark comparison as was detailed above. The F-test
proved the model significant but a number of factors
(passenger cars, gas reserves, oil price) that are part of the
model failed to be significant

The values of the metrics for the ridge regression were
higher than for the linear regression. Interestingly, the
temperature factor had almost zero significance for this
model, although initially we assumed that it would strongly
influence the response variable. The urban area size, which

TABLE 4. Comparison of the Key Metrics of Algorithm Quality and a Set of Significant Factors

R2 MAPE

TOP 5 factors (in descending order of importance)

Passenger cars

GDP

Linear regression 87.13 9%

Population in urban agglomerations with over 1 million
inhabitants

Coal consumption

Oil price

Passenger cars

GDP

Ridge regression 89.81 7%

Coal consumption
Oil price

Natural gas reserves
Size of the urban area

GDP

Random forest 91.28 7.6%

Population in urban agglomerations with over 1 million

inhabitants
Population, total

Coal consumption
Population, total
Natural gas reserves
Size of the urban area

Gradient boosting 92.57 6.77%

Passenger cars

Population in urban agglomerations with over 1 million
inhabitants
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is another factor whose high importance was initially
assumed, proved to be of low significance as well. This is
probably due to a more complex functional relationship
than the algorithm could handle.

The random forest performed better than linear models.
We argue that it confirmed our hypothesis of a more
complex relationship at play: the urban area size topped the
list of the most important factors. At the same time, the
temperature factor still had the lowest significance score.

Gradient boosting yielded the best results among the
considered models. We note that this model had all the
factors as significant, with social and urban factors tending
to prevail.

Table 4 compares the values of metrics and the most
significant factors for the considered models.

The table shows that the best values of metrics are those
produced by gradient boosting. Figure 2 plots the forecast
generated by the model against a number of actual values.

Figure 2 shows that the values predicted by the
algorithm almost always perfectly align with the demand
trend dynamics. The algorithm even correctly identified
the turning point in 2020, which was due to the COVID-19
pandemic, while relying on input data only, which attests
to its high predictive ability.

V. CONCLUSION

The study revealed the factors that have the greatest
impact on the dynamics of natural gas consumption in

China and identified the machine learning methods that
produce the most accurate forecast.

The main factors influencing the demand for natural gas
inside China are socio-demographic factors such as the
total population and the size of the urban area.

Consideration was given to both linear and nonlinear
models (ridge regression, random forest, and gradient
boosting). All these algorithms proved to be effective and
are recommended for solving regression problems in
machine learning. Gradient boosting performed best in
forecasting natural gas consumption. Furthermore, in
gradient boosting, unlike other models, there were no
factors that did not contribute to the forecast. The most
significant factors were overall population, gas reserves,
urban area size, passenger cars, and population of urban
agglomerations with over 1 million inhabitants. At the
same time, all these factors were recognized as the highest-
scoring factors by other models, reinforcing the reliability
of the results.

The findings of the study will facilitate more accurate
planning of the volumes of natural gas exports to China,
which is essential for building foreign economic relations
for a major supplier of natural gas such as Russia.
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Fig. 2. Predicted and actual values of average daily consumption of natural gas in China, exajoules.
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Utilizing Local Fuels 1n Isolated and Inaccessible
Areas of the Irkutsk Region
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Abstract — Decentralized energy supply areas in the
Irkutsk region rely on expensive autonomous diesel
power plants for electricity supply and low- to medium-
capacity boiler houses for heat supply. A common
problem for these areas is untimely delivery and high
cost of fuel. A possible solution may be the use of local
fuels that do not require costly transportation. An
analysis is made to assess the cost-effectiveness of
substituting imported diesel fuel used for power
generation for local oil and liquefied natural gas, as well
as replacing the heat supply fuels with local fuel chips.
The study shows that the cost of fuel is the key factor
that affects the efficiency of an energy source in isolated
and inaccessible areas. Therefore, switching to local
fuels is a highly cost-effective option for existing energy
sources. By replacing diesel fuel with oil in nine
settlements of the Katangsky district, the subsidies to
the Irkutsk region can be cut by RUB 95.6 million
annually. The conversion of diesel power plants to
liquefied natural gas in six settlements of the Irkutsk
region will reduce the subsidies by RUB 41.9 million
annually. The study concludes that, given the small
population in the communities at issue, the use of wood
waste for heat supply is only suitable in four settlements
in the Irkutsk region. The heat sources in all these
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localities are departmental, which means they are not
eligible for subsidies.

Index Terms — autonomous energy sources, Irkutsk
region, local fuels, oil, liquefied natural gas, wood
waste.

I. INTRODUCTION

Numerous communities in the Irkutsk region are
isolated from centralized power supply and face fuel
supply problems due to inaccessibility and poor
development of transport infrastructure. The Katangsky
district receives fuel during winter either by winter roads
or by water. This, however, involves seasonal delivery
restrictions and additional costs for vehicle fuel. Given the
distance and inaccessibility of the most remote localities,
the transportation costs for fuel accounts for a significant
portion, reaching 50—70%.

At the same time, the remote areas of the region can
boast significant fuel resources, such as oil, natural gas, and
wood waste, which makes it possible to use them for
energy purposes in these territories.

The decentralized energy supply zone in the Irkutsk
region relies on autonomous power sources, mainly
expensive diesel power plants (DPP) [1].

Heat supply is provided from low- and medium-capacity
boiler houses. Private homes normally utilize individual
stove heating [2]. A common problem for such areas is
untimely delivery of fuel.

Given the aforementioned problems, the use of local
fuels for isolated consumers becomes highly significant as
it eliminates the need for costly transportation.

This work involves assessing the cost-effectiveness of
replacing the diesel fuel with local oil and liquefied natural
gas (LNG), as well as substituting coal in boiler houses for
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TABLE 1. Data on Fuel Prices in the Katangsky District (as of 2023)

Locality Diesel fuel price, RUB

Oil price, RUB thousand/t

Share of fuel costs in annual

thousand/t gross revenue requirement, %
Erbogachen village
Preobraz_henka village 114 80 87
Erema village
Kalinina hamlet
Podvoloshino village 112 80 65
Nepa village
Ika village
Tokma village 108 80 51
Bur village
fuel chips. Data on prices for oil and diesel fuel, as well as the share

Il. SUBSTITUTION OF DIESEL FUEL WITH OIL

To date, more than a dozen various (large, medium, and
small) oil and gas condensate fields (OGCFs) and oil fields
have been explored in the Irkutsk region. The vast majority
of them are completely or partially located in the
Katangsky district. These are Verkhnechonskoye OGCF,

the Danilovsky cluster (Danilovskoye, Severo-
Danilovskoye, Yuzhno-Danilovskoye, Zapadno-
Danilovskoye) =~ OGCFs,  Yaraktinskoye  OGCF,
Ignyalinskoye OGCF, Dulisminskoye OGCEF,

Vakunayskoye OGCF, and others. This is why the analysis
of transport accessibility has revealed that the use of local
oil is cost-effective only in the Katangsky district, namely
in the isolated and hard-to-reach localities such as
Erbogachen village, Preobrazhenka village, Erema village,
Kalinina hamlet, Podvoloshino village, Nepa village, Ika
village, Tokma village, Bur village, and Moga hamlet. The
villages of Erbogachen, Preobrazhenka, Nepa, and
Podvoloshino already use oil for heat supply from local
boiler houses.

Electricity supply to the settlements of the region is
provided from autonomous diesel power plants operating
on imported diesel fuel. Over the past years, the Katangsky
district has experienced regular interruptions in the
electricity supply due to a lack of operating capacity and a
pre-emergency state of diesel power plants. A common
problem is untimely delivery of fuel due to poor transport
infrastructure and the seasonal nature of cargo delivery.

Delivery of fuel to diesel power plants involves a
complex transportation system relying on winter road. Oil
for boiler houses is supplied from the VVerkhnechonskoye
OGCF, which is one of the largest in Eastern Siberia.
Currently, OJSC Verkhnechonskneftegaz supplies nearly
one thousand tons of oil annually to the Katangsky district.

of fuel costs in the annual gross revenue requirement of the
power generating company for power supply to the
communities in question are presented in Table 1
(according to data from the Minutes of Meetings of the
Board of Tariff Service of the Irkutsk Region).

The data in Table 1 show that the key component in an
economically justified electricity tariff is the cost of fuel.
The higher the installed capacity of the energy source, the
higher the share of fuel costs. The lower the installed
capacity, the higher the share of maintenance costs. Since
the cost of fuel increases significantly due to the high cost
of transportation, it is necessary to explore methods for
minimizing the fuel component in the cost of energy. This
can be achieved by increasing the efficiency of power
plants and using local fuels (especially in the northern parts
of the Irkutsk region, where colossal hydrocarbon reserves
are concentrated). Figure 1 shows the values of diesel fuel
prices (under existing conditions) and oil prices (after
replacing the equipment of existing diesel power plants
with new diesel generator sets running on oil, which entails
an increase in efficiency, depreciation and tax deductions)
which are required to achieve the same value of the

=

Diesel fuel price
( RUB thousand/t )

40 50 60 70 80 90 100 110
Oil price (RUB thousand/t)

Fig. 1. Condition for equal economic efficiency of oil and
diesel fuel for autonomous power plan
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levelized cost of electricity. If the levelized cost of
electricity is equal, the price of diesel fuel is higher than
the price of oil. As the levelized cost increases, the price of
oil rises slightly faster than that of diesel fuel. Based on the
current cost of diesel fuel in Erbogachen village of RUB
114 thousand/t, it is evident that the use of oil will be
economically feasible when its price is less than RUB 98.5
thousand/t.

A classic diesel generator cannot use crude oil as fuel. A
conventional internal combustion engine is designed so
that for the normal operation of all its components it
requires fuel with certain parameters. The focus, therefore,
is not on replacing fuel at existing diesel power plants, but
on replacing diesel power plant units with new oil-fired
diesel generator sets. Power plants running on oil and fuel
oil require mandatory preliminary fuel preparation. To
ensure this, a fuel preparation container is provided in the
fuel system. The main task of which is to ensure fuel
purification from water and mechanical impurities and
supply it to the circulation modules.

The estimates obtained are presented in Table 2. It is
established that when replacing existing diesel power plant
units with oil-fired diesel generator sets, the economically
justified tariff for Erbogachen village, Preobrazhenka
village, Erema village, and Kalinina hamlet will decrease
by RUB 10.59/kWh. This will reduce the annual subsidies
allocated to cover lost income by resource-supply
organizations in the Irkutsk region by RUB 85.65 million
annually. Economically justified tariff in Podvoloshino
village will decrease by RUB 10.44/kWh, resulting in an
annual reduction in subsidies by RUB 9.03 million/year.
The economic effect of converting energy sources to oil in
the villages of Nepa, Ika, Tokma, and Bur is insignificant.
This is due to the small share of fuel costs in the annual
gross revenue requirement compared to other localities
under consideration. Reduced costs for cheaper local fuel
and increased efficiency are offset by significant

depreciation and tax deductions.

For all nine localities at issue, it is recommended to
replace diesel power plants with oil-fired diesel generator
sets. Reliable power supply to consumers will be ensured
even in the populated areas where the economic effect of
such a replacement is insignificant.

I1l. REPLACING DIESEL FUEL WITH NATURAL GAS

One of the alternative options for supplying fuel to
autonomous electric sources in isolated and hard-to-reach
areas in the Irkutsk region may be the use of natural gas.
Switching to natural gas can be accomplished in two
possible ways:

1) by using pipeline natural gas through connection to
the section of the Power of Siberia - 1 gas pipeline from the
Kovykta gas condensate field (GCF), passing through the
territory of the Irkutsk region;

2) by supplying LNG to consumers by road or by water.

The use of natural gas is cost-effective not only for
diesel power plants, but also for boiler houses that use
liquefied hydrocarbon gas (LHG), or oil and fuel oil as fuel.
Boiler houses in the territories at issue do not utilize LHG,
and oil is used only in the Katangsky district. Although
natural gas is less competitive than coal and wood fuel,
from the standpoint of logistics and environmental factors,
it seems appropriate to consider the use of a single fuel at
energy sources in one locality.

1. Use of pipeline natural gas

The section of the Power of Siberia - 1 gas pipeline in the
Irkutsk region passes through the territory of the
Zhigalovsky, Kazachinsko-Lensky, Kirensky, and
Mamsko-Chuysky districts. To connect populated areas in
isolated and inaccessible parts of the Irkutsk region,
located in close proximity to the gas pipeline route, it is
necessary to construct gas distribution stations (GDS).
Given the relatively small population in such localities and

TABLE 2. Data on Electricity Supply Costs After Replacing Diesel Fuel with Qil

Capital costs,

Locality RUB million

Current economically justified
tariff, RUB/kWh

Economically justified tariff after
switching to oil, RUB/kWh

Subsidy reduction,
RUB million/year

Erbogachen

village Preobrazhenka

village 400
Erema village

Kalinina hamlet

39.39

28.80 85.65

Podvoloshino village 60 45.27

34.83 9.03

Nepa village
Ika village
Tokma village
Bur village

160 55.18

53.92 0.89

39


http://esrj.ru/

E.V. Gubiy T.F. Tuguzova

Energy Systems Research, Vol. 7, No. 3, 2024

their dispersion throughout the territory, the construction
of gas distribution stations is unfeasible for them.

The Program for the Development of Gas Supply and
Expansion of Gas Infrastructure in the Irkutsk Region for
the period of 2021-2025 includes plans to transition the
cities of Ust-Kut and Kirensk to natural gas and construct
a gas branch pipeline to the Magistralny urban-type
settlement, Sedankina hamlet, Ulkan urban-type
settlement, Yukhta hamlet, and Tarasovo village. There are
also plans to construct the Magistralny gas distribution
station. These localities are currently connected to a
centralized power supply. According to the plans, both
their population and heat supply sources will transition to
gas, which will be provided through the local distribution
gas pipelines. A study on the possibility of extending inter-
settlement gas pipelines in the future to connect the isolated
inaccessible communities has revealed that all of them are
located no less than 100 km from the ones mentioned in the
Program. Consequently, the use of pipeline natural gas in
isolated and hard-to-reach areas of the Irkutsk region is
unpromising.

2. Use of liquefied natural gas

Liquefied natural gas (LNG) has become widespread in
the industrial and domestic sectors. First of all, this type of
fuel is in demand in regions located far from main gas
pipelines. Delivery of LNG by road is carried out, if
necessary, in small quantities to local consumers at
distances of up to 500 km.

Under the domestic classification established by GOST
19433-88, LNG is categorized as hazardous material
classified as a second-class danger [3]. In this regard, all
safety measures must be provided.

Transportation of LNG by road is regulated by the rules
for the international carriage of dangerous goods by road
(ADR), as well as the rules for the transportation of

dangerous goods by road, which are approved by Order of
the Ministry of Transport of the Russian Federation No. 73
of 08.08.1995 [4]. ADR specifies the requirements for the
equipment and configuration of vehicles transporting
dangerous goods. All vehicles, including cars and trailers,
are required to undergo a technical inspection 2 times a
year, receive a diagnostic card with a conclusion on the
vehicles’ safety for use. The driver must obtain a certificate
of approval for transporting dangerous goods. The
Department of State Road Supervision approves the
transportation route. The transportation of LNG in tankers
requires a special permit. The procedure for issuing the
permit was approved by Order of the Ministry of Transport
of the Russian Federation No. 179 dated July 4, 2011, “On
approval of the Procedure for issuing a special permit for
the movement of a vehicle transporting dangerous goods
on roads” [5].

The main limitation of the LNG use for isolated and
hard-to-reach consumers is the categorization of delivery
roads, which must correspond to at least category IV (2
lanes of 3-3.25 m each, with a shoulder of 1.5-2 m).
However, even category 1V roads do not fully correspond
to the safety of LNG transportation. This category is
characterized by a low- quality coating, which can make it
challenging to move along them, especially in the autumn
and spring. Such roads are often closed to heavy vehicles.
This is because the movement of heavy vehicles leads to
rapid and serious destruction of the road surface [6]. In
addition, restrictions on the category of roads are also
related to the dimensions of gas carriers. The roads in most
of the settlements under consideration are unpaved (or
winter roads) and belong to category V, i.e. mostly country
roads [5].

LNG can be delivered by river. An analysis of this
option indicates that the localities that may be potentially
promising for the use of LNG are: Yuzhny settlement,

TABLE 3. List and Characteristics of Diesel Power Plants in Isolated and Hard-To-Reach Localities of the Irkutsk Region,
which are Recommended for the Use of LNG (as of 2023)

Municipal district Locality Population as of Diesel fuel consumption, Diesel fuel price, RUB
01.01.2022, people tlyear thousand/t
Yuzhny settlement 93 25 77
Naratay settlement 305 242.6 81
Bratsky Karakhun settlement 516 319 81
Ozerny settlement 570 645.7 81
Atalanka village 189
i Podvolochno village 229
Ust-Udinsky Anosovo village 461 506.1 1od
Klyuchi hamlet 86
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TABLE 4. Electricity Supply Costs After Replacing Diesel Fuel with LNG

Current economically

Economically justified tariff after

Subsidy reductic

Municipal district Locality JUSR“LfJIé(/jkt\E/i\'/’Lﬁ' switching to LNG, RUB/kWh RUB million/ye
Yuzhny settlement 13.47 185.60 -8.7
Bratksy Naratay settlement 25.06 24.58 05
Karakhun settlement 25.2 26.04 -1.0
Ozerny settlement 21.94 17.88 12.3
Atalanka village
Ust-Udinsky Podvolochno village 36.94 21.07 29.1

Anosovo village
Klyuchi hamlet

Naratay settlement, Karakhun settlement, and Ozerny
settlement in the Bratsky district and Atalanka village,
Podvolochnoe village, Anosovo village, and Klyuchi
hamlet in the Ust-Udinsky district. Initial data on these
localities are presented in Table 3.

The economic efficiency of converting diesel power
plants to LNG in eight isolated inaccessible localities in the
Irkutsk region is detailed in Table 4. The studies indicate
that the conversion to LNG is effective in Naratay and
Ozerny settlements of the Bratsky district and all four
communities in the Ust-Udinsky district at a cost of LNG
of RUB 30 thousand/t (including storage, transportation,
and other payments). After the conversion of diesel power
plants to LNG in the Yuzhny and Karakhun settlements in
the Bratsky district, the economically justified tariff for
electricity increases. Therefore, this conversion is
inappropriate.

Figure 2 shows the prices for diesel fuel (under current
conditions) and for LNG (when converting diesel power
plants to LNG), which are required to achieve the same
value of the levelized cost of electricity. As seen in the
Figure, with an equal value of the levelized cost of
electricity in the Ust-Udinsky district, the price of diesel
fuel is higher than the price of LNG. As the levelized cost

150
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( RUB thousand/t )

20 40 60 80 100
LNG price (RUB thousand/t)

Fig. 2. Condition for equal economic efficiency of LNG and
diesel fuel when used by autonomous power plants.

increases, the price of LNG rises slightly faster than that of
diesel fuel. We can conclude that at the current diesel cost
of RUB 104 thousand/t, the use of LNG will be effective at
its cost below RUB 61 thousand/t.

3. Replacing coal with biofuel

The richest forest resources on the territory of the Irkutsk
region served as the basis for the technological
advancement of the wood processing industry. Most
enterprises, including all the largest ones such as LLC
Magistral-Transit, LLC Rusforest Magistralny, LLC IND
TIMBER, LLC OMFAL, LLC PLT, LLC Lesresurs, and
LLC Atlant, are located in the north of the Irkutsk region
(the Ust-Kutsky, Nizhneilimsky, and Kazachinsko-Lensky
districts). These districts concentrate the most large-scale
exploitation of forest resources. This is due to the
predominance of mature and overmature forest stands, as
well as the close proximity to the Baikal-Amur Railway.

An analysis of transport accessibility [7] indicates that
biofuel in the form of fuel chips or pellets from all 64
isolated and inaccessible localities in the Irkutsk region can
be supplied to only 20 of them. At the same time,
transporting fuel with low energy density is cost-
ineffective for seven communities in the Kirensky district,
five communities in the Ust-Kutsky district, and one
settlement each in the Ust-Udinsky, Usolsky, and
Cheremkhovsky districts, in particular due to the absence
of boiler houses. Table 5 shows the list of the small isolated
inaccessible localities in the Irkutsk region, along with
their population and the minimum distance for transporting
biofuel.

Table 6 presents a list of isolated and hard-to-reach
localities in the Irkutsk region, which are recommended for
the use of biofuel.

LLC VitimLes operating in the Kirensky district is one
of the largest wood processing enterprises in the Irkutsk
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TABLE 5. Isolated and Hard-To-Reach Localities in the Irkutsk Region Where Biofuel Delivery is Possible (as of 2023)

Municipal district Locality Population, people Distance, km
Korshunovo village 144 0
Daryina village 5 0
Zolotoy settlement 6 108
Pashnya settlement 16 35
Kirensky Krasnoyarovo village 35 82
Mironovo village 36 2
Spoloshino village 11 105
Vizirny setttlement 46 113
Ust-Kirenga village 53 53
Oktyabrsky settlement 173 89
Usolsky Maninsk settlement 9 91
Tayura village 25 107
Bobrovka settlement 23 100
Ust-Kutsky Maksimovo hamlet 11 94
Boyarsk village 74 101
Omoloy village 50 94
. Anosovo village 461 67
Ust-Udinsky Klyuchi hamlet 86 54

TABLE 6. List and Characteristics of Isolated and Hard-To-Reach Localities in the Irkutsk Region Recommended for the Use of
Biofuel (as of 2023)

Municipal district Locality Type of fuel used Fuel consumption, t/year
Kirensky Korshunovo village Wood processing waste No data
Kirensky Daryina village Wood processing waste No data
Usolsky Oktyabrsky settlement  Firewood 244
Ust-Udinsky Anosovo village Firewood 900

Tulunsky Arshan settlement Brown coal 110

region. Its plots located in Korshunova and Daryina
villages can provide fuel chips or pellets to four isolated
and hard-to-reach localities in the Kirensky district. The
remaining three will be supplied with fuel chips or pellets
from the city of Kirensk. However, the population in all
nine communities is small, therefore it is recommended to
continue using forestry waste in Korshunovo and Daryino
villages, where they are produced and used at the boiler
houses of LLC VitimLes.

Oktyabrsky settlement is located 89 km from the city of
Usolye-Sibirskoye, where several forestry enterprises are
situated. These include LLC Lime, LLC Usolsky Plywood
Plant, LLC Technopark, and others. Currently, there is one
operational boiler house, owned by a secondary school, in
the Oktyabrsky settlement. This boiler house runs on
wood. It is recommended to consider the possibility of
replacing firewood with fuel chips supplied from the
enterprises in the town of Usolye-Sibirskoye.

Anosovo settlement (Ust-Udinsky district) is located 67
km from the Ust-Uda settlement, where one of the largest
forestry enterprises in the Irkutsk region, CISC Angarskiy
Les, is located. Currently, the settlements of Anosovo and
Oktyabrsky each have one wood-fired boiler house owned

by a secondary school. It is recommended to replace
firewood with fuel chips supplied by CISC Angarskiy Les.

Arshan settlement in Tulunsky district, is located 100
km from the city of Tulun, where several wood processing
enterprises (LLC Timberkom, LLC LPK, LLC Fenix, and
others) are located. These enterprises can meet the demand
of the Arshan boiler house for fuel, amounting to 66 tce
annually, and have a reserve. Currently, the only boiler
house in the settlement runs on local brown coal. As can be
seen in Figure 3, the use of fuel chips in the settlement of

4

W

Price of brown coal
(RUR thousand/t)
[ %]

0 0.2 0.4 0.6 0.8 1 1.2
Price of fuel chips (RUR thousand/t)

Fig. 3. Condition for equal economic efficiency of brown coal
and fuel chips when used by low-capacity boiler houses.
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Arshan, Tulunsky district, at the current cost of brown coal
equal to RUB 1 860/t can be efficient only if the fuel chips
are free and the cost of their delivery does not exceed RUB
15/t.

All boiler houses recommended for the use of fuel chips
are departmental, owned by private enterprises or
municipal institutions. Subsidies are not allocated to
compensate for the income lost by resource-supply
organizations.

IV. CONCLUSION

The primary challenge regarding energy supply to
consumers in isolated and hard-to-reach areas in the
Irkutsk region is underdeveloped transport infrastructure,
which significantly increases fuel prices due to high
transportation costs. One possible solution for fuel supply
is the use of local fuels, which do not necessitate costly
transportation.

A key factor in the efficiency of the energy source for
isolated consumers is the cost of fuel. Therefore,
converting existing energy sources to local fuels is feasible
and, in many cases, cost-effective.

The Katangsky district possesses the main reserves of oil
and is engaged in its production. Currently, oil is used as
fuel in boiler houses in the district. An analysis of the
economic efficiency of local fuels has revealed that the
replacement of diesel fuel with oil in nine localities of the
Katangsky district (Erbogachen village, Preobrazhenka
village, Erema village, Kalinina hamlet, Podvoloshino
village, Nepa village, Ika village, Tokma village, and Bur
village) will reduce the subsidies to the Irkutsk region by
RUB 95.6 million annually.

The use of LNG at diesel power plants as a substitute fuel
is limited due to the quality of roads. The transportation of
LNG, which is classified as hazardous goods, is prohibited
on unpaved country roads that connect remote hard-to-
reach localities with main highways. The study has
examined the localities that can be supplied with LNG by
water transport along the Angara river. The conversion of
diesel power plants to LNG is effective in Naratay and
Ozerny settlements of the Bratsky district, as well as in the
villages of Atalanka, Povolochnoe, Anosovo, and Klyuchi
hamlet in the Ust-Udinsky district. This transition to LNG
will reduce the regional subsidies by RUB 41.9 million
annually.

The Irkutsk region is home to numerous large wood
processing companies producing a significant amount of
waste that can be effectively utilized, particularly for
energy generation. However, given the small population in
the isolated and hard-to-reach localities at issue and, in
some cases, the complete lack of social infrastructure, the
use of wood waste for heat supply is advisable only in
Korshunovo and Daryina villages in the Kirensky district;
in Oktyabrsky settlement in the Usolsky district; and
Anosovo village in the Ust-Udinsky district. The heat
sources in all these localities are departmental, which
means they are not eligible for subsidies.

ACKNOWLEDGMENT

The research was carried out under State Assignment
Project (no. FWEU-2021-0004) of the Fundamental
Research Program of the Russian Federation 2021-2030
using the resources of the High-Temperature Circuit Multi-
Access Research Center (Ministry of Science and Higher
Education of the Russian Federation, project no.
13.CKP.21.0038).

REFERENCES

[1] A. 1. Sivtsev, “Increasing the efficiency of small-scale
energy in hard-to-reach areas of the Arctic,” International
Research Journal, vol. 124, no. 10, 2022. DOI:
10.23670/IRJ.2022.124.18 (In Russian)

[2] E.P.Maysyuk, L. Y. Ivanova, “Environmental assessment
of different fuel types for energy production in the Arctic
regions of the Russian Far East,” Arctic: Ecology and
Economy, vol. 37, no. 1, 2020. DOI: 10.25283/2223-4594-
2020-1-26-36 (In Russian)

[3] Dangerous goods. Classification and marking, GOST
19433-88, 1990. (In Russian)

[4] Order of the Ministry of Transport of the Russian
Federation (2021, Apr. 04). On approval of the Rules for
ensuring the safety of transportation by road transport and
urban ground electric transport, Order No. 145. (In Russian)

[51 UNECE. Agreement concerning the International Carriage
of Dangerous Goods by Road, 2021.

[6] Classification of automobile roads. General parameters and
requirements, GOST P 52398-2005, 2006. (In Russian)

[7]1 E. Gubiy, “The use of waste products of the forestry sector
for energy purposes in the central ecological zone of the
Baikal natural area,” IOP Conf. Series: Earth and
Environmental Science, vol. 4, 2022. DOI: 10.1088/1755-
1315/990/1/012002.

43


http://esrj.ru/

E.V. Gubiy T.F. Tuguzova Energy Systems Research, Vol. 7, No. 3, 2024

Elena V. Gubiy graduated from Irkutsk
State University in 2009. She received
her Ph.D. in engineering in 2020.
E.V. Gubiy is a Researcher at the
Melentiev Energy Systems Institute,
Siberian Branch of the Russian
Academy of Sciences, Irkutsk, Russia.
Her  research  interests include
bioenergy, biomass, and renewable
energy.

Tatiana F. Tuguzova graduated from
Irkutsk Polytechnic Institute in 1975.
She received her Ph.D. in engineering in
2004. T.F. Tuguzova is a Researcher at
the Melentiev Energy Systems Institute,
Siberian Branch of the Russian
Academy of Sciences, Irkutsk, Russia.
Her  research  interests include

decentralized energy supply,
inaccessible consumers, and renewable
energy.

44


http://esrj.ru/

T.N. Vorozhtsova, E.V. Galperova, and V.l. Galperov

Energy Systems Research, VVol. 7, No. 3, 2024

An Ontology-Driven Approach to Information
Alignment in Estimating Price Elasticity of
Electricity Demand

T.N. Vorozhtsoval”, E.V. Galperova?, and V.I. Galperov!

! Melentiev Energy Systems Institute of Siberian Branch of Russian Academy of Sciences, Irkutsk, Russia

Abstract — The significance of the work lies in the
increasingly cross-disciplinary nature of emerging
research problems, which necessitate the collaboration
of experts from various domains to address them. To
achieve this, it is essential for all research contributors
to align their perspectives on the processes involved.
The use of semantic technologies such as ontology-
driven modeling ensures concept alignment and
structuring of data and knowledge. The estimation of
cross-sectoral component of price elasticity coefficients
of electricity demand relies on an array of
mathematical models, each built by different experts.
To solve this problem, it is crucial to provide data
exchange between models whose outputs complement
each other. To this end, we perform an ontological
analysis of information flows between models and
provide examples of graphical ontologies thus designed.
The semantic analysis of information flows and the
system of ontologies allow the use of these models not
only by their original creators but also by a broader
community of researchers.

Index Terms — semantic approach, ontologies, price
elasticity, integration of models, knowledge.
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. INTRODUCTION

Scientific research is becoming increasingly more
sophisticated all over the world. A number of problems call
for the involvement of experts from different domains,
which makes it necessary to standardize terms and
concepts for unequivocal understanding of the ongoing
processes by all research contributors [1, 2].

The term “semantic” is related to the meaning of entities
that describe a subject area. The notion of "semantic
analysis" is most commonly used in computational
linguistics [3-5], but at the same time, semantic
technologies have already been widely adopted in other
domains for information processing and alignment in
different applications. For example, the Ell (Enterprise
Information Integration) approach [6, 7] relies on them to
integrate different types of information within the
enterprise to enable interoperability between people,
processes, systems, and technologies. This integration is
based on the knowledge of the meaning of the data used.

We propose using semantic analysis to describe input
and output data arrays and their relationships in computer-
aided models built by different experts and designed to
facilitate research. Semantic technologies are a promising
avenue in knowledge formalization, with ontological
models serving as a tool for transitioning from data to
knowledge management. They also allow visual
representation of subject area entities, their properties, and
relationships [8-11]. Ontologies enable the development of
models that capture a certain fragment of the subject area,
which is a more precise reflection of the real world than
other classification methods [12—15]. In general, ontology
describes a conceptual model of a domain, which is the
basis of the formalism of knowledge representation about
it.

This paper aims to illustrate the possibilities of using
ontologies (as a manifestation of the semantic approach) to
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Fig. 6. The “INFLATION” model ontology.

Fig. 7. Ontology of the main relationships between models and parameters.

engineering may be required to enhance its utility [24].
Ontological modeling of information exchange serves as
one of the first steps in the analysis and inventory of the
system of models at issue in terms of the possibility of the
software re-engineering.

V. CONCLUSION
The paper shows the possibility of using ontologies to
describe, structure, and visually represent cross-model
information flows of the problem-solving process.

The estimation of the cross-sectoral component of the
price elasticity of electricity demand requires the use of a
set of different computer models. The semantic analysis
and ontological modeling of information flows between
models were exemplified by solving the problem at issue.
Graphic representation of ontologies allowed structuring
the information, unifying the dictionary of terms, and
coordinating their proportions and relationships for
unambiguous understanding by  specialists. The
ontological approach utilized in solving the problem
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ensured a visual representation of the knowledge of experts
working with the described models. Such an interpretation
of the problem facilitates faster and better-quality research,
ensuring a more accessible form of the expert knowledge
transfer. Furthermore, it allows leveraging these models
not only by their developers, but also by a wider range of
researchers.

The use of semantic technologies and ontological
modeling of the research subject area significantly
enhances the information exchange among specialists,
fostering the acquisition of new knowledge.
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Abstract — The paper examines current issues related
to the stability and reliability of power supply in the
context of an increasing share of renewable energy
sources (RES). Particular attention is paid to
operational reliability and voltage regulation during
power fluctuations, which is a key aspect for stable
operation of electrical networks incorporating
distributed RES. The first part of the work analyzes the
application of FACTS (Flexible AC Transmission
Systems) devices in modern distribution networks. The
critical factors related to voltage regulation under
power fluctuations, essential for maintaining
operational reliability, are discussed. In particular, the
functional limitations of traditional regulators for
voltage control in electrical networks with a large
number of distributed RES and flexible loads are
analyzed. The second part of the paper focuses on
developing the backward/forward method for
calculating power flows in distribution networks
integrating wind farms. The methodology allows more
accurate modeling of dynamic processes in the network
and assessment of their impact on voltage and other
electrical parameters. The experimental study has
revealed that such FACTS devices as static VAR
compensator and STATCOM effectively manage
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automatic online voltage regulation in the distribution
network, which is particularly significant given
stochastic fluctuations in active power caused by the
operation of wind farms.

Index Terms —FACTS, wind power, distribution
networks, voltage control, power flow calculations,
backward/forward method.

I. INTRODUCTION

A significant increase in the share of renewable energy
sources in the energy balance, coupled with advanced
electrification across industries, transportation, and
heating, as well as the decentralization of energy sources
and the widespread adoption of active consumption
practices sets qualitatively new requirements for energy
systems, shaping the energy landscape of the future. The
widespread incorporation of distributed energy sources
(DER) in distribution networks results in bidirectional
power flows and voltage deviations beyond the regulatory
security requirements. In addition, non-dispatched
renewable energy sources (RES) and new types of flexible
loads, such as charging stations for electric vehicles, create
numerous problems for optimal voltage control in real
time. These new conditions make it difficult to ensure
effective voltage regulation in the distribution network by
using only traditional methods.

Today, Russia and other countries actively commission
wind power plants (WPPs), which are integrated into
distribution networks. At the same time, the integration of
wind power plants (WPPs) into such networks can cause
problems with sustainability, quality of power supply, and
energy flexibility, since WPPs produce electricity only in
the presence of wind, which, accordingly, leads to
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OLTC transformes

Fig. 1. The principle of centralized control based on traditional voltage regulators in the distribution electrical network

fluctuations in its output. This, in turn, can generate the
need to use other energy sources to compensate for the lack
of energy or redistribute excess energy. As a result, the use
of WPPs can change voltage and frequency in the
distribution network, which, in turn, will entail possible
instability in the operation of other devices connected to
this network. The network codes of various countries
establish a requirement to ensure the stable operation of
WPPs during temporary voltage drops in the network
according to the specified characteristics of the so-called
Low Voltage Ride Through (LVRT) function [1]. To solve
these problems, it is necessary to use special technologies
and network management algorithms. For example, the
Kotovskaya wind farm implemented the function of remote
control of the active power of generating equipment from
the control center of the Volgograd regional dispatch
office. Some studies propose the use of distributed FACTS
devices (or D - FACTS). This can be an effective way to
ensure energy flexibility and stability in distribution
networks with wind turbines [1-3]. They can be used to
regulate voltage, control power flows, compensate for
reactive power, etc.

Voltage regulation during power fluctuations is one of
the most important objectives when ensuring operational
reliability, which is understood as the ability of the power
system to withstand sudden disturbances without
unforeseen impacts on electricity consumers [4]. At the
same time, the main method of increasing the reliability of
distribution electrical networks involves detecting the most
unreliable ("narrow") parts of such a network and changing

the level of reliability by introducing various forms of
redundancy, which include the development of various
automation tools, as well as the installation of
compensating and regulating devices that improve the
quality of voltage. In this regard, voltage regulation in
distribution networks is necessary to prevent overloads and
maintain nodal voltages within the accepted limits of
operational reliability. To solve this problem, in the context
of the expansion of distributed renewable energy sources
and the emergence of a large share of flexible loads, it is
necessary to use devices capable of regulating voltage in
real time. The presented study analyzes the application of
distributed FACTS in distribution networks with a high
proportion of wind turbines to regulate voltage and ensure
the required level of flexibility. In addition, the paper
unfolds the idea of synthesizing automatic controllers of
FACTS devices to automate their operation. Examples of
these controllers are tested using test distribution networks
incorporating wind turbines.

Il. APPLICATION OF FACTS DEVICES IN MODERN
DISTRIBUTION NETWORKS FOR VOLTAGE REGULATION

A. Statement of the problem of voltage regulation in
modern electrical networks.

Traditionally, voltage control in distribution networks
relied on devices such as tap-changing transformers,
capacitor banks (CBs), and reactors (Fig. 1). Originally,
however, these electromechanical devices are not designed
to cope with the new level of variability in operating
parameters caused by the increasing integration of

54


http://esrj.ru/

E.V. Kosmina, N.V. Tomin

Energy Systems Research, Vol. 7, No. 3, 2024

distributed renewable energy sources (DRES), electric
vehicles, and flexible loads. In such cases, such control
devices face various problems associated with their
outdated functionality. In particular, OLTCs and CBs are
not fast enough to respond to changes in the operating
conditions, which can lead to transient overvoltages. For
example, traditional CBs cannot effectively respond to
daily fluctuations in feeder loads, especially if there are
active consumers participating in demand response
programs [5]. The problem is aggravated by the use of
centralized control schemes to coordinate such devices,
which also reduces the response speed and adaptation to
abrupt, stochastic changes in operating parameters.

In turn, on-load tap changers of transformers, provided
that they are equipped with automatic tap-change
functionality, respond only when the voltage goes beyond
the pre-calculated dead zone on the load bus. However, the
OLTC response time becomes insufficient when dynamics
of load and/or RES facilities in the network change
sharply, which makes the OLTC automation ineffective
under such conditions. In addition, such control devices are
not designed for frequent use (e.g., repeatedly during the
day). This means that utilizing these devices mainly for
voltage control in distribution networks that heavily rely on
renewable energy sources will hasten their wear and,
ultimately, loss of functionality [6].

Modern power electronics-based control devices such as
inverters and FACTS devices are capable of maintaining
the reactive power of the distribution network feeder when

u

1.0
0.8
0.6
0.4

0.2

operating in several control modes [7]. They are
significantly faster than traditional electromechanical
controllers are, since control using FACTS, for example, is
performed by high-speed power semiconductor devices
such as thyristors or insulated gate bipolar transistors
(IGBTs). Moreover, these devices do not contain
mechanical components prone to wear and tear, which
increases their reliability and reduces maintenance costs.
FACTS devices can be integrated at various points in the
system and provide both local and global optimization of
network parameters, which is especially important in the
modern context of a high share of renewable energy
sources and flexible loads.

Thus, devices based on power electronics provide
significant advantages over traditional voltage regulation
methods:

e Response speed - milliseconds versus seconds or

minutes.

e Precision and continuity of regulation.

¢ Reliability and durability due to the absence of

mechanical components.

o Flexibility and adaptability in the face of changing

loads and integration of renewable energy sources.

B. Distributed FACTS devices and their control
schemes

As noted above, the presence of various RES such as
wind turbines and solar photovoltaic converters (PVC), as
well as new flexible loads such as electric vehicle charging

0.0
0.0 04 038

>
1.0 14 18 20 ,

Fig. 2. The P-U curve, represented by red graphs with higher transparency, shows the improved voltage stability and
increased line load capacity achieved through the use of FACTS (adapted from [10])
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stations in distribution networks, leads to their overload or
excess generation at certain hours, which directly affects
the voltage of such a distribution system [8]. Therefore, the
primary objective for modern distribution networks today
is the effective maintenance and balance of voltage within
the acceptable range to improve the electricity quality in
the network. Distributed FACTS devices (D - FACTS) are
an adaptation of the basic technology of flexible control
devices based on power electronics. D - FACTS can be
seamlessly installed at any node and line in the distribution
network that incorporates RES.  This simplicity of
installation and operation has the potential to enhance
various operating parameters, including voltage indicators
[9].

Fig. 2 shows the P-U curve of a 220 kV network, which
illustrates the voltage stability limit of this system as the
load increases before instability occurs. The P-U curve
illustrates the sensitivity and variation of the voltage at the
node with respect to reactive power injections, indicating
the limits of the operational reliability. The red lines in the
Figure demonstrate how the curve can be stretched to the
right using, for example, FACTS devices [10]. This
effectively increases the maximum power transfer
capability, since the rightmost part of the curve
corresponds to a higher system load. This also improves
the operational reliability, since the voltage level remains
closer to the nominal voltage for higher load levels.

D - FACTS devices used in wind turbine power grids are
the static VAR compensator (SVC) and the static
synchronous compensator (STATCOM) [11]. The SVC is
a synchronous reactive power compensator that can
quickly regulate voltage and compensate reactive power in
distribution networks. The operation of STATCOM s

-

L ¥
+ & Ld

— Vdc
Fig. 3 Basic diagram of SVC (a) and STATCOM (b).

based on the use of power transistors and a synchronous
generator [2]. The basic design of the SVC relies on the
variable that is equivalent to the shunt conductance, as
shown in Fig. 3.

The SVC regulates the reactive power in the system by
controlling the firing angle of the thyristors connected to
the reactive components (capacitors and/or inductors) [12].
In this case, the principle of controlling the firing angle of
the thyristors can be written using the formulas for the
reactive power consumed by the SVC:

V2
Qe =3 — @)
where Xg,cis shunt reactance of the SVC component,
calculated using the following formula:

X,

Xeve = ) 2

2(1't—oc)+sin(20c)+ﬂ

Cvar
where « is the thyristor firing angle, which, on the one
hand, determines the component impedance, and at the
same time is the result of the Newton-Raphson or
backward/forward calculation, X, is the reactor inductance,
Xcvaris the capacitance. It is worth noting that by means of
fast control of X.,.-and X with the help of power
electronics, the SVC can maintain stable voltage in real
time.

The STATCOM, in turn, operates following the basic
principle of converting voltage from direct current to
alternating current using a voltage source converter [13].
The voltage level at the STATCOM terminal and in the
network determines the direction and nature of the reactive

power [14]. As a result, the STATCOM regulates the

reactive power Q by changing the amplitude and phase
of the inverter output voltage relative to the network.

V sind
Q =VS ( STATC)C()M ] , (3)

€q

where Vs is the network voltage, Vsratcom is the

STATCOM output voltage, & is the phase shift angle

between Vs and defined as
Qxeq

S ¥ STATCOM

Vstatcom

8=arcsin( ] Xeq is the magnitude

equivalent to impedance of the system. Since the voltage
Vstatcom and 8 can be changed by the power electronic

56


http://esrj.ru/

E.V. Kosmina, N.V. Tomin

Energy Systems Research, Vol. 7, No. 3, 2024

system within milliseconds, regulation occurs much faster
than with traditional methods.

More simply, the STATCOM can also be modeled as a
single-terminal active component. In this case, the
corresponding equation of terminal admittance is given by:

XT (\11 _VSTATCOM ) = 11 ' 4)

where Y; =1/Z, is the admittance of the coupling
transformer between the voltage inverter and the AC
system, 1, is the current flowing through the terminal, V,
is the voltage of the AC system at the point where the
STATCOM is connected.

A crucial aspect of utilizing distributed FACTS devices
is their control. For this, various control algorithms can be
used, such as PI controllers, optimization algorithms, and
others. For example, the principle of PI control of the SVC
device for voltage regulation can be expressed as follows:

t
Vo =V + K, (Vi -V, )+ Kij(vre, V) . 6)

0
where Vou is the SVC output voltage, Vin is the input
voltage, Ve is the reference voltage, K, is the
proportionality coefficient, K; is the integral component

coefficient, t is the current time.

It is worth noting that the choice of the control algorithm
depends on the specific objective and characteristics of the
EPS with wind turbines. In [15], the use of D - FACTS

1= STATCOM (1) =SV
| @ Line of 1im

G901 30KV
4 MVA

47 MvA 60 K¥
4 MVA

Efectvical distributi on grid

6901 /30KY

| Line of 1km

6001 /30KV
4 MVA

-
6901/ 30KV
4 MVA

Wind farm (12 M)
8 swind turbine 1.5 MW (DFIG )

a)

30 KV /60 K¥ Fosi soure

devices for voltage regulation and uninterruptible power
supply is exemplified by the distribution network, which
incorporates wind turbines, in the city of Tiaret (Algeria)
(Fig. 4a). As shown by the experiments, during a two-
phase short circuit in the network without D - FACTS, the
voltage at PCC drops to 0.44 pu, which causes relay
protection to operate and disconnect the wind farm if the
fault lasts long. The presence of D - FACTS systems,
however, allows maintaining the voltage at the PCC at a
level of about 0.88 pu, with a transient peak without relay
protection operation (Fig. 4b).

Typically, wind farms are squirrel-cage induction
generators directly connected to the grid. These generators
require reactive power from the grid for excitation. It is
obvious that with an increase in the number of wind
turbines, the reactive power consumption also rises and, as
a result, the voltage decreases [16]. The voltage drop can
significantly limit the amount of power supplied by these
generators to the distribution networks [17]. Shunt D -
FACTS devices can be used as reactive power
compensators to improve the voltage profiles in the
distribution networks [18]. For example, D - STATCOM

1.8 T
2 m— Without D-FACTS(500ms)
— With D-SVC(500ms)
16 1.5 — With D-STATCOM(500ms)
m— Without D-FACTS(1000ms)
ey .
1 1 i e With D-SVC(1000ms)
1.4 With D-STATCOM(1000ms)
5
120
—_ 9.5 10 10.5 11 1185
L
e 4 15
v 1 I
I |
£
7 08k
06
0.4
0.2 :
0 2 4 6 8 10 12 14 16 18 20

b)

Fig. 4. Application of D-FACTS for voltage regulation in distribution network with wind farm: a) a fragment of a distribution
network in Algeria with connected D-FACTS devices and wind turbines; b) voltage at the point of common coupling (PCC)

during its drop at the 60 kV bus. (Adapted from [13])
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Y
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u
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Y
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Y
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Calculate currents in branches using the
> incidence matrix G, ;for branches j
considering the load node

Y.
Calculate current at node
considering load and controllers of
active P’ and reactive O power

v
Calculate current in branches considering
load and controllers of active /> and
reactive O power

A4

Calculate voltage drops in the line
adjacent to the node with active 7 and
reactive O power controller

b
Calculate voltage at nodes &

Control convergence

Fig. 5. Modified algorithm of the backward/forward method for calculating power flow in the electrical network considering
active P and reactive Q power controllers.

is a shunt-connected voltage converter, which is used to
cope with power quality problems such as unbalanced load,
voltage sag, voltage fluctuations, and voltage unbalance
[19, 20]. Therefore, the power flow analysis of networks
with wind farms and D - FACTS devices is essential to
examine their impact on the network.

I1l. DEVELOPMENT OF THE BACKWARD / FORWARD

METHOD FOR CALCULATING THE OPERATING
PARAMETERS OF DISTRIBUTION NETWORKS WITH
RENEWABLE ENERGY SOURCES

Distribution networks often exhibit a high R/X ratio and
a radial configuration. Therefore, traditional power flow
calculation methods such as the Newton-Raphson method,
the fast load sharing method and their modified versions

are in most cases unsuitable for solving the power flow
problem and may even fail to converge to a solution. In
[17], the convergence of different power flow methods was
analyzed through the case study of a 33-node distribution
network that incorporates connected wind farms and
various D - FACTS devices. The research confirms that the
backward/forward method provides better convergence of
the method for these modeling conditions. It is also
emphasized that the use of D - FACTS reduces power
losses and improves voltage profiles, which makes the use
of wind farms in distribution networks more efficient than
before.

In this regard, a modified algorithm based on the
backward/forward method was developed. It is represented
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Fig. 6. Block diagram of 110-20-10 kV distribution network of industrial district (a) and the results of power flow calculation

using the backward/forward method (b)
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Fig.7. Circuit of medium voltage 110/20/10 kV distribution network, including wind farm (a); daily wind farm output profile

(b).

by a block diagram illustrated in Fig. 5 [21]. It includes an
incidence matrix [22], which allows matrix-based
calculation of the steady-state parameters of current | and
voltage U and ensures their accurate calculation at each
iteration based on the set of control means for active P and
reactive Q power at the load node, given its governing
effect.

A 9-node 110-20-10 kV distribution electrical network
of an industrial district is used to demonstrate the
backward/forward method performance. The network
includes various distributed generation facilities: a 0.5 MW
biogas power plant (MV 6 node), a 2 MW solar power plant
(MV5 node), a 15 MW industrial mini-CHP generator
(MV0 20 kV node), and a 0.5 MW diesel generator (MVO
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TABLE 1. Comparison of the Convergence Rates of Power
Flow Calculation for the 9-Node 110-20-10 kV Distribution
Network Based on Different Methods

Calculation method Circuit ring status

Closed Open
Newton-Raphson 0.00629 0.00603
Gauss-Seidel 0.11191 0.11714
Fast Decoupled Load 0.01318 0.00975
Flow
Backward / Forward 0.02533 0.00972

10 kV node). It supplies two MV loads connected to the 10
and 20 kV buses through two MV 10 and 20 kV feeders.
The network also supplies eight MV/LV substations
through two MV feeders. These two feeders form one
disconnectable ring. The results of power flow calculation
using the backward/forward method for the network in Fig.
6a are visualized in Fig. 6b.

Table 1 shows the convergence rate for the power flow
calculation utilizing different methods for the diagram in
Fig. 6a. As seen, the convergence rate for the
backward/forward method decreases for the open ring
case, i.e. when the circuit actually becomes radial. Other
methods generally exhibit a slower convergence rate, with
the exception of Gauss-Seidel. However, they may have
slower convergence for radial distribution electrical
networks.

IV. EXPERIMENTAL ANALYSIS OF AUTOMATIC CONTROL
OF FACTS FOR VOLTAGE REGULATION IN DISTRIBUTION
NETWORK WITH WIND TURBINES

This study proposes using FACTS devices for voltage
control under stochastic power fluctuations caused by the

I

presence of wind turbines. In this case, Pl control of the
considered FACTS devices is implemented according to
expression (5). We will consider an urban medium voltage
110/20/10 kV network, which includes a single busbar-
connected 25 MW wind farm as the main power source and
a FACTS device integrated into the HV1 bus (Fig. 7a). In
different simulation scenarios, the FACTS devices
considered are the SVC and STATCOM types.
Additionally, voltage regulation involved installing the
OLTC on the 380/110 kV transformer and the 7 MVAr
loads in this case study are assumed to be constant. The
output power of the wind farm is determined by the profile
of the specified wind energy (Fig. 7b). Fig. 8 shows the
results of the static steady-state calculation using the
modified backward/forward algorithm.

Fig. 9a shows the simulated nodal voltages throughout
the day derived from the power flow calculation. In this
case, the focus is on the option without installing the SVC
at the HV 1 node. As seen in the Figure, conventional
controllers, such as the OLTC and capacitor banks, “fail”
to maintain voltage within the limits of the operational
reliability. In the case of the SVC (Fig. 9b) and STATCOM
(Fig. 9c), the voltage profiles in the circuit are stabilized
and remain within the operational reliability limits. Such
regulation boosts the flexibility of the distribution system
in the presence of a wind farm.

Fig. 10 shows the control actions of the SVC (changes
in the thyristor firing angle a) and STATCOM (inverter
output voltage) controllers during automatic voltage
regulation in the network.

1.1 100

\ > 1.
al

0.9 0

= =
Bus voltage [pu] a

Line Loading I:”/u1

=}
o
n

Fig.8. Visualization of the power flow calculation for the considered electrical network with a wind farm for the no-FACTS

scenario.
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Fig. 9. Voltage profiles at the nodes of the test network throughout the day without SVC (a), and with SVC (b) and STATCOM

(c) installed.

In the first case (Fig. 10a), the SVC regulates the voltage
value on the connected bus by automatically changing the
impedance of the shunt, which has only a reactive
component, as there is no resistive part. The impedance can
be capacitive or inductive, since the device consists of a
constant capacitor connected in parallel with a reactor,
which is regulated by a pair of antiparallel thyristors.
When, in the second case, a STATCOM is used (Fig. 10b),
it actually connects the AC bus and the voltage source
inverter through a coupling transformer. Since the
STATCOM is used for reactive compensation of the shunt
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Thyristor firing angle (degree)

144.00 -

T T
12:00 18:00

Time (h)

T
00:00 06:00

a)

23:45

and is not connected to the power source, there is no active
power exchange between the STATCOM and the AC
system. Itis also important to note that if the output voltage
amplitude of the voltage inverter increases above the AC
system voltage amplitude, the inverter behaves as a
capacitor and reactive power is supplied to the AC system.
However, a decrease in the output voltage below the AC
system voltage amplitude causes the inverter to consume
reactive power, acting as a reactor. As a result, the
STATCOM can only control the AC system voltage
magnitude.
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Fig. 10. Changes in the firing angle a of the SVC thyristor (a) and voltage of the STATCOM voltage inverter (b).
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V. CONCLUSION

In today’s landscape, as the system encounters new
challenges, voltage regulation during power fluctuations
becomes increasingly more relevant. The performance of
traditional methods for voltage control in modern
distribution networks with a high share of renewable
energy sources and variable loads diminishes due to slow
response of regulators and their high wear and tear caused
by frequent use. Modern power electronics-based devices
such as inverters and FACTS devices provide faster
response, accuracy, reliability, and flexibility, making
them more effective in maintaining voltage stability in
modern electrical networks. This paper addresses the issue
of ensuring operational reliability in distribution networks
and proposes the use of a FACTS device as a solution. The
research results indicate that the distributed FACTS
devices can effectively cope with voltage fluctuations and
boost the reliability of power supply by maintaining the
flexibility and stability of distribution networks with
renewable energy sources, in particular those relying on
wind turbines. Such devices facilitate the improvement in
the stability and quality of power supply by regulating
voltage, monitoring power flows, and compensating for
reactive power. FACTS devices are a promising solution
for optimizing the operation of distribution networks.
Effectively managing these devices is crucial and
necessitates the selection of the algorithms tailored to
specific objectives and characteristics of the network. The
paper emphasizes the significance of analyzing the effect
of distributed FACTS devices on power flow in networks
with wind turbines to optimize the use of renewable energy
sources and enhance their efficiency.
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Abstract — This paper explores operational detection
and control of unauthorized electricity consumption
(UEC) in distribution electricity networks (DENSs) with
the Automated System for Commercial Metering of
Electricity (ASCME) in operation. This problem
pertains to the class of problems characterized by
significant uncertainty about the current state of the
object under study and the parameters of external
disturbances, which are represented by unauthorized
electricity consumers. In this regard, in order to reduce
the level of uncertainty and obtain additional necessary
information about the state of the object, the concept of
a virtual model of the DEN is introduced. This concept
is intended to describe the desired state of DEN, which
is characterized by the absence of unauthorized
consumers in the network. A new method and an
algorithm for solving the formulated problem based on
the concept of a virtual model of the DEN are proposed.
Conditions for identifying the current state of the DEN
are obtained. Vectors of effective values of currents and
voltages of the virtual network are determined. A
criterion for locating the UEC is formulated and a
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computational algorithm for the automated control
method is developed. The findings allow enhancing the
DEN reliability and can be used to create special
software for the subsystem for locating the UEC
coordinates in the distribution network as part of the
ASCME.

Index Terms — Distribution network, virtual
network model, unauthorized power consumption,
location method.

. INTRODUCTION

One of the most critical indicators of the efficiency of
distribution electric networks (DENSs) is the level of
electricity losses. These losses are caused not only by
internal factors, such as current and voltage unbalances [1,
2], nonlinear properties of individual loads [3, 4], but also
by external factors, particularly the presence of
unauthorized electricity consumption (UEC) [5, 6].
Therefore, when developing new automation systems for
DEN, it is essential to design new methods and
technologies that minimize electricity losses. In this regard,
the development of an information system aimed at
managing, monitoring, and controlling electricity losses in
real-time is seen as a more promising approach [6-11].
This system would include a subsystem for promptly
detecting and localizing UEC sites, allowing a reduction in
electricity losses within the network. Analysis shows that
the development of such a system is best implemented as
part of the ASCME hardware and software complexes [12—
14]. For this purpose, the ideas and approaches for
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Fig.1. Calculation scheme of a three-phase network.

identifying and locating non-technical electricity losses, as
outlined in [5, 15-19], can be utilized. This paper proposes
a new computational algorithm for solving the problem
under consideration, designed for application within
ASCME.

Il.
This study examines a four-wire 0.4 kV DEN whose

PROBLEM STATEMENT

design diagram is shown in Fig. 1. Here &k and v are index
variables indicating, respectively, the numbers of phases

A, B, C (k =:ITS) and electrical circuits of the network

(v =1,n ); Ex is instantaneous EMF of power supply for

the k-th phase; I/,, U/ , Z,, are instantaneous current,

voltage, and complex impedance of the consumer load with

coordinates (k,v), respectively; ﬂ;v, Z,, are current and

v

complex impedance of the v-th inter-consumer section of

the k-th phase; J', 7

v Sy

are instantaneous current and
complex impedance of the v-th section of the neutral wire;
Iy, Uy, Z, are instantaneous currents, voltages, and

complex impedance at the inputs of the corresponding
phases.

The following conditions are assumed to be met:

1. There are UECs in the network, the locations of which
are unknown.

2. The phase and neutral wires of the network have the
inter-consumer impedances

same cross-sections, 1.e.

Z,=1.

3. The magnitude of impedances Z  of inter-consumer

sections are determined in advance and are stored in the
ASCME database.
At a discrete moment in time t=t,, using the ASCME

electricity meters, the effective values of currents 1, 1/,
and voltages U, , U, , respectively, at the phase inputs and

at the network loads, as well as the power factors
c =cosp, and ¢, =cosg, between them are

synchronously measured. The information received is
recorded in the ASCME database and current and voltage
vectors are formed on their basis:

=[],
u, =[U;1,U;2,...,U|:n] ,
Ci =[CaCzr--1C ], k=13,
I"=[1,,15,1;], U =[uU},U, U],
C'=[c,.c,.c].

The objective is to ensure operational control of
unauthorized power consumption in the DEN based on the
identification of their current coordinates.

Solving the formulated problem involves the following
main stages:

1. Constructing a virtual model of the DEN.

2. Identifying the current state of the real DEN.

3. Forming criterion functions.

4. Building a general scheme for locating unauthorized

power consumption.
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Fig.2. Calculation scheme of the k-th phase of the virtual network.

5. Evaluating the inter-consumer currents in the virtual
network.

6. Estimating the impedances of inter-consumer sections
of the network.

7. Constructing an

algorithm for identifying

unauthorized power consumption.

I11. CONSTRUCTING THE VIRTUAL DEN MODEL

Under conditions of uncertainty about current state of
the DEN, in order to solve the problem formulated above,
it is necessary to gather supplementary information about
the object in addition to the primary initial data provided
by the ASCME meters. For this purpose, we introduce the
concept of a virtual model of the DEN, which characterizes
the desired state of a real three-phase network in the
absence of external disturbances in the form of
unauthorized consumers, whose loads generate complex

currents I, k =1,3. Figure 2 shows the calculation
scheme of the k-th phase of such a virtual network.
Here E,, I are the complex EMF and current at the

input of the k-th phase; I,,, U,,, Z,, are the complex
current, voltage and load impedance of the virtual
consumer with coordinate (k,v); i, is the complex

current of the corresponding inter-consumer section, which
is determined by the following sum:

noo.
ikv: Z Illg ’

E=v+l

v=1n, 1)

where |'k'é are the components of the original vector 1.

Input phase currents I =i,,, k =1,3 will further be

called desired currents, as they characterize (describe) the

state of the network without UECs. We will assume that
the following functional dependencies exist between the

currents I, , 17 ,and I
I0=00+1*, k=13, )
The values of currents I,,, i, and voltages U,,,

describing the state of the network under consideration,
differ from their corresponding values characterizing the

state of the original — real DEN (Fig. 1), i.e. I, =I,,,

i, =iy, U, #U,, . Inthis case, the values of impedances

Z. i.,,and z of consumer loads and inter-consumer

sections of the real and virtual network have the same
values. In what follows, the complex currents 17 and i,

will be presented in the following complex form [14]:

jo — 10/l <) 3)

i, =1, i)
where 1., |, are the magnitudes of the corresponding
complex numbers that make wup the vectors

10 =[I1°,I§,I§} and I, =[lo. bl ]; o, @, arethe
deviations of the phase shifts from their base values §, ,
determined by the formulas B, =(2(k—1)rc)/3. The

methodology for estimating the components of the vectors
12 and 1, will be described below.

IVV. IDENTIFYING THE CURRENT STATE OF THE NETWORK

According to the conditions of the problem under
consideration, the current values of phase currents
le =1, (t,) at the input of the initial real distribution

network (Fig. 1) at the time t=t;, are measured by the
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main three-phase meter. These data are stored in the
ASCME database. The analysis shows that for identifying
the current state of the distribution network, it is advisable
to use the following conditions:

1<l k=13, @
where Al is the maximum permissible error in measuring
currents in the automated metering system.

It is obvious that when relations (4) are satisfied, there
are no UECs in the network, and if at least one of the
conditions (4) is not satisfied, then there are unauthorized
consumers in the network. Thus, relations (4) can be used
as a criterion condition for identifying the current state of
the DEN.

V. FORMING THE CRITERION FUNCTIONS
Let us consider the k-th phase of a real DEN (Fig. 1),
with its load states determined by the vector
U, = [Uk'pUézv~~-ka'n ] The components of the vector are
used to determine the following differences:
AU}, =U;, U}, v=Ln-1. ®)
The values AU, characterize the voltage losses in the

inter-consumer sections of the k-th phase, having
coordinates (k,v).

Now, let us assume that unauthorized power
consumption in the network are carried out in the vicinity

of the nodes of a real DEN with coordinates (k,m, ), which
is conventionally shown in Fig. 3, where v=m,, and

m, <n.Here I, Z are the current and load impedance

of the unauthorized consumer, respectively. In this case,
each phase of the three-phase network relative to these
nodes can be conventionally divided into two parts.

Obviously, throughout the first (initial) part of the k-th
phase of the DEN, an additional current I >0 flows

through its inter-consumer sections, i.e. the values of the
inter-consumer currents |, of the real network, given (2),

are determined by the expressions

L, =l,+1, v=1m,.

In this case, the voltage losses AU, at the initial inter-
consumer sections, given (2), are determined by the
expressions

AUy, =1, Z,, =(Ikv+|lj)zkv' (6)
where |, is the effective value of the desired current on the
inter-consumer section with coordinate (k,v) provided

that there are no UECs in the network.

In the second part of the phase at issue, there is no
current | of the unauthorized consumer, and the voltage
losses AU,, in the corresponding inter-consumer sections
can be accurately estimated using the formulas:

AU, =1,Z,,, k=13, v=m +Ln. (7
Now we introduce the following relative discrete
quantities into consideration:
AU, —
W =—2, v=1n.
AU,,

For the initial sections of the network, given (6) and (7),

the functions G,, can be written in the form

AU L1 S —
G, =kl )13 y=1n.
AU, I,

This indicates that the relative values of G, in the initial

sections of the network (v =1,m, ) differ significantly

Uemg—y Liemy kmic (kmy) lkmgy, KoM Lk mpgs
_____ r Y - -
. T X .
Ik,mk_l Ik.ink Ik 1k,7nk+1
. . - .
Zk:mk—l Zk,mk |::| Zk Zk,mk+1
ka—1 ka+1
----- ] [ b
L

Fig. 3. Conventional fragment of the network where UEC occurs.
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E= meq.,n,

related to the sections where there are no UECs (1, =0).

from the values of the differences AU,.,

With an increase in leakage currents 1, the values of G,

for the initial sections of the network are significantly
greater than AU, calculated for the second part of the
network, i.e.
Gy > Gg, v=lm,, &=m_.n. ®)
This property (position), defined by relation (8), can be
used to design a constructive algorithm for locating
coordinates of the UEC. For this purpose, the discrete
functions G, are written considering (7) in the form:

Gkvzﬁzﬁ, k=13, v=1n. 9)
AUkv Ikvzkv
An analysis of the structure of the lattice functions G,

shows that in order to localize the coordinates of the UEC,
it is advisable to introduce the following discrete functions:

Fkv = |Gkv _Gk,v+l ' k :1’_3’ v :1’n -1 (10)

The set of values F, for a given k is the vector

Fo=[Fa.Fo- - Fins |- Based on relations (8) and the

condition m, <n, the function F_is graphically
represented as illustrated in Fig. 4.

As seen in the Figure, the coordinate of the UEC in the
k-th phase of the network is determined by solving the
following extremum problem:

max F, =F k=13,

1
veV Kom

(11)
where m, is the number of the node of the k-th phase, in

the vicinity of which unauthorized power consumption is
observed; V is a discrete subset consisting of the numbers

of network consumers, i.e. V ={1,2,...,n} . Asaresult, the

extremum problem (11) is reduced to finding the maximum

Fkv

I I"’| 1

1 2

n—1 n

Mi—1 My M1 My

Fig.4. Graphical representation of function F, .

component of the vector F, = [Fkl, Feooeen Fk,n—1:| , k=13

which is solved by fairly simple means.

Thus, the introduced concept of a virtual model of the
distribution network along with the above-proposed
procedure for constructing discrete functions F,, make it

possible to locate unauthorized electricity consumption in
the distribution network. In this case, the system of
functions (9) and (10) can be used to formulate a criterion
for identifying unauthorized electricity consumption as
follows: the coordinates of unauthorized consumers in the
distribution network are determined based on an analysis

of the structure of the functions F,, v=1n, k=13, by
solving the extremum problem (11).

V1. ESTIMATING INTER-CONSUMER CURRENTS IN A
VIRTUAL NETWORK

These currents in complex form are described by
expressions (1). Let us estimate the components of the
vectors 1. :[|f,|§,|g] and 1, =[l ;... 1, ] and focus
on a virtual network, whose diagram is shown in Fig. 2. For
this purpose, it is necessary to first determine the complex
impedances of the network consumer loads:

Ze=Z.,e"™ k=13, v=Ln, (12
where Z,,, ¢,, are the magnitude and phase of Z,,

respectively, calculated based on the readings (data) of
consumer electricity meters using the formulas:

U ’
Z, = T K@, =arccos(c, ) -
kv
The corresponding conductivity is calculated as follows:

1 . N N
Z.— :kae71¢k" , k :1,3 , V =1, n,

kv

(13)

Y,

v =

where Y,, =i. Then the powers S,, consumed by
kv

network consumers are:
Skv:(ll:v)zzkvl k:ﬁ, V:L_n- (14)
Now for the initial nodes of the k-th phase of the virtual
network with coordinate (k,v ), we introduce the concept
of the total power S?, consumed by consumers connected

to the network. The consumers are assumed to be
connected to the k-th phase beyond the specified point, i.e.
having coordinates (k,v+1), (k,v+2), ..., (k,n).
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At the same time

S8 =YS,. =Sae" k=13, v=Ln, (15)
&=v

where S, op, are the magnitude and phase of the total

complex power S?, respectively.

Then, for the considered node of the k-th phase, the
following functional relationships can be written:

S.lfv = givz'kav 4 k :E’ v :171 ! (16)
where 7, is the desired effective current; Z;, is the total

impedance in the sections of the k-th phase located behind
the point (k,1), which are calculated as the reciprocal of

the sum of the corresponding conductivities Y, :
1 1 a

(17)

Relations (16), given (15) and (17), can be represented
as follows
S2 el = ¢2 72 @il k=13 v=1n.
To ensure the latter conditions, the following equalities
must be satisfied:
Se =l Zi

kv?

k=13, v=1n.

From here we can calculate the values of the required
input (desired) phase currents I of the virtual network,

since S7 and Z; are known values
a
_ Skv _ 1n

= =JSAY2, k=13, v=1n.
Zy,

In this case, the desired input phase currents of the
virtual network are

(18)

kv

10=1,, k=13. (19)

VII. EVALUATING IMPEDANCES OF INTER-CONSUMER
NETWORK SECTIONS

Note that the consumer load impedances Zkv are pre-

calculated based on consumer electricity meters, and inter-

consumer impedances Z,, and Z, can be pre-defined and

recorded in the ASCME database. It is appropriate to

estimate these impedances directly during the
identification procedure of the UEC in real time. In this
case, in particular, the methods described in [10] can be

used.

VIIl. CONSTRUCTING THE ALGORITHM FOR UEC

IDENTIFICATION
The results obtained above allow us to formulate the
following algorithm for identifying and controlling the
UEC in the three-phase distribution network.

1. Pool cyclically the main three-phase and consumer
electricity meters of the ASCME at a given discrete point
in time.

2. Record the information received from the meters in
the ASCME

Uy =[I,,C,1U',C'], k=13.

database and  construct  vectors

3. Build a virtual model of the distribution network
(Fig. 2).
4. Determine the input phase currents of the virtual

network 17 and |, k :ZI?% , using formulas (18) and (19),

kv >
respectively.

5. Identify the current state of the distribution network
by checking conditions (4).

6. Check if relations (4) are satisfied. If yes, there are
no UEC in the network. Go to point 1. Otherwise, go to
point 7.

7. Calculate voltage losses AU, in inter-consumer
network sections, using formulas (5).

8. Estimate discrete functions G,,, using formulas
9.

9. Form criterion functions K, k:ZI:%, v:]jl,

using  formulas  (10) and  criterion  vectors
Fe=[ FusFor o Fina |-
10. Solve extremum problem (11) and locate

coordinates of UEC in a real DEN.
11. Complete the process of detecting and locating
UEC in the DEN.

IX. CONCLUSION

The practice of operating 0.4 kV distributed electric
networks (DENSs) shows that significant power losses due
to unauthorized power consumption may be observed in
them during certain periods of time. The hardware and
software systems of the automated metering system
(ASCME), which are implemented in low-voltage
networks to automate and informatize the processes of the
electric power control and metering, do not include
technical and software tools designed to identify and
control unauthorized power consumption in DENs. A new
method and algorithm for solving the specified problem are
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proposed based on the concept of a virtual model of a three-
phase network. The latter is introduced to describe the
desired state of a real network, to the phases of which
unauthorized consumers of electric power are connected.
The computational procedure of the developed algorithm
is more suited for the real-time use in the ASCME
compared to existing methods. The results achieved can be
leveraged to develop a subsystem for the automated control
of UEC as part of the ASCME.
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investigates the implementation of I0E technology in
order to optimize energy management, lower losses,
and enhance overall system performance in the
distribution system. We look at many approaches to
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time monitoring, and advanced data analytics. The
difficulties of putting these technologies into practice
are also explored focusing on interoperability, big data,
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. INTRODUCTION

The term “Internet of Energy” (loE) describes how
digital technologies and internet connectivity are combined
to enhance energy distribution, administration, and
consumption. This leads to increased efficiency and the
development of smart energy systems [1]. Furthermore, the
concept of the IoE is explored, highlighting how it may
facilitate decentralized and intelligent power generation.
The successful and effective running of the power
distribution network depends on intelligent management
[2].

Blockchain innovation facilitates peer-to-peer trading,
energy transfers, and automated data interchange, which
can help address security and privacy concerns in the
decentralized 1oE [3]. The primary conclusion suggests
utilizing the IoE in building energy management system
(BEMS) to solve problems with existing BEMS, such as
excessive energy data, lost information, and energy
overloading [4]. Through pilot projects, the 10E has the
potential to digitize, decentralize, and reduce the carbon
footprint of the electrical industry [5]. The potential
complexity and expense of integrating cutting-edge digital
technology into current energy systems, which could lead
to implementation hurdles, are two of the IoE constraints
or challenges. Furthermore, maintaining strong security
and privacy in decentralized networks is still a major
concern that needs to be addressed in order to safeguard
private information and preserve system integrity,
particularly when using blockchain for peer-to-peer energy
trading. In addition to reporting the features of IoE in
comparison to the old grid, this study provides insights into
consumers, distributed energy resources (DERs), as well as
virtual power plants (VPPs) control, management, and
optimization tactics [6]. Successfully handling and
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maximizing the integration of various VPPs and DERs
while guaranteeing smooth management and coordination
throughout a range of customer demands and system
specifications presents a problem in the research.

As part of the IoE, concentrated solar power (CSP)
technology can offer ecologically beneficial baseload
power production for regulating the power grid [7]. The
study [8] demonstrates that the 10E may assist in reaching
carbon-free technologies and increasing efficiency in
energy use when combined with the internet of things (10T)
networks for communication and smart grids (SGs).
Upcoming generation building energy utilization can be
improved with 10E-BEMSs [9]. One challenge in
improving building energy utilization with loE-based
systems is ensuring the integration and interoperability of
diverse energy management technologies and platforms
within existing building infrastructure. The study [10] aims
to draw attention to the shortcomings of traditional BEMSs
and near- or net-zero energy buildings (nZEBs) in order to
improve future building energy consumption and
sustainability. It also suggests cutting-edge loE-based
technologies and optimized controllers. The focus of [11]
is on the feasibility of constructing the energy internet
through the utilization of cyber-physical implementation of
energy packets in conjunction with packetized
management of non-industrial loads. A challenge in
constructing the energy internet with cyber-physical
implementation of energy packets and packetized
management of non-industrial loads can be ensuring
reliable and secure data transmission and management
amidst potential cybersecurity threats and system
integration complexities. The writers have assessed 10T's
functions in SGs in [12]. Several layers of IoE in power
systems are succinctly explained in this paper to illustrate
the applications of the 10T in smart grids.

These include demand-side management (DSM),
renewable energy sources, fault tracking, smart houses,
electric cars, demand response modeling, intelligent
meters, and others. The loT-based services are also applied
for administration, such as security information on
electrical power flow, scheduling, management, system
monitoring, load control, and distribution process data,
market and pricing information, as well as profiling data.
Thus, with the exciting concept of 10T, the IoE allows real-
time energy resource monitoring, optimization, and
automation through incorporation into distribution
networks and SGs, enhancing adaptability, dependability,
and efficiency while facilitating the implementation of and
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noted that the absence of a comprehensive classification
satisfies the requirement for a thorough analysis of this
subject. Figure 1 highlights the motivation for conducting
research on the IoE integration in power systems.

Il. THE IOE CONCEPT AND FRAMEWORK

The IoE is a new concept that has emerged as a result of
recent advancements in the fields of RES,
telecommunications, controlling schemes, power supply,
energy storage units (ESUs), information technology,
cybersecurity, computers, and especially the loT [13]
Recently, new ideas have been developed in the field of
energy investigation, such as SG-2, or the next generation
of Smart Grids [14]. Many studies focus on SG-2 [14-17],
while it presents challenges such as managing the
additional complexity and expenses of incorporating
cutting-edge digital technology into the grid’s current
structure and ensuring the cybersecurity of interlinked
systems. Future opportunities include creating RESs,
enhancing autonomous grid management, and adopting
decentralized energy markets through leveraging the
blockchain technology and IoE technology. The primary
objective of [18] is to address information security
concerns by suggesting a network security architecture and
safeguards for dispersed power plants within the IoE.

Some studies focus on IoE in renewables [15, 16, 19,
20], while the integration of IoE has changed the structure
of traditional power systems and imposes some challenges
and advantages. Figure 2 displays the pros and cons of this
integration. Table 1 presents specific areas, objectives, and
challenges associated with the 10E as identified in previous
research within the state of the art (SOA).

According to Fig. 3, the IoE represents a transformative
framework in which advanced digital technologies,
communication systems, and energy resources converge to
create an intelligent and efficient energy ecosystem. As
depicted in the structure, the IoE integrates various
components, including power generation, SGs, energy
storage, and distributed resources, all connected through a
central loE management system. This system relies on data
transmission from smart devices, sensors, and satellite
communication to optimize energy flow, demand response,
and consumption patterns. In order to increase efficiency,
strengthen grid resilience, and ease the integration of
renewable energy sources, key components of the loE
include electric vehicles (EVs) and charging stations,
distributed energy sources, and home and commercial

energy management systems. The loE promotes a more
adaptable, decentralized, and sustainable energy
infrastructure by facilitating real-time monitoring and
automated decision-making, addressing issues with energy
supply, as well as the rising demand for greener energy
options.

I1l. APPLICATION OF IOE IN VARIOUS AREAS, AND
ENERGY RESOURCES
The IoE allows real-time monitoring, predictive

analytics, and effective load balancing for enhanced grid
stability, which improve RESs and ESUs integration.
Through the use of cutting-edge sensors and smart devices,
it also enhances grid management and demand-side
supervision, guaranteeing improved fault detection, remote
control, and energy conservation.

In RES, real-time state monitoring can help with
resource utilization problems. An end-to-end IoE system
for wind farms and solar parks is achievable through the
integration of wireless ready-to-connect systems equipped
with security package solutions, like cellular modules and
routers. Even with its drawbacks, the 10T can fix problems
with minimal effort and investment. Operators can swiftly
diagnose problems and oversee the entire grid with a
straightforward, fully integrated system [21, 22]. On the
other hand, Zabihi et al. [23] examines the detection of
partial shading in photovoltaic (PV) generation systems,
which can be helpful in detecting and monitoring faults.
Two faults in a hydropower plant are simulated in [24],
which can also enhance different energy resources, like the
hydropower plant, through monitoring and assessing
faults. Although the energy resources and plug-in hybrid
electric vehicles (PHEVs) are explored in [25], wind
turbine (WT) optimization can be a research gap in this
study. The IoE can optimize the integration of small-scale
generators, RESs, and PHEVs into the grid by enabling
real-time data exchange and advanced energy
management, facilitating load flow and short-circuit
analyses while addressing both the challenges and benefits
of these technologies in modern power systems, especially
the integration of PV in power systems [26]. This
incorporation can be helpful and also would improve the
whole system by integrating real-time data and advanced
analytics to optimize the performance of PV systems with
mirrors, improving power output and irradiance. By
facilitating seamless communication between tools like
TRNSYS and EES, the IoE supports efficient system
modeling and analysis, leading to more effective
deployment and utilization of solar technologies.
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The advanced methods have enabled the power sector to
align generation with customer demand in real-time.
However, the associated peak transmission and emission
led to significantly increased expenses.
Nevertheless, the idea of demand response programs
(DRPs) [27], which may regulate and track demand at the
level of the customer, has emerged as a result of the

costs have

broadband networks.

power prices [28].

increasing use of energy markets and the development in

DRPs are separated into two categories: incentive-based
programs (IBP), which involve market-clearing, voluntary,
and mandated programs, and time-based rate programs
(TBR), which involve customer reactions to instantaneous
Intelligent decision-making and

TABLE 1. Application of the IoE in Previous Studies

Reference Area Goals Brief Description Challenges
[1] Energy distribution,  Enhance energy Combines digital technologiesand  Handling the complexity of integrating
administration distribution, internet connectivity to improve digital technologies with current systems;
administration, and energy efficiency and develop high implementation costs.
consumption smart energy systems.

[2] Power generation Facilitate Focuses on intelligent  Coordinating decentralized power
decentralized and management for the successful generation and management to ensure
intelligent power operation of power distribution  smooth operations across networks.
generation networks.

[3] Blockchain in the Enable peer-to-peer Blockchain enhances  Ensuring security and privacy in

lIoE energy trading and decentralized energy transfers and  decentralized 10E networks, especially
secure data transfer addresses security and privacy  with blockchain integration.
concerns in loE systems.

[4] BEMS Solve issues with Proposes an loE-based BEMS to  Managing large amounts of energy data

traditional BEMS tackle excessive data, data loss, and ensuring smooth integration into
and energy overloading in existing BEMS systems.
buildings.

[5] Decarbonization of  Digitize, decentralize, IoE pilot projects aim to reduce the  Dealing with high costs of digitization and

the energy industry and reduce carbon energy industry’s carbon footprint  decentralization; overcoming the
footprint in the energy ~ through digital and decentralized complexity of transitioning existing
sector technologies. infrastructure.

[6] DERs, VPPs Improve control and IoE enhances DER and VPP  Effectively managing various VPPs and
optimization of DERs  control, management, and DERs while maintaining system-wide
and VVPPs optimization tactics for more coordination and optimization.

efficient energy distribution.

[7] CSP Provide ecologically- IoE integrates CSP technology into  Overcoming technical integration barriers
friendly baseload the grid for more sustainable with existing grid infrastructure and
power generation energy production and grid ensuring stable power output.

balancing.
[8] Carbon-free Achieve carbon-free loE, combined with 10T and SGs,  Resolving interoperability issues when
technologies energy systems and helps reach carbon-free goals and  combining IoE, 10T, and SG technologies;
improve energy boosts energy efficiency. overcoming high costs of implementation.
efficiency

[9] BEMS Improve energy IoE-BEMS can optimize energy  Ensuring interoperability of different

utilization in buildings ~ consumption in next-generation energy management technologies within
buildings for sustainability and existing building infrastructure.
energy savings.

[10] nZEBs Highlight challenges Focuses on addressing limitations ~ Overcoming traditional BEMS limitations,
in traditional BEMS in current BEMS and near- or net- such as data management issues and
and promote IoE- zero energy buildings using I0E  energy overloading, while transitioning to
based systems technology. l0E-based solutions.

[11] Energy Internet Explore feasibility of Cyber-physical systems in loE Ensuring reliable and secure data
energy packetization enable packetized energy transmission in cyber-physical energy
for non-industrial management, promoting more  systems amidst cybersecurity threats and
loads flexible energy distribution. system integration challenges.

[12] 10T in SGs Explore the 1oT’s role Examines  layers of loT  Handling the complexity of integrating the
in demand-side applications in SGs, including loT-based services, ensuring real-time data

management, fault
tracking, and
renewables

demand response, fault detection,
and electric vehicle integration.

management, and addressing cybersecurity
risks in smart power grids.
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automated device management are made possible by the
IoE technology. This enhances user convenience and
energy efficiency in smart buildings [29] by providing
immediate control and management of energy
consumption through smart devices and cloud-based
systems. The IoE makes it easier to integrate different
structures, such as lighting and Heating, Ventilation, and
Air Conditioning (HVAC) , enabling automated
modifications based on predictive modeling and real-time
data. Furthermore, it facilitates remote management using
web servers and smartphones, enhancing building
performance overall and optimizing the utilization of
energy and expenses for operation.

A two-stage hybrid islanding recognition approach for
DC microgrids is presented in [30]. It uses a superimposed
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Fig. 5. Smart energy revolution.

voltage-based episode of care severity score and current
disturbance to reduce the non-detection zone (NDZ) and
prevent power quality degradation. The IoE facilitates
continuous monitoring of microgrid performance,
improving the accuracy of the severity index by gathering
more comprehensive and real-time data on voltage,
current, and other operational metrics. According to [31],
which emphasizes the importance of frequency and voltage
stability in island microgrids while minimizing load
shedding, the 10E could enhance microgrids by facilitating
real-time communication and sharing of data between
distributed energy sources, loads, and control systems. The
IoE can be incorporated into the suggested Q-learning-
based under-frequency load shedding (QLLS) and
intentional voltage manipulation (IVM) approach. This
will enhance decision-making for frequency and voltage
balance by means of adaptable optimization and ongoing
surveillance. Features of the smart energy revolution are
shown in Fig. 4.

IVV. FUTURE DIRECTION

Major technical and non-technical challenges are
pointed out in Fig. 5, for example, the vulnerability of IoE-
enabled systems to cyber-attacks and data breaches, the
difficulty in scaling IoE systems across large, decentralized
networks. Challenges in integrating various I0E devices
from different manufacturers due to the lack of common
standards, policies and regulations that are not yet fully
aligned with the use of the IoE in energy networks.

The following points can be highlighted for the future
scope in this area:

e 5G and Edge Computing technologies will enhance
real-time data processing and communication,
improving the performance of IoE.

o Al (artificial intelligence) and ML (machine learning),
predictive maintenance, demand forecasting, and
intelligent energy management could all benefit from
the integration of Al with the IoE.

e Blockchain technology, when integrated with the loE,
can facilitate secure energy trading and enable peer-to-
peer energy transactions.

The integration of the loT into SGs [32], which is
directly related to the IoE, enables real-time
communication and data-driven management across the
energy network, optimizing energy flow, enhancing grid
reliability, and facilitating predictive maintenance,
collectively improving the efficiency and resilience of
energy systems. Moreover, the 10E can evolve, focusing on
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TABLE 2. Comparison of Previous Studies

Refere
nce

Year

Summary

Research
Area

Main Findings

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

2023

2019

2020

2014

2020

2016

2021

2022

2022

2020

2018

2019

2018

This systematic literature review explores the
intersection of non-orthogonal multiple
access (NOMA) and mobile edge computing
(MEC) in the context of 6G communications,
highlighting the growing interest and need for
comprehensive studies in this evolving field.
Edge computing enables the evolution to 5G
by bringing cloud capabilities to end users to
overcome latency and security issues.

Mobile edge computing in 5G networks can
improve mobile resource utilization and
enable real-time apps by putting compute-
intensive jobs close to consumers.

5G will be a major paradigm shift that
integrates new air interfaces, spectrum, LTE,
and WiFi to provide high-rate universal
coverage.

Multi-access edge computing works with 5G
and loT to deliver cloud computing
capabilities at the network edge while
lowering latency.

5G is a critical driver for achieving the loT
ambition by offering pervasive, dependable,
scalable, and cost-effective connection.

The combination of 5G networks with edge
computing can provide a complementary and
coexisting win-win solution for meeting the
demands of future loT services.

Edge computing is a collaborative computing
paradigm, which processes data near its
source, having implications for 5G/6G
networks and smart factories.

AI/ML algorithms can improve upcoming
10T network operations and services, such as
smart healthcare, agriculture, transportation,
grid, and industry.

Al and ML approaches can bring new
possibilities for improving security across the
many layers of the 10T architecture.

loT devices can utilize machine learning
techniques to improve security against threats
such as spoofing, Denial of Service (DoS),
jamming, and eavesdropping.

ML can help assess and safeguard Industrial
Internet of Things (IloT) systems by
discovering vulnerabilities and breaches.

Al is required in loT-based 5G networks in
order to efficiently handle data and resources.

Communic
ations

Edge

Computing

Mobile
Computing

5G
Networks

Edge
Computing

loT

5G
Integration

Edge
Computing

Alin loT

AlI/ML in
loT

loT
Security

ML in lloT

AlinloT

It reveals a significant increase in research on NOMA-enabled
MEC, emphasizing its potential to enhance data rates, reduce
power consumption, and minimize offload delays, while
highlighting the necessity for more extensive studies and
classifications in this domain.

Edge computing is a developing technology that facilitates the
development of 5G by bringing cloud capabilities closer to end
users, overcoming the constraints of traditional cloud-based
services, such as excessive latency and the absence of security.
MEC helps meet the growing demands for processing power
and network traffic in 5G by deploying resource-intensive
applications nearer to users, thereby enhancing efficiency and
delivering cloud computing services right at the edge of the
network.

5G will require the utilization of high carrier frequencies with
big bandwidths, higher base station and device densities, and
multiple antennas, as well as integration with existing
technologies such as LTE and WiFi, to enable universal high-
speed access.

MEC can minimize latency for end users by deploying
computing and storage resources at the edge of the network.

The research study explores how 5G functions as a vital enabler
for the 10T objective by enabling dependable, scalable, and
cost-effective connectivity. It also examines the existing state
of the 10T connectivity and the potential business implications
of merging 5G and loT technologies.

The paper emphasizes the importance of combining 5G
networks with edge computing to efficiently meet the
performance demands of rigorous 0T scenarios, providing a
detailed assessment of how these technologies can coexist and
suggesting a "win-win mode" for mutual advancement.

The paper examines the use of edge computing platforms by
businesses to improve performance and customer needs,
highlighting its advantages over cloud computing, including
reduced latency and faster response times.

The paper explores the use of AlI/ML algorithms in IoT domains
like smart healthcare, agriculture, transportation, and industry
for energy-efficient, secure, and effective operations, and
suggests future research directions for addressing challenges.

The paper investigates how Al methods, particularly ML and
deep learning (DL), can improve loT security by analyzing their
technical feasibility in addressing security challenges, defining
a general framework for Al-based IoT security solutions, and
summarizing various Al solutions for four major loT security
threats while comparing the algorithms and technologies used.

The paper explores machine learning-based loT security
solutions, specifically authentication, access control, secure
offloading, and malware detection, as well as implementation
issues.

The research team used appropriate indicators to assess the
effectiveness of their ML-based anomaly detection system, and
discovered that it was effective.

The paper underlines the role of Al in analyzing the 10T data in
5G networks, making recommendations, and showcasing the
capabilities of full duplex and cognitive radio technologies.
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blockchain platforms, smart contracts, and green
cryptocurrencies. It can also facilitate secure, real-time
energy transactions and carbon trading, enhancing the
efficiency and sustainability of energy management
systems within the IoE framework [33]. The technical
viability and design of the electrical infrastructure is
explored in [34] for a low-energy office building, with a
focus on optimizing the utilization of energy through the
use of RESs, efficient technology, and adaptive energy
management systems. However, the 10E would strengthen
energy utilization in buildings through real-time
monitoring, automation control, and intelligent optimizing
of energy usage, integrating RESs, and upgrading the
entire power management system.

V. DISCUSSION

According to Table 2 presented in the previous section,
the provided references collectively highlight the pivotal
role of advanced technologies such as edge computing, Al,
and machine learning in enhancing the efficiency, security,
and functionality of loT and 5G networks. Research
focuses on integrating mobile edge computing with 5G to
reduce latency and improve resource utilization,
emphasizing the necessity of Al and ML for addressing
security challenges and optimizing operations across
various 10T domains, including smart healthcare,
agriculture, and industrial applications. The studies also
underline the criticality of 5G as a facilitator for the 10T,
ensuring reliable and scalable connectivity while exploring
the  complementary relationship  between these
technologies.

On the other hand, the IoE with 5G and edge computing
enhances communication, effectiveness, and reliability in
applications such as smart cities and industrial automation.
It improves data-driven decision-making, streamlines
operations, and lowers costs. This collaboration supports
service delivery revolution by allowing the development of
new apps and business models that make use of real-time
analytics of data and automated processing.

The joint use of I0E and ML is a key transitional step
towards a SG [48]. In [49], authors analyze the
effectiveness of recurrent neural networks (RNN) and long
short-term memory in short-term electrical energy
prediction, suggesting future improvements could include
weather data and hybrid-ML methods.

The study [50] explored the use of Al, 10T, and ML in
designing and modeling RESs.

From our perspective, the IoE is a transformative

approach in the energy sector, enhancing efficiency and
stability of distribution networks and power systems. It
integrates various energy resources and smart home grids,
facilitating seamless energy generation and consumption
management.  Advancements in Information and
Communication Technology (ICT) enable comprehensive
monitoring, fault detection, and dynamic load balancing,
optimizing financial and ecological performance. As the
IoE evolves, it holds the potential to drive significant
innovations in the energy market, paving the way for more
sustainable and efficient energy solutions.

VI. CONCLUSION

By integrating real-time data and advanced analytics
across multiple energy resources such as PV systems, WT,
and home SGs, the IoE greatly improves distribution
networks and power systems. Its main goals are to enhance
grid stability, maximize energy management, and boost
resource use efficiency. Information and communications
technology (ICT) advancements are transforming power
networks to become resilient, carbon-free systems that use
RESs at the grid size and support demand-side sources at

Acronym Definition

Al Artificial intelligence

BEMS Building energy management system

CSP Concentrated solar power

DC Direct current

DERs Distributed energy resources

DL Deep learning

DoS Denial of Service

DRPs Demand response programs

DSM Demand-side management

ESUs Energy storage units

EVs Electric vehicles

HVAC Heating, Ventilation, and Air Conditioning

IBP Incentive-based programs

ICT Information and Communication Technology

lloT Industrial Internet of Things

loE Internet of Energy

loT Internet of Things

IVM Intentional voltage manipulation

MEC Mobile edge computing

ML Machine learning

NDZ Non-detection zone

NOMA Non-orthogonal multiple access

nZEBs net-zero energy buildings

PHEV Plug-in hybrid electric vehicle

PV Photovoltaic

QLLS Q-learning-based  under-frequency  load
shedding

RESs Renewable energy sources

RNN Recurrent neural networks

SG Smart grid

SOA State of the art

TBR Time-based rate programs
VPPs Virtual power plants

WT Wind turbine

78


http://esrj.ru/

Mohammad Parhamfar, Alireza Zabihi

Energy Systems Research, Vol. 7, No. 3, 2024

the local scale. The IoE is a notion that emerged from the
integration of ICT and technical advancement in the energy
sector. The IoE makes it easier to integrate different energy

sources

seamlessly by providing comprehensive

monitoring, fault detection, and dynamic load balancing.
By surpassing its capital costs, the IoE program seeks to
significantly improve power system’s financial and
ecological performance and open up opportunities for
further advancements in the energy market.
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