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PROBLEMS OF DEVELOPMENT OF INNOVATIVE POWER SUPPLY SYSTEMS
OF UKRAINE IN THE CONTEXT OF EUROPEAN INTEGRATION

Purpose. To analyse problems and features of the formation of perspective concepts and scenarios for the development of the
latest structures of energy supply systems for Ukraine in the context of the energy transition and European integration.

Methodology. Theoretical studies, analysis, and generalization of scientific and practical results along with the comparative
analysis.

Findings. The European Green Deal contributes to the wide development of relevant RES-based systems in the EU countries.
Ukraine has also declared its active position regarding the issues of low-carbon development and “green” transition with the for-
mation of relevant implementation scenarios until 2035, 2050, and 2070. The paper analyses the current state and structure of the
electricity supply system in Germany and Ukraine on their ways to low-carbon development of the energy sector and economy. As
a result of the conducted research, it is possible to determine further rational steps for effective transformation of the electric
power industry according to the strategy of pragmatic or low-carbon development with further measures to modernize the nuclear
and thermal energy sectors and moderate RES development. Development of rational structures of electric power systems of new
technological order is a constantly relevant, science-intensive direction, which brings serious changes to the traditional raw-re-
source economy and energy industry.

Originality. The conducted comprehensive analysis of the current state and prospects for the development of the structure of
electric power complexes of Ukraine and Germany makes it possible to formulate high-priority rational steps in achieving energy
independence and energy security, taking into account low-carbon development of the national economy.

Practical value. The represented analytics can be used to ensure sustainable development of Ukrainian energy industry, to form
an outlook on problems, prospects, and aspects of optimistic and pessimistic scenarios of the generation system development.
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Analysis of the problem state. One of the origins of the ne-
cessity in energy transition and transformation of the corre-
sponding sector is a problem of energy-related hunger and
overpopulation of the Earth. At the end of 2011, the number of
world population was more than 7 bln people. At the same
time, a stage of maximum annual population increment is a
thing of the past as well; in particular, at the peak of its value
within the period of 1990—2000, it reached about §—84 min
people per year in terms of absolute values. That corresponds
to the population of such country as Germany (Fig. 1) [1].
Nevertheless, the world population is growing; according to
the UNO predictions, its number will be 9.7 bln people before
2050 and 10.9 bln up to 2100 (Fig. 2) [1].

Due to this fact, the following question is being constantly
discussed: whether natural energy reserves will be enough and
what is necessary to prevent possible energy collapse.

According to monitoring organizations in the field of en-
ergy resources and energy (e.g. Enerdata), total global energy
consumption between 1990 and 2019 increased approximately
by 1.64 times from 8,556 to 13,995 megatons of oil equivalent
(Mtoe) (Fig. 3), annual growth of 2.2 %. (For reference:
1 toe = 41.868 GJ = 11.63 MWh). In this context, the largest
increase in energy consumption during this period by
2.83 times, from 2,113 to 5,983 Mt, occurred in Asian coun-
tries — first of all, in China. For Germany and Ukraine, these
indicators are represented in Fig. 4.

It should be noted that the global economic crisis that be-
gan in 2008 led to a slight decline in global energy consump-
tion in 2009 compared to 2008 by 0.85 %. Subsequently, until
2019, an increase in global energy consumption was observed
on average by 2 % per year.
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In 2020, due to the global pandemic, a growth of energy
consumption in the world decreased by 3.5 %. Energy con-
sumption has reduced in almost all countries, except China,
which accounted for 24 % of the international energy con-
sumption. For example, the consumption fell by 7.6 % in the
USA, by an average of 7 % in EU countries, by 6.5 % in Ger-
many, by 4.8 % in Russia, and by 3.4 % in Ukraine.

Total global primary energy consumption in 2020 was
13,508 Mtoe. Of this total, only 15 % is electricity, although
38 % of the primary energy resources are used to produce this
amount. Currently, electrical energy is used in all spheres of
life, and it does not pollute the environment. Growth of the
Earth’s population, progress of electrical technologies, and
rapid development of electric vehicles will determine the
growing needs for electricity in the near future.

The humanity uses actively different energy resources to
ensure its vital activities. The need for these resources, which is
constantly growing, is caused by two main factors — growing
Earth’s population and rapid technological development.

Today, more and more attention is being paid to the need for
high-quality and reliable energy supply to consumers, taking into
account such factors as environmental friendliness of the pro-
cesses of production, consumption, and disposal of products,
including direct low-carbon development of the electric power
industry itself. This allows solving the global problem of climate
change on the planet, reducing harmful emissions into the atmo-
sphere, and improving the ecological state of the environment.

To achieve the goals of climate neutrality, it is impossible
to do without a radical approach to the issues of electricity
production and transformation of power-generating systems
towards the large-scale use of alternative and renewable energy
sources (RES) with the use of quite developed technologies for
the integration of relevant decentralized systems into electric
power systems as well as networks of almost any countries.
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Fig. 2. World population and predictions of its development [1]
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Fig. 4. Changes in energy consumption in Germany and Ukraine

The main problematic aspects of the mass re-equipment of
the electricity generation system and the implementation of
“energy transition” taking into account a 3D concept of the
development of the electric power sector (decarbonization,
decentralization, digitalization) in the short- and medium-
term period in Ukraine are as follows:

- need to transform coal regions, whose population is con-
nected with the processes of traditional energy (mining, pro-
cessing, mineral dressing, logistic, machine-building, generat-
ing enterprises);

- retraining of personnel and creation of new branches of
high-tech production;

- diversification of energy resources and their supply chains
with the provision of a possible complete technological and
“life” cycle of energy — from obtaining the required raw mate-
rials to disposal of products of the electric power sector;

- implementation of rational plans for the development of
the electric power sector and electric power production sys-
tems through a systematic and adequate transition to low-car-
bon energy of the guaranteed energy supply;

- development of “green”, smart transport — electric cars,
electric buses, other municipal transport, taking into account the
possibility of regulating the modes of energy system operation;

- development of nuclear energy, which is also defined by
the EU as “green”.

The specified stages cannot be implemented instantly and,
according to German experience, take a period of 10—20 years.
However, knowing the main issues, Ukraine can achieve the
relevant results at an accelerated pace, taking into consider-
ation the comprehensive support of both the EU and the lead-
ing countries of the world (G7) in terms of post-war recon-
struction, restoration, and implementation of an intensive
path of the national economy development.

Undoubtedly, the development of low-carbon energy is
characterized by a number of features that should be taken into
account to prevent the reverse effect that may manifest itself in
reducing the energy system stability, intensifying the require-
ments for a share of highly flexible generation in order to com-
pensate, for instance, forced deviations in the forecasting of
RES generation or use of excessively produced electricity.
A rational combination of various types of decentralized gen-
eration with highly intelligent systems of energy monitoring
and management as well as dynamic pricing will make it pos-
sible to create stable structures of reliable and high-quality en-
ergy supply of objects and will contribute to the achievement
of goals of energy security and energy independence of states
from the policies or market conditions. This problem becomes
especially relevant in terms of acute dependence of the electric
power industry on imported energy resources, which is char-
acteristic of the economies of Germany (natural gas and oil)
and Ukraine, being a common factor. It should be considered
while forming both foreign and domestic policy in order to
avoid crisis situations typical for 2022, associated with military
actions in Ukraine by the Russian Federation, and the neces-
sary sanctions policy of Western countries regarding energy
resources imported from the aggressor country.

Thus, in its development, Ukraine can repeat and borrow
German experience, especially in the field of energy efficiency,
transformation of coal regions, and development of renewable
energy; but one should also take into consideration the nega-
tive experience of dependence on energy resources of authori-
tarian countries with opaque economies, which use this factor
to implement destructive foreign policy. Undoubtedly, the ex-
perience of implementing significant volumes of RES, consid-
ering their successful balancing, can and should be used in the
development of this sector in Ukraine.

The structure of electricity generation and consumption in
Germany and Ukraine. Instability of the political situation and
constant fluctuation of prices on the primary energy market
forces the countries to take measures to ensure their energy in-
dependence and security.

Germany has taken into consideration the importance of
the aspect of low-carbon energy independence for a long time
and has developed a long-term concept of the transition to
non-carbon energy sources, calling it the “energy turn”. The
term “energy turn” was first used in 1980 in a publication of
the Institute of Applied Ecology in Germany entitled “Energy
turn. Growth and prosperity without oil and uranium” (“En-
ergiewende. Wachstum und Wohlstand ohne Erdol und
Uran”). This paper proved the possibility of economic growth
and sustainable energy supply without the use of nuclear en-
ergy — at the expense of renewable energy and increasing en-
ergy efficiency.
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Over the past 20 years, the structure of German energy
supply (Fig. 5) has undergone a significant transformation in
favour of RES (wind, solar, bioenergy), whose share has in-
creased substantially during this period. At the same time, it
should be noted that in percentage terms a share of solar and
wind energy in terms of installed capacity is equal [2]. That
ensures a smaller negative impact on the energy system stabil-
ity compared to the structure of RES in Ukraine, where the
installed capacity of solar plants is four times greater than that
of wind power plants. It is also necessary to pay attention to
the one-and-a-half-fold increase in the consumption of natu-
ral gas in the Federal Republic of Germany, which, due to the
lack of this resource of its own production, made the country
dependent on the importer — the Russian Federation.

The structure of generating stations of the energy system of
Germany and Ukraine by installed capacity is shown in Ta-
ble 1.

Fig. 6 demonstrates dynamics of changes in the structure
of electricity generation by sources (a) and a share of RES in
total electricity consumption (b) in Germany over the past 30
years.

In case of Germany, one can trace clearly a rapid increase
in the electric energy generation from RES and a dramatic de-
crease in the electricity generation over the past 15—20 years
from the traditional energy resources, including nuclear ener-
gy, which, since 2022 by the decision of the EC, has been con-
ditionally equated to “green” (together with natural gas) for
some “transitional” period. That is why traditional types of
fuel at power stations are diversified due to the increasing
amount of electricity obtained by using natural gas.

The analysis of absolute and percentage shares in electric-
ity production (Fig. 7) makes it possible to conclude that the
Federal Republic of Germany is moving successfully towards
decarbonization of energy and economy: a share of electricity
from RES as 0f 2021 is 42.4 %, natural gas — 15.3 %, coal pow-
er generation — 28 %, and nuclear — 12 %. However, a share of
traditional plants, i.e. coal-fired ones, remains at a fairly high

Installed net power generation capacity in Germany 2002 - 2021,
Data: Fraunhofer ISE 2021 (2021 status of 3o November).
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Fig. 5. Dynamics of changes in the installed capacity of energy
systems in Germany (a) 2] and Ukraine (b) |5]

Table 1

Installed capacity of the electric power stations in the energy
system of Germany and Ukraine [2—4]

Ukraine
Germany
Ukraine
Germany

Installed Share in the

Type of electric power station .
yp P capacity, GW | structure, %

Nuclear power station (NPS) 13.8 8.1 24.6 3.6

Thermal power station Generating | 27.9 44 49.6 19.7
companies (TPS GC) + Combined
heat and power plant (CHPP)

Hydro-electric power station 4.8 4.9 8.6 2.2
(HEPS)

Hydroelectric pumped-storage 1.5 - 2.6 -
power station (HPSPS)

Solar-power station (SPS) 6.4 584 | 11.3 | 26.2
Wind-power station (WPS) 1.5 64.1 2.8 28.7
Biofuel-based stations 0.25 8.6 0.5 39
Oil - 4.4 - 2.0
Natural gas - 30.5 - 13.7
Total 56.3 | 223 | 100.0 | 100.0

level and is commensurate in relative units with the generation
structure of Ukraine by this component.

In 2021, the volume of electricity production by power
plants of Ukraine as a whole amounted to 156.6 TWh [4]. The
main share in the total production during 2021 is as follows:
NPS —55.0 %, TPS and CHPP — 29.3 %, and HEPS and HP-
SPS — 6.7 %. According to the structure of electricity produc-
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Fig. 6. Dynamics of changes in the structure of electricity gen-
eration by sources (a) and a share of RES in total electric-
ity consumption (b) in Germany |2]
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tion (Fig. 7), in relative units, Ukraine exceeds the indicators of
Germany by 5 times in terms of the NPS share; its indicators of
generation from RES are inversely and proportionally lower.

Nevertheless, over the past five years, the renewable ener-
gy sector has increased significantly in terms of both installed
capacity and electricity generation volumes, which together
with generation from HEPS and HPSPS allowed reaching an
indicator of 15 % in the overall energy balance. This demon-
strates the possibilities of intensive RES development in the
conditions of Ukraine and achieving the goals of low-carbon
development and diversification of the fossil energy sources.

Moreover, a significant contribution to the national energy
security is made by TPS and CHPP, which, in accordance
with the strategies of low-carbon development and energy
transition, are planned for gradual closure.

It should be noted that the total electricity production in
Germany as of 2021 amounted to 577.4 TWh, which exceeds
the similar indicator for Ukraine by almost 4 times and indi-
cates intensive functioning of the industry and constant devel-
opment of the national economy, considering that the energy
efficiency of production processes and electricity consumption
is up to 9 times higher than in our country.

Fig. 8 shows structures of electricity consumption by in-
dustry sectors and municipalities. The German structure is
significantly different from the current Ukrainian model: in
Germany, a share of industry prevails while consumption by
the population is about 20—25 % of the total energy balance.

In Ukraine, the main consumers of electricity by category
are as follows: industry — 52 bln kWh (43 %), population —
39 bln kWh (30 %), domestic households — 15 bln kWh
(12.5 %), agriculture — 3.7 bln kWh (3 %), transport — 6.1 bln
kWh, other nonindustrial consumers — 6.4 bln kWh, and con-
struction — 1 bln kWh (Fig. 8).

Current decline in the industrial production and, accord-
ingly, electricity consumption, caused by the Russian Federa-
tion hostilities in 2022 and destruction of the metallurgical

giants “Azovstal” and Ilyich Iron and Steel Works in Mariupol
is estimated at 30—40 %. Therefore, a share of electricity con-
sumption by the population in relative units will grow signifi-
cantly. Other critical infrastructure facilities were also de-
stroyed or damaged — Kryvyi Rih CHPP, Chernihiv CHPP,
coal supply routes to Zaporizhzhia TPS were damaged, which,
along with Zaporizhzhia NPS and a significant number of
RES facilities (solar and wind power plants) located within the
temporarily occupied territory of Zaporizhzhia and Kherson
regions.

Integration of Ukrainian UES into the pan-European one
and synchronization of the operating mode with ENTSO-E
with complete separation from the energy systems of the Rus-
sian Federation and Belarus open up promising EU markets
for our country. At the same time, Ukraine is becoming a mar-
ket for suppliers from the EU, which will stimulate European
integration changes in the energy sector, reconstruction of
electrical networks to European standards. However, limited
capacity of the intersystem networks of Ukraine and the EU,
which is only 650 MW with Hungary, Slovakia, Romania,
235 MW with Poland, and 700 MW with Moldova, remains a
problematic issue. This shows that Ukraine is physically un-
able to obtain significant diversification of electricity supply
from the EU today.

The mentioned problems show the urgent need for decen-
tralization of electricity production systems with the intensifi-
cation of a rational transition to RESs by constant increase of
their share and location according to the energy demand of
consumers, which will contribute to improved operating sta-
bility of both power system and load nodes, increasing the en-
ergy efficiency of power supply processes. These principles can
be implemented through the pragmatic implementation of a
planned energy transition in the energy sector and economy of
Ukraine using the best practices and experience of the EU
countries and avoiding the main mistakes regarding the disor-
dered and unbalanced development of RES systems, which are
already felt in Ukraine, even with the existing share of renew-
able generation.

Sustainability of the energy system of Ukraine in the context
of energy transition. The Ukrainian UES is still characterized

Final energy consumption of electricity, by consumer group 1990 - 2020.

Data: AGEB 2021,
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Fig. 8. Final energy consumption by the groups of consumers in
Germany (a) |2] and Ukraine (b) [4]
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by a negative tendency towards a considerable unevenness in a
daily consumption curve. A configuration of daily electricity
consumption in Ukraine as a whole is characterized by a load
peak during the evening peak hours of the Ukrainian UES, a
load drop during the night time zone hours, and almost uni-
form consumption of electric energy during the morning peak
and semi-peak hours. At the same time, the unevenness of the
daily load curve of Ukrainian UES ranges from 4.5—6.5 GW
(Fig. 9).

Fig. 9 demonstrates the daily PSLC of the energy system of
Ukraine per so-called regular days (the most loaded day in
June and December) [6]. They show that the daily electricity
consumption and production curves of the UES of Ukraine
for different periods of the year are characterized by significant
unevenness (mainly due to the increase in household and
communal electricity consumption). The maximum electrici-
ty consumption in the summer is about 17 GW while the win-
ter figure is about 23 GW of active power with the PSLC un-
evenness coefficient at the level of a;,,, = 0.7—0.8 (Table 2).

Fig. 10, a represents a mode of operation of energy sourc-
es; the mode provides a variable PSLC component of the en-
ergy system of Ukraine. As discussed above, such sources in-
clude primarily heat- and hydropower (power-generating
units of TPS, HEPS, and HPSPS). Thus, maximum capacity
of HEPS does not exceed 2.67 GW, which indicates a signifi-
cant limitation in the capacity of this flexible component.
Daily unevenness of the TPS capacity, used in the flexible
mode being extremely inefficient for these stations, varies from
1.5—2.0 GW in summer to 3.0—4.0 GW in winter, which con-
firms the problem of low regulation ability of the energy system
of Ukraine.

Use of renewable energy sources is shown in Fig. 10, b. It
should be emphasized that currently the total level of power
produced by these sources per day is already rather significant
despite the share in the structure of generating capacities, be-

Daily curve of generation/consumption per 22.12.2020

25.000

HEPS and
M ppes™ 120

s \\
0
20,000 |
@ Consumption 22.585

@ TPS GC 9.312
’H* WPS 303'\

micupr2 785

15.000

Mw

10.000

Py 7
[\ xes 9.068|

5.000 |

o
00:00  02:00 04:00  06:00  08:00  10:00  12:00 14:00  16:00 (RN 20:00  22:00 24

Hour

NPS [ICHPP | WPs [ITPS GC ] EEESE  [lConsumption i) HPSPS Pumping

a

Daily curve of generation/consumption per 22.06.2020

HEPS and
Il rrsps 1544

is 0
s
&‘5 Consumption 16.236

B4 tes 6C 4.904
’H WPS 1.826

&.000 A wes6o7s

o
Hour

HPSPS

- HEPS and
NPS [[ICHPP 1| WPS [ITPS GC I ipeps ™ .Consumpuen.hmping

b

Fig. 9. Typical daily power-system load curves (PSLC) in
Ukraine per 22.12.2020 (a) and 22.06.2020 (b) with the
structure of peak coverage sources [6]

Table 2
PSLC indices of the energy system of Ukraine per mode days

Parameter
P | P | iy | Pt | P s| P | Pl | Pt
GW | GW | ™™ |GW|GW| GW | GW | GW
19.06.14 | 151 | 198 [076| 83 [ 11.0| 02 | 22 | 0.2

19.12.14 | 182 | 227 | 08| 9.2 [10.7| 0.1 1.7 | 0.2
21.06.20 | 11.6 157 10.74| 38 | 53 | 0.2 1.6 1.9
221220 | 16.6 | 22.6 |0.74] 59 | 9.3 | 0.1 14 | 09
21.06.21 | 1L.6 164 | 0.7 | 25| 4 0.9 3 3.5
22.12.21 18 24 1075 4 | 65| 0.15 2 1.4

ing at the level of 1 %. It is extremely important to take into
account its rapid recent increase, leading to so-called “green-
coal” paradox.

Regulation of the daily load curve of the Ukrainian IPS is
complicated, especially in the context of disordered develop-
ment of renewable energy sources. That is due to the fact that
a significant part of basic power generation in Ukraine is cov-
ered by the operation of nuclear power plant units, which can
operate safely only in a stable mode of electricity generation
and, accordingly, do not participate actively in daily regulation
of electricity consumption modes.

According to the joint research of SE NEC “Ukrenergo”
and Tetra Tech ES, the maximum level of RES capacity in the
energy system of Ukraine should not exceed 4,750 MW, of
which wind generation is 1,750 MW, and solar generation is
3,000 MW in 2020. It was assumed that if this level is not ex-
ceeded, the Ukrainian energy system will be able to balance
them at the expense of other traditional sources (HEPS, HP-
SPS, and TPS). Otherwise, the construction of highly flexible
generation and batteries (energy storages) is necessary. In con-
nection with the reduction of coal generation to compensate
for renewable energy until 2025, there was a need to build
1,000 MW of gas power plants with quick start and 500 MW of
energy storages.

At the level of 2022, more than 6 GW of solar power sta-
tions (SPS) and about 1.7 GW of wind power stations (WPS)
are already operating in the energy system of Ukraine [3]. In
2022—2023 (before the start of the Russian Federation hostili-
ties), construction of another 2—3 GW of wind power stations
in the south of Ukraine was expected to be completed as well

19.06.14

21.06.2020
2

] s
[0S CCPS s (CMEPSPS [ Commmprodipurpns

N Ve .
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a b

Fig. 10. Mode of ES operations with the sources providing
variable component of PSLC (a) and renewable energy
sources (b) [7]
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as an increase in the power of the SPS was to continue. In
other words, the energy system of Ukraine is in an unstable
mode of operation, which causes the forced withdrawal of
NPS capacities into reserve during the periods of significant
solar activity (March-October), periodic limitation of the gen-
eration of RES facilities due to a threat to stable UES opera-
tion [8].

Within the recent 10 years in Ukraine, after the provision
of state support in the form of a “green tariff”, RES generation
has developed quite rapidly (Table 3, Fig. 11). In 2019, the
amount of electric energy generated by RES in the overall
structure of electric energy production reached 3.6 %, or
5.5 bln kWh (e.g. the entire export of electric energy to the
countries of Eastern Europe from the Ukrainian UES in 2019
was equal to 5.8 bln kWh), in 2021 this indicator exceeded 5 %.

The problem of imperfect forecasting of electricity pro-
duction and disordered growth of the RES share in the energy
balance, their location according to the economic interests of
investors, not according to the technical needs of a specific en-
ergy node of Ukrainian energy system, leads to the corre-
sponding consequences and the “green-coal” paradox: if you
do not limit RES without introducing new flexible facilities,
you will have to reduce basic load of NPSs and increase it for
GCTPS.

Fig. 12 shows the data on the error in forecasting the elec-
tricity production from RES, being about 30 % (450 MW as of
2017), which according to the indicators of 2022 may amount
to about 3 GW of capacity. That will have to be covered
promptly by flexible generation, being still not available now in
Ukraine, while regulation and balancing continues to be car-
ried out by pulverized coal power units of TPS GC, which has
the opposite effect on the issue of greening of electricity pro-
duction processes.

Fig. 13 shows the projected scenarios of the Ukrainian en-
ergy system by limiting nuclear or coal generation at RES ca-
pacity exceeding 3 GW. It can be argued that already in 2020,
these scenarios became relevant, since the installed RES ca-
pacity was about 7 GW, being currently twice higher than the
figures predicted for 2025. It can be seen from the figure that
the possibility of using NPS capacity without its limitation as
well as reducing coal generation, is available only if there is a
fast-acting reserve of 2,000 MW based on gas turbine installa-
tions in combination with 1,000 MW of storage capacity of the
corresponding energy storage units. However, flexible genera-
tion, which is modelled for use, is completely unavailable to-
day. In addition, it should be noted that the transition to flex-
ible energy sources using natural gas as fuel does not solve the
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Fig. 11. Dynamics of commissioning of RES generation facili-

problem of import substitution and diversification of the de-
pendence on energy resources.

Currently, NEC “Ukrenergo” is considering two main op-
tions to solve the problems of energy system balancing by
means of energy storage construction. The first one involves
location of 200 MW of energy storage in one place, the second
one mean location in several places with the division into
4—5 parts. The cost of this project is currently estimated at
EUR 154 miIn. An active dialogue with foreign partners con-
cerning this issue is already underway.

The proposed ESS volumes are clearly insufficient today.
To maintain the balance of energy systems and create a flexible
power reserve, the most effective storage systems capable of
smoothing out the daily and peak load changes are considered
to be hydroelectric pumped storage power station (HPSPS)
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Fig. 12. Problem of forecasting the accuracy of electricity pro-
duction from RES [3]

_ Curves for a working day in May 2025 (SPS-3300  Curves for a working day in May 2025 (SPS-3300
MW, WPS-4200 MW) fast-response — 2000 MW,
batteries — 1000 MW

1\,[:; MW, WPS-4200 MW) reserve at TPS GC

SPS 24.1 min
KWhour
WPS 48 min
LkW#hour
Regulating HEPS capacity 3.0 'min KW *hour
Basic HEPS capacity 26.5 min kW*hour
Basic TPS GC capacity
36.3 mln kW *hour
CHPP and industrial stations 19.2 min kW*hour

Regulatliz HEPS
capacity 12 ln KW *hous|

KWhour
12 s W *hour
Regulating HEDS capacity'S Sl WWohoss

Basic HEPS capacity 26.5 min kW *hour

Basic TPS GC capacity
151.5 min KW*hour

CHPP and industrial stations 19.2 min KW*hour

NPS 211.2min kW*hour

NPS 96.0 min kW#hour
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Fig. 13. Predicted scenarios for limiting nuclear (a) or coal (b)

ties [3] generation at RES capacity > 3,000 MW (May 2025) |5]
Table 3
Dynamics of the commissioning of RES [5]
Increment relative to the previous RES year, 2013—2020, MW
RES ears
technology y

2013 2014 2015 2016 2017 2018 2019* 2020
WPS 108.9 137 -81.1 —-123.6 20.4 60.6 704.3 900
SPS 245.6 18.6 -222.9 98.9 300.4 466.4 2,666.92 2,100
BioEPS 0 35.4 17 10.2 34.3 1.8 37.8 20
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[9]. One should also implement alternative solutions and
methods for balancing the operating modes of local micro-
and macrogrid systems, e.g. with the help of electric cars etc.

Since the power system load curve is the sum of consumer
load curves, it can be balanced only with the help of regulator
consumers who are able to limit or transfer some part of their
electrical load from one hour of the day to another [10]. There-
fore, various economic, organizational, and technical mea-
sures should be applied to stimulate, first of all, consumers, to
level the load curve and demand for energy.

A problem of ensuring the flexible part of the power system
PSLC during the day can be solved by increasing the flexible
capacities for the electric energy production not at the expense
of pulverized coal blocks of thermal power plants but by intro-
ducing new highly efficient technologies for the use of renew-
able energy sources (wind, solar, and hydropower) or innova-
tive solutions for the use of potential consumers-regulators, to
which it is expedient to include, e.g. rapidly growing electric
mobility. The use of electric vehicles as such consumers-regu-
lators of electric power in electric networks is a new challenge
for both the developed countries of Europe and Ukraine, es-
pecially considering the erosion of Ukrainian energy security
since 2014. The generating sources available in the power sys-
tem are actually at the stage of exhausting their physical capa-
bilities to ensure daily regulation and rational modes of power
plant operations. For this reason, complete or partial modern-
ization of plants is necessary in the near future along with the
introduction of new highly flexible facilities. The introduction
of steam-gas or gas-turbine plants for this purpose is very lim-
ited due to small amount of domestic gas and high price of
imported gas. Use of electricity storage systems, e.g. electric
vehicles with charging and discharging stations for load regula-
tion, development of hydropower (HPSPS and micro-HEPS),
introduction of demand management technologies will miti-
gate significantly the negative consequences of the problem
concerning unevenness of the power system PSLC in Ukraine
due to the exclusion of the corresponding TPS capacity from
the operation in a flexible mode with a simultaneous increase
in the basic NPS load.

In addition, the listed technologies will contribute to over-
coming the “green-coal” paradox caused by the rapid devel-
opment of RES, i. e. solar energy, whose share is about 80 % of
the installed capacity in the overall RES structure and intro-
duce significant unevenness even in the system of electric
power generation (Fig. 10), comparing the years of 2014 (the
beginning of RES development) and 2021 (passing the first
peak of RES development). According to the data given in
Table 2, regarding the standard daily generation-consumption
curves, it is possible to trace the RES generation increase dur-
ing the last 5—7 years by 7 times in the winter period and, ac-
cordingly, by 17 times in the summer period.

According to the 2019 Report on the Assessment of Com-
pliance (Sufficiency) of Generating Capacities in Ukraine
(NEC “Ukrenergo”), the unified electric power system of
Ukraine was created to work under fundamentally different
conditions than those in which it has to function today [5].
Modern conditions dictate new requirements, under which it
is impossible to ensure the reliable and safe operation of the
Ukrainian energy system in its current state. The most signifi-
cant factor in the transformation of UES operating conditions
in Ukraine today is rapid introduction of power plants with
non-guaranteed power (ENP) based on renewable energy
sources (RES), which are not accompanied by the parallel in-
troduction of regulating capacities with the appropriate char-
acteristics and volumes. The development of highly flexible
generation sources with the capacity of 4 GW, including the
ones on the basis of electricity storage systems (ESS) with a
volume of at least 2 GW, is necessary to ensure opportunities
to provide the Ukrainian UES with the necessary regulatory
reserves to meet compliance requirements in the perspective
of 2030 [5].

Without the implementation of appropriate measures to
support the required level of basic and semi-peak generation in
the UES of Ukraine, a deficit of generating capacities from
2.5 GWin 2025 to 9 GW in 2030 is possible, i. e. already from
2025, the energy system will not meet the requirements of suf-
ficient generating capacities. This requires urgent improve-
ment of the legislative and regulatory framework for regulating
activities in the electric power sector, i.e.: ensuring the invest-
ment attractiveness of the development of support for tradi-
tional generation and introduction of the demand manage-
ment tools [5].

As a result of full-scale invasion and aggression of the Rus-
sian Federation against Ukraine, there was an accelerated
complete separation of our energy system from the unified en-
ergy system of the CIS countries and integration into the Eu-
ropean electricity transmission system ENTSO-E. As a result,
there is an urgent need to diversify energy resources and ensure
the stability of Ukrainian energy system, which requires sig-
nificant transformation in the system of electricity generation,
transition to low-carbon or generally climate-neutral technol-
ogies for the production of electricity. This is expected to cause
the second stage of peak development of the RES sector; how-
ever, with the need to shift the emphasis somewhat towards the
construction of systems with the ability to balance and store
electric energy (ESS), transition from the alternative sources
of non-guaranteed power (solar, wind energy) to the systems
with guaranteed output of electric energy according to the de-
fined power generation pattern (PGP). Such systems will be in
demand both at the macro level and in microgrid systems of
decentralized generation in order to maximize consumer satis-
faction in places of energy demand. In addition to balancing
the generation and consumption modes, the RES develop-
ment is also related to promising plans for the production of
“green” hydrogen, using appropriate technologies, including
for the purpose of “absorption” and effective use of RES gen-
eration surpluses, rational integration of electric vehicles and
charging infrastructure into the electrical networks of munici-
palities, whose principles are demonstrated below.

Methods of using electric vehicles in microgrid systems. An
increase in the number of electric vehicles makes them an im-
portant component of the electricity supply system both at the
regional level and at the level of the entire country. The devel-
opment of electrical networks with electric vehicles, the devel-
opment and use of Smart Grid technologies for them is carried
out taking into account additional requirements and restric-
tions regarding the charging modes of traction batteries of cars
in order to ensure their effective integration into the hybrid
power supply system [11—13].

Today, there is a technical possibility of integrating electric
vehicles into the electric network when using them to regulate
the power system load [11]. However, in terms of Ukraine,
there is no legal mechanism as well as scientific, technical, and
economic substantiation for the implementation of this tech-
nology.

A sufficient number of electric vehicles operating in paral-
lel in the load regulation mode is similar in their operation
mode to a network with hydroaccumulating power plants,
which can be used for the purpose of balancing both power
consumption modes and “absorption” of excess unregulated
generation of RES [14].

To assess the expected technical impact of electric vehicles
as consumers-regulators in the electrical networks of settle-
ments, the real operating modes of the consumers of the utility
sector and basic electrical equipment were analyzed, which
made it possible to assess adequately the predicted advantages
and disadvantages of implementing V2G and G2V technology,
taking into account the expected energy as well as economic
and ecological efficiency of their introduction in market con-
ditions [15].

Levelling of PSLC of the local electric network consum-
ers due to the use of electric vehicles is fundamentally similar
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to the system-wide one. However, in each individual case,
both structure and power of the flexible potential source, its
impact on the existing power supply system should be deter-
mined [16].

It should be noted that the total PSLC of the energy system
of Ukraine (and other countries) is formed by all electric en-
ergy consumers, among which industrial enterprises and pub-
lic and household objects (population, service sector) should
be singled out. According to various estimates, the electricity
consumption of public and domestic consumers in percentage
terms is 30—40 % of the total system consumption. It means
that such consumers as the public have a significant influence
on the PSLC indicators of the power system, which causes in-
terest in the assessment of their regulatory ability [11], espe-
cially if there is an electric vehicle and the potential of its inter-
action with the network using V2G/G2V technologies.

Use of electric vehicle batteries as the sources of electrical
energy to cover power system load peaks can bring additional
economic effect to the owner [11, 17]. Their amount depends
on the legal framework, conditions and requirements of the
regulations in a specific country. Currently, there is no legisla-
tive framework for the possibility of involving electric mobility
in load regulation in Ukraine, and its elaboration should be
based on conducting appropriate research in the specific con-
ditions of V2G technology implementation.

Currently, Ukraine is a regional leader in the number of
electric cars. Dynamics of the development of electric mobil-
ity in Ukraine is one of the highest in Europe. According to the
data represented in [18, 19], the expected increase in the num-
ber of electric cars by 2024 will be about 250,000 cars (Fig. 14),
which requires preliminary substantiations to ensure the ap-
propriate charging infrastructure and readiness of electric net-
works to integrate powerful consumers in terms of distribution
networks of the populated areas of Ukraine. Today, a share of
electric cars in the total fleet of vehicles is about 1 %, and with
forecast dynamics, this indicator will be at the level of 5 %,
being not enough to solve the global issue of using the poten-
tial to ensure the power system stability. Speeding up the pace
is possible under the condition of a transparent procedure for
the material motivation of car owners to buy and use electric
cars according to V2G/G2V technologies to take into account
promising technologies not ex post but to ensure their imple-
mentation and development of technologies along with EU
countries. In 2022, the demand for electric vehicles in Ukraine
has increased significantly due to high cost of traditional fuels
(gasoline, diesel) caused by the war. In some EU countries it
has also grown due to the legislative policy regarding the com-
plete ban of vehicles with internal combustion engines (ICE)
in the near future. The Verkhovna Rada of Ukraine and the
Ministry of Infrastructure of Ukraine are also creating prereq-
uisites for the increase of electric vehicles by developing draft
laws on tax incentives for production localization and banning
the import of vehicles with ICE from 2030. In 2021, the Law of
Ukraine “On amendments to the Tax Code of Ukraine and
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Fig. 14. Registered and predicted fleet of electric cars and hy-
brids in Ukraine until 2024 [19]

some legislative acts of Ukraine on stimulating the develop-
ment of the electric transport industry in Ukraine” was ad-
opted. The relevant initiatives will also have a positive effect on
the development of electric mobility of our own production,
which will further actualize the research tasks in this sphere.

This will stimulate acceleration of the forecasted indicators
and makes the issue of rational integration of the relevant in-
novative infrastructure extremely relevant both from the scien-
tific and practical viewpoints.

Levelling of the electric load curves by filling night dips
with shifting loads to day and night hours can be carried out
using state regulation measures, intra-industry incentives, and
on the basis of power consumption management directly at the
consumer, e.g. at the expense of regulatory consumers: such
consumers, in the structure of which there is electrotechno-
logical equipment that can operate in the mode of adjusting
the load curve according to the UES needs.

A consumer-regulator can and should provide relevant ser-
vices on a paid contractual basis. Abroad, this area of electric-
ity consumption regulation was called “demand side manage-
ment”, which combines technical (consumer-regulator) and
economic (demand, management) components. In a number
of countries (Australia, the United Kingdom, the United
States, etc.), certain automated power demand management
projects have been developed and are being implemented in
order to reduce the UES peak loads.

Regulation of power consumption modes can make elec-
tric vehicles rather efficient consumers-regulators [11]. Battery
charging at night is capable of filling the night-time dips in
electrical load and preventing an increase in its peak values
during the day.

Levelling of the PSLC of electric network consumers due
to their use of electric vehicles is fundamentally similar to the
general system (HPSPS). Nevertheless, in each individual
case, both structure and power of the flexible potential source
should be determined [20].

The most accurate way to determine the flexible source
power is to use real data on electricity consumption, which will
allow developing a pattern for the use of electric vehicles in a
specific case of a typical load mode of a substation, taking into
account typical consumers of the area of the city under con-
sideration. In terms of widespread introduction of electric ve-
hicles and sustainable use of V2G technology, this alternative
active load compensator should be taken into account when
designing an electrical network.

The most potential places for the location of charge-dis-
charge stations in cities are parking lots of residential areas or
department stores (malls), etc. [21].

The use of V2G technology can be an effective measure for
the cases of increased loads in electric networks as it can be
compensated by distributed generation from the decentralized
sources (batteries of electric cars) [11, 22].

In view of the fact that residential transformer substations
(TS) TP-6 (10)/0.4 kV are located in the centres of electrical
loads, the charge-discharge station should be located as close
as possible to the transformer substation in order to meet the
optimal technical and economic indicators of operation,
which will contribute to the minimization of electrical losses
energy in power cables, satisfactory indicators of the quality of
electric energy according to the voltage deviation criterion,
and minimal capital investment in the object’s external power
supply system. Use of the station and its power at the stage of
development of alternative active compensators is limited to
the flexible part of the TS PSLC, taking into account the uni-
form charging of electric vehicle batteries during the night dip
periods.

The results of modelling on levelling PSLC of typical con-
sumers are presented in Fig. 15.

Modelling the modes of using electric vehicles applying
V2G/G2V smart technologies for a typical residential area
shows the possibility of reducing the estimated maximum
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Fig. 15. PSLC of TP-6(10)/0.4 KV for a residential area of the
city with buildings up to 10 floors:
a — comparative PSLC (red — output PSLC; green — when using

electric cars); b — modelling the mode of using a group of electric
vehicles applying V2G/G2V technology

power grid load by 45 %, or 1.8 times, which creates prerequi-
sites for the effective selection of network equipment and its
further use in accordance with the nominal parameters. Use of
the proposed principles makes it possible to reduce addition-
ally the electrical energy loss in electrical networks by 7—10 %
compared to the existing ones; it also helps increase the carry-
ing capacity of electrical networks and avoid their overloading
and failure during disordered charging processes.

On the contrary, irregular modes of charging batteries of
electric vehicles can cause an increase in electricity consump-
tion and growing unevenness of fhe total electric load curve. In
turn, this requires construction of additional generating ca-
pacities of power stations with an inefficient operating mode.
At the same time, rational use of electric vehicles as the con-
sumers-regulators with regulated modes of electricity con-
sumption allows reducing the unevenness of electric load
curves (Table 4), improving a structure of generating capaci-
ties with long-term optimization of development, and increas-
ing their operational indicators as well as achieving a pro-
nounced environmental effect.

Aspects of the energy transition for the EU and Ukraine. In
December 2019, the European Commission presented the Eu-
ropean Green Deal, an ambitious policy package aimed at

Table 4

Comparison of PSLC indicators of the district without/
taking into account the use of electric vehicles

Thao | Pavgs | Prmss
% | hour | ru. r.u. Ko | Konax
Without 0.25 | 3975.8 | 0.454 | 0.510 | 0.454 | 2.20

considering EV
Considering EV 0.55| 7303 | 0.45 | 047 | 0.83 | 1.2

making the European Union’s economy environmentally sus-
tainable. The goal is to achieve climate neutrality by 2050 and
turn the transition into an economic and industrial opportu-
nity for Europe [23].

In 2019, the EU imported over €320 bln worth of energy,
and over 60 % of EU imports from Russia were energy. A
massive reduction in this flow would restructure the EU’s re-
lationship with key energy suppliers. Such countries as Rus-
sia, Algeria, and Norway will eventually lose their main ex-
port market. Europe accounts for about 20 % of the world
crude oil imports. A greener Europe will depend more on
imports of products and raw materials that serve as a source
of clean energy and environmentally friendly technologies.
The Green Deal will have an impact on Europe’s interna-
tional competitiveness [23].

However, most importantly, the Green Deal is a foreign
policy, because climate change is a global problem. Decar-
bonisation that would only focus on Europe would not help
mitigate global warming as Europe accounts for less than 10
percent of global greenhouse gas emissions. The worst part is
in the fact that if the Green Deal simply shifts Europe’s green-
house gas emissions to its trading partners, it will have no im-
pact on climate change. Although for this reason alone, the
EU is likely to push very hard for ambitious multilateral agree-
ments to curb global warming and subordinate some of its
other goals to this top priority. The European Commission has
already acknowledged that it will need to either export its stan-
dards or create a border regulation mechanism to maintain
European competitiveness and prevent carbon leakage.

To make Europe environmentally neutral by 2050, the
European Green Deal must pursue one main goal: to change
the way energy is produced and consumed in the EU. Almost
three quarters of the EU’s energy system relies on fossil fuels.
QOil dominates in the EU energy complex (with a share of
34.8 %), followed by natural gas (23.8 %) and coal (13.6 %).
The share of renewable energy sources is growing but their
role remains limited (13.9 %) as well as nuclear sources
(12.6 %).

This situation will change completely by 2050 if the Euro-
pean Green Deal is successful. Nevertheless, the changes will
be gradual. Fossil fuels will still provide around half of the
EU’s energy in 2030, according to European Commission
forecasts but fossil fuels differ in intensity of pollution. The use
of coal — the most polluting element in the energy mix — must
be reduced significantly by 2030, while oil and, especially,
natural gas can be phased out later. Most of the changes to oil
and gas will occur between 2030 and 2050. During this period,
oil is expected to be almost completely excluded, while natural
gas will provide only a tenth of the EU’s energy in 2050
(Fig. 16) [23].

According to the data by Bruegel/ECFR (Eurostat 2020),
dependence of EU countries on the natural gas importers is
illustrated as follows (Fig. 17 [23]).

Germany. The energy transition of the Federal Republic of
Germany in the perspective of 2030—2050 (Fig. 11) also envis-
aged further consumption of gas as a more environmentally
friendly energy resource compared to coal and oil [23]. Cur-
rent intermediate stage of the implementation of the low-car-
bon development policy has turned out to put the Federal Re-
public of Germany in even greater dependence on the Russian
Federation. That is used by the respective importing country
in solving geopolitical disputes and problems to its advantage
by creating an energy collapse.

Today, the energy transition concept refers to the course
taken by the German government to abandon gradually both
hydrocarbon and nuclear energy along with its almost com-
plete transition to renewable energy sources. Germany has be-
come one of the few countries that has committed to transition
to a carbon-neutral economy by 2050 at the legislative level.
(Law on expanding the use of renewable energy sources dated
July 21, 2014).
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In early 2020, the German government passed a resolution
to close all nuclear power plants by the end of 2022 and aban-
don completely coal-fired power plants by the end of 2038.

The abandonment of these traditional energy sources re-
sults in the need for an equivalent replacement, which can only
be provided by the development of renewable energy sources
(wind, solar, hydropower, generation from biomass and bio-
gas, geothermal energy) and a forced increase in the use of
natural gas. Energy generation using clean sources, including
gasless ones, should make up 80 % of the total volume by 2030
and 100 % by 2050.

According to experts’ assessments, the energy turn pro-
vides the following significant advantages for the Federal Re-
public of Germany:

- reducing dependence on the import of energy carriers;

- stimulating the development of technological innova-
tions and “green energy”’;

- reducing the risks of using atomic energy;

- fighting against monopolies in the energy sector;

- fighting against climate changes.

In terms of Germany, the energy transition concept in-
volves comprehensive development of many components of
the new energy system, the main of which are:

- new generating capacities;

- new electrical networks;

- an increasing number of energy storage devices;

- large-scale implementation of the intelligent power sup-
ply systems;

- integration of the German energy system into the pan-
European system.

The energy transition concept is the most acceptable and
scientifically based one for the implementation of the strategy
of “effective transformation” of the energy industry of
Ukraine, adopted at the legislative level by the National Secu-
rity Strategy of Ukraine, approved by the Decree of the Presi-
dent of Ukraine dated September 14, 2020 No. 392. The main
positions are determined by the following steps [24]:

- introduction of a full-fledged highly competitive market
environment in the energy industry, formation of a favourable
investment environment;

- maintaining the energy sector sustainability and ensuring
energy security of Ukraine;

- consistency and transparency of energy policy and deci-
sion-making by state bodies;

- use of new technologies for energy production, transpor-
tation, storage, and consumption, use of renewable and local

energy sources, digitization of energy use, which allows bring-
ing energy production sources closer to the consumer and bal-
ancing the operating modes of energy systems;

- synchronization of the operating modes of the United
Energy System of Ukraine and the energy systems of EU
countries actually means disconnection from the energy sys-
tem of the Russian Federation;

- implementation of energy saving and energy efficiency
programs in households, housing and communal and budget-
ary spheres.

Analysis of the trends in the world energy development
shows that the key factors are the reliability of energy supply,
energy security, energy efficiency and environmental harmo-
nization. At the same time, increasing the level of energy effi-
ciency is a strategic direction for reducing the energy intensity
of the economy [25].

One of the main driving forces for the development of the
energy industry in the period of 2020—2040 will be preven-
tion of global climate changes due to systematic reduction of
greenhouse gas emissions. The key role in the successful so-
lution of urgent energy problems, including meeting the
growing demand, increasing energy efficiency and reliability
of energy supply with environmental improvements, will be
determined by innovative energy technologies. They are
aimed at the development of “smart” power grids (Smart
Grid), technologies of “smart” accounting and calculation
systems (Smart Metering), demand management (Demand
Response, DR), devices for storing energy and charging elec-
tric vehicles, etc. [25].

Distributed generation is the most important sector of
global energy in the future. It is a system of energy production
and transmission, which involves a large number of consum-
ers, who at the same time are producers of electricity and heat
for their own needs, and have the ability to transfer excess en-
ergy produced to the general network. Improvement of the
technologies and increased attention to environmental issues
according to the Paris Climate Agreement along with the ex-
haustion of energy resources (especially coal and oil) will
change the structure of demand for primary energy resources
and require a review of traditional approaches, principles and
mechanisms of the energy system operation. It will also re-
quire development and implementation of new modern tech-
nologies based on renewable energy sources, capable of ensur-
ing sustainable development, improving consumer properties
and efficiency of energy use [25].

Among the innovative projects of the transmission system
operator SE NEC “Ukrenergo”, which are related directly to
aspects of the energy transition in Ukraine, it is appropriate to
single out the following [26]:

- SCADA/EMS modernization of national and regional
control centres;

- creation of a system for forecasting generation from RES;

- pilot projects of V2G technologies (joint operation of
networks and electric vehicles), VPP (virtual power plant), a
detailed study on the consumption structure and Demand Re-
sponse (demand management).

Energy accumulators based on lithium-ion batteries
(LIBs) reduce the impact of generation stochasticity on net-
work reliability during the introduction of renewable energy
sources. The energy accumulator reacts immediately to the
changes in the consumer load, and, depending on the needs,
accumulates or releases it under the conditions of dispatching
the operation of generation facilities [9].

Stationary energy storage systems using lithium-ion bat-
teries for Ukrainian residents are in most cases expensive and
impractical for simple implementation as an autonomous
power source. However, their effect can be more significant in
terms of combined use in case of dual battery use, e. g. for V2G
and G2V technologies of electric vehicles, which will improve
significantly both the effect for an individual user and for the
energy system as a whole, under the condition of rapid devel-
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opment of electric mobility, for which Ukraine is rather fa-
vourable.

Basing on the results of studies concerning the agreement
of energy development forecasts with economic development
forecasts, NEC “Ukrenergo” formed three representative sce-
narios for the development (strategy) of supply and demand
for the energy system of Ukraine (Fig. 18) [5].

The first strategy is the pragmatic development scenario of
(PDS): it means implementation of solutions for the economy
and energy development, with an overview of the real resource,
economic, and personnel potential for the economic develop-
ment while meeting the requirements for the RES develop-
ment according to the NES with the extension of trends in
RES development for the perspective of 2050 year in accor-
dance with the predicted certain trends. The PDS envisages
preservation and development of the traditional Ukrainian
economic sectors with gradual development of import-substi-
tuting solutions as well as innovative and new production of
products, goods, and services.

The second strategy is the low-carbon development sce-
nario (LDS): it involves achievement of the neutrality of the
national economy in the context of GHG emissions at the
level of 2050, i.e. at least 50 % of electric energy is produced
using RES. The economic development involves gradual clos-
ing of energy-intensive industries that use organic fuel due to
implementation of a strict environmental policy — growth of
payments for GHG emissions and pollutants, which will make
them uncompetitive.

The third strategy is the energy transition scenario (ETS):
its main difference from LDS is refusal of the nuclear energy
development.

A peculiarity of the LDS and ETS formation is that along
with the scenario determination of the development of RES-
based electricity production, a gradual reduction of the ca-
pacities of CHPP and TPS with their decommissioning at the
level of 2030—2035 is meant.

According to the given economic and energy development
strategies for Ukraine, two scenarios are foreseen — an opti-
mistic one, corresponding to PDS and LDS, and a pessimistic
one, corresponding to ETS. It would seem that the energy
transition scenario should, on the contrary, be optimistic —
decarbonization, environmentalization, energy independence
from fossil resources; however, capital ownership in the re-
equipment of energy systems, abandonment of traditional en-
ergy resources, including nuclear energy, will lead to econom-
ic and social imbalance, which will have a corresponding so-
cial resonance.

We will analyse in more detail the corresponding scenarios
in the context of their impact on the electricity structure and
its functioning.

Nuclear energy. The nuclear power industry of Ukraine
has the potential to maintain its position in the electricity mar-
ket of Ukraine by selling the cheapest electricity and extending
the life of existing power units. The two main scenarios for the
further development of nuclear energy (Table 5) assume the
following [5]:

- the optimistic one (PDS, LDS) — development of atom-
ic energy is envisaged while maintaining the capacity of nucle-

bln kWb
8

Fig. 18. Prospective demand for electric energy according to the
development strategies [5]

ar power plants at a level that corresponds at least to their exist-
ing capacity;

- the pessimistic one — refusal of the development of nu-
clear generation in the future and closure of NPS power units
after the excess resource exhaustion (ETS).

Thermal energy. Development of electricity supply to the
market by existing TPSs will be determined by the possibility
of implementing the National Emission Reduction Plan
(NERP) and the expediency of supporting the operation of
power plants with low installed capacity utilization coefficients
(ICUC) as well as state energy policy, since during the LDS
and ETS implementation, no generation on organic fuel is ex-
pected [5].

The indicators of the optimistic and pessimistic scenarios
of the thermal energy development are given in Table 6.

Hydropower. Today, hydropower plays a key role in the
context of ensuring the operational security of the UES of
Ukraine to compensate for the variable and difficult-to-pre-
dict fluctuations of generation from renewable sources. There-
fore, its further development is extremely important, especial-
ly in view of high pace of introduction of energy generation
from RES. When considering the development of hydropower,
it is taken into account that today the sources of investment are
not defined and there is significant opposition from public and
environmental organizations to the development of hydro-
power in Ukraine [5].

In view of the above, two scenarios for the development of
hydropower have been formed:

1) basic scenario (minimum development of hydropower);

2) optimistic scenario (maximum development of hydro-
power).

Table 5

Structure of generating capacities of NPS according to the
scenarios, GW [5]

Scenarios 2021 | 2025 | 2030 | 2035 | 2040 | 2050
Pessimistic 13.8 | 13.8 | 13.8 10 6 2
scenario, including:
available energy 13.8 | 13.8 | 13.8 10 6 2
power units
Optimistic 13.8 | 13.8 | 13.8 | >14.18 | >14 | >14
scenario, including:
available energy 13.8 | 13.8 | 13.8 12 9 2
power units
new facilities 0 0 0 >2.18 >5 >12

Table 6

Structure of TPS generating capacities according to scenarios,
GW [5]

Scenarios 2021 | 2025 | 2030 | 2035 | 2040 | 2050

Pessimistic scenario, | 18.4 | 8.8 2.5 0 0 0
including:

available energy — - - — — _
power units

Optimistic scenario, 18.4 18 16.1 16.1 16.1 16.1
including:
available energy 18.4 | 13.17 | 4.57 2.1 2.1 2.1
power units

reconstructed or new 0 2.83 | 9.53 12 12 12
flexible facilities

highly flexible 0 2 2 2 2 2
facilities with quick
start
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According to the optimistic scenario of the development of
hydropower, the offer of electric energy produced by large
HEPS and HPSPS is based on the Hydropower Development
Programme approved by the CMU [27] with the adjusted
terms for the introduction of HEPS and HPSPS capacities
(taking into account the available plans and the terms of nec-
essary development of networks based on the proposals, as
noted by “Ukrhydroenergo” PJSC [28]) as well as the comple-
tion of Tashlytska HPSPS.

According to the basic scenario of hydropower develop-
ment, it is assumed that only the existing projects of the near
future will be implemented, i.e.:

1) reconstruction of the Dnipro cascade HEPS;

2) construction of Kakhovska HEPS-2;

3) increasing the capacity of Dniester HPSPS due to the
commissioning of the 4” hydrounit;

4) increasing the capacity of Tashlytska HPSPS due to the
commissioning of the 3’ hydrounit.

Table 7 shows the structure of generating capacities at
HEPSs and HPSPSs according to these scenarios.

RES-based energy. In view of high interest of investors in
the construction of new RES-based generating capacities,
technical conditions have already been issued for the connec-
tion of new RES-based facilities at the level of about 11 GW
[25]. Thus, it can be expected that under acceptable conditions
of pricing of electric energy for this generation type, the poten-
tial of its development in Ukraine is very high.

The basic scenario is adopted in accordance with the re-
quirements of the NES for electric energy production with the
extension of the trends laid down in the NES until 2050.

The optimistic scenario is based on the assumption of fur-
ther development of RES-based facilities at the current rate of
growth.

Along with this, in the context of the declared goals of sus-
tainable development and policy of energy transition [29] from
the existing energy system to an energy system built on the lat-
est principles and technologies for abandoning the use of fossil
organic fuels, a share of RES-based generation at the level of
2050 should be no less than 50 % in the production of electri-
cal energy when implementing scenarios that provide for the
support of nuclear generation at the level of at least 14 GW,
and a further transition to 70 % of the use of renewable energy
sources to solve the tasks of supplying electricity to own con-
sumers in the event of refusal of further nuclear energy devel-
opment in the country.

However, it should be noted that even with significant
WPS and SPS capacities in Ukraine, the latter do not play a
significant role in ensuring maximum loads in the heating
season, while even when using power transfer systems from
PSLC zones, in which there is a surplus of electrical energy,
to zones where there is its shortage. This is due to the fact
that the compatible maximum loads occur in the evening
hours in winter, when there is no generation from SPSs, and

Table 7

Structure of generating capacities at HEPSs and HPSPSs
according to the scenarios, GW [5]

Scenarios 2021 | 2025 | 2030 | 2035 | 2040 | 2050
Optimistic scenario,
including:
HEPS 4.8 49 | 520 | 545 | 5.87 | 6.00
HPSPS 1.65 | 2.25 | 34 | 437 | 437 | 437
Basic scenario,
including:
HEPS 4.8 4.9 5.0 5.0 5.0 5.0
HPSPS 1.47 | 1.95 | 195 | 1.95 | 1.95 | 1.95

low temperatures in this period are characteristic of the areas
with high atmospheric pressure, when the probability of the
wind absence is high. Taking into account current trends in
the development of RES-based generation and structure of
the issued technical conditions for their connection, 3 sce-
narios of the development were formed, which correspond to
different strategies of the country’s electricity supply in the
future. The structure of generating capacities of Res-based
power plants, according to these scenarios, is shown in
Figs. 1921 [5].

With an increase in the demand for electric energy, all
things being equal, the need to limit the capacity of power
plants operating with the use of RES decreases, and solution to
their balancing problems is simplified. At the same time, the
situation is reversed when demand decreases.

In order to ensure fulfilment of the requirements of suffi-
ciency along with the increasing demand for electric energy for
the scenarios that correspond to NES and low-carbon devel-
opment, the most expedient, from the viewpoint of transmis-
sion system operators (TSO), is the increase in NPS capaci-
ties. And for ETS, it is necessary to increase generation capac-
ity of RES operating on biomass and gaseous fuel, and elec-
trolysis systems for the production of “green” combustible
gases — hydrogen, methane etc. to meet the requirement for
zero GHG emissions at the level of 2050 [3].

The comparative analysis of supply and demand develop-
ment scenarios shows that the implementation of LDS and
ETS is not very realistic.

This is primarily due to the fact that the implementation
of relevant strategies requires significant investments and
state support. Thus, the EU has developed the European
Investment Plan “Green Deal” [30], which is also called
the “Sustainable Europe” investment plan, being the in-
vestment basis of the “New Green Deal”. In order to
achieve the goals set by the “European Green Deal”, it is
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planned to attract at least EUR 1 trln of investment over the
next decade.

The concept of the “Green transition” of Ukraine [29] as-
sumes that approximately 5 % of the national GDP per year is
needed for its implementation. At the same time, the model
calculations of the TSO for the formation of agreed forecasts of
the economy and energy development for LDS and PDS show
that their potential implementation is possible only under the
following conditions:

1) no restrictions for the possibility to attract investments
and credit resources for the national economic development;

2) significant interest of investors in the creation of high-
tech industries in Ukraine, both for import substitution and
for export of corresponding products;

3) possibility of exporting domestic products, goods, and
services in the volumes necessary for the implementation of
these scenarios, i.e. foreign currency receipts in the country
must be sufficient to ensure a positive balance of payments;

4) almost complete localization of the industries necessary
for increasing the capacities of RES-based power stations and
technologies for balancing them and transferring/utilizing
their power. While implementing LDS and ETS, it is neces-
sary to introduce such systems with a total capacity of about 5
and 8 GW, respectively, as early as 2025, which, according to
TSO, is unlikely from the viewpoint of necessary investments
for the creation of corresponding industries and time for their
implementation;

5) rapid increase in natural gas production in the country.
However, a significant increase in its production in the coun-
try is possible no earlier than in 5—10 years, with significant
investments in the development of gas production;

6) gradual reduction of production in energy-intensive
sectors of the economy with significant GHG emissions.

According to TSO estimates, the fulfilment of all the listed
conditions is unlikely [5]. This is due to the need to service and
repay loans necessary for radical technological and structural
restructuring of national economy and energy, the rise in pric-
es for electric energy in terms of unavailable compensators in
the form of domestic production.

The main arguments regarding the expediency of imple-
menting the development scenarios and the proposal accord-
ing to LDS and ETS are their high efficiency with a significant
increase in payments for GHG emissions and a stable decrease
in the necessary investments in construction, first of all, SPSs,
leading to lower prices for the electric energy produced by
them than on its production at traditional power plants, and
on a significant reduction of the necessary investments in the
implementation of demand management measures [5].

Conclusions.

1. The comprehensive analysis of current state and pros-
pects for the development of the structure of electric power
complexes of Ukraine and the Federal Republic of Germany
helps formulate high-priority rational steps in achieving en-
ergy independence and energy security, taking into account
environmental friendliness and low-carbon development of
the energy sector and economy of our country, as a develop-
ing country, since there is an opportunity to adopt experience
of leading countries in terms of diversification of energy re-
sources, focusing on the obligations regarding climate neu-
trality and avoiding mistakes in making previously untested
decisions.

2. The experience of the Federal Republic of Germany re-
garding the implementation of significant RES volumes, suc-
cessful forecasting of generation and balancing, can and
should be used undoubtedly in the development of this sector
in Ukraine. That will allow solving the problem of power sys-
tem stability due to disordered growth of the RES share in the
energy balance of Ukraine. Further RES location purely by
the economic interests of investors, and not in accordance
with the technical needs of a specific energy node of the UES
of Ukraine, is unacceptable both from the standpoint of stabil-

ity of the operating modes of load nodes, and according to the
principles of building decentralized power supply systems,
overcoming a problem of the “green-coal” paradox.

3. If there is no significant increase in flexibility of the
energy system of Ukraine and introduction of technologies
for the use of excess electrical energy, further accelerated ca-
pacity of RES-based power stations will have negative conse-
quences due to limited power of nuclear power plants to
eliminate emerging power surpluses. To maintain static sta-
bility of the power system and create a flexible power reserve,
there is an urgent need for the development of HEPSs and
HPSPSs, an increase in ESS volume as well as alternative
methods of balancing the operating modes of local micro-
and macrogrid systems based, for example, on the use of
electric vehicles as consumers-regulators and active electrical
load compensators.

4. Rational integration of electric vehicles and charging in-
frastructure into the electric networks of municipalities using
V2G/G2V technologies can be an effective measure in case of
increasing loads in electric networks due to natural gas short-
age and transition to electric heating. Modelling the modes of
using electric vehicles with V2G/G2V smart technologies for a
typical residential area shows the possibility of reducing the
estimated maximum load of the power grid by 1.8 times, which
creates prerequisites for reducing the emergency operation of
existing networks. On the contrary, unordered modes of
charging electric vehicle batteries can cause a growth in elec-
tricity consumption and increase the unevenness of total elec-
trical load curves. This, in turn, requires construction of ad-
ditional generating capacities of power stations with an ineffi-
cient mode of operation.

5. Germany’s abandonment of nuclear energy by the end
0f 2022, increased share of alternative sources in the total elec-
tricity consumption, being 50.4 % as of 2020, and reduced
harmful emissions into the atmosphere (as of 2020 — 40.8 %)
are indisputable positive aspects of the energy transition strat-
egy implemented by the Federal Republic of Germany. How-
ever, the energy transition of the Federal Republic of Germany
in the perspective of 2030—2050 provided for the replacement
of traditional energy resources with natural gas as a more envi-
ronmentally friendly fuel compared to coal and oil, which has
currently placed the Federal Republic of Germany in signifi-
cant dependence on the Russian Federation, which this im-
porting country uses in solving geopolitical disputes and prob-
lems by creating an energy collapse. This fact must be taken
into account and avoided when implementing the energy tran-
sition for all countries.

6. Currently, the energy transition for the conditions of
Ukraine corresponds to the pessimistic scenario, and imple-
mentation of its principles in full with the achievement of car-
bon neutrality will cause a social and economic resonance in
society, since the achievement of the relevant goals is impos-
sible without a radical approach to the issues of electricity pro-
duction and transformation of electricity generating systems
towards large-scale use of alternative and renewable energy
sources with the use of technologies for their integration as de-
centralized systems. To ensure fulfilment of the requirements
for sufficient sources in case of growing demand for electric
energy for scenarios of pragmatic and low-carbon develop-
ment, NEC “Ukrenergo” considers it expedient to increase
the capacities of nuclear power plants; in terms of energy tran-
sition, it is necessary to increase the capacities of RES genera-
tion on biomass and gaseous fuels as well as electrolysis sys-
tems to produce “green” hydrogen.

7. Rapid growth of RES capacities as well as need to im-
plement technologies for increasing flexibility of Ukrainian
UES and ensure sufficient capacity of traditional generation
for reliable PSLC coverage will lead in the long run to in-
creased electricity prices. At the same time, for economic
reasons, implementation of LDS and ETS is unrealistic,
since the existing economic potential of Ukraine is not
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enough to achieve ambitious goals of economy decarboniza-
tion, following the example of the most developed countries.
The implementation of comprehensive support for the post-
war recovery of Ukraine, including the energy field, will en-
sure a balanced energy transition in accordance with the de-
scribed scenario.

8. Integration of Ukrainian UES into the pan-European
one and synchronization of the operating mode with ENTSO-
E with complete separation from the energy systems of the
Russian Federation and Belarus open promising EU markets
to our country. At the same time, Ukraine is becoming a mar-
ket for suppliers from the EU, which will stimulate European
integration changes in the energy sector as well as reconstruc-
tion of electrical networks according to European standards
and requirements. The represented analytics can be used to
ensure sustainable development of Ukrainian energy industry,
to form an outlook on problems, prospects, and aspects of op-
timistic and pessimistic scenarios of the economy and energy
industry development.
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MeTtonuka. TeopeTUuHi T1OCTiIKeHHS, aHaTi3 Ta y3arajib-
HEHHSI HAYKOBMX 1 MPAaKTUYHUX PE3YJIbTaTiB, MOPIiBHSUIbHUA
aHati3.

PesyabraTn. €Bporneiicbka Green Deal cripusie mmpo-
KOMY PO3BUTKY BilNoOBiAHUX cucTeM Ha 6a3i BJE y kpai-
Hax €C. YKpaiHa TaKoX 3aleKJjiapyBaja CBOIO aKTUBHY I10-
3UIII0 CTOCOBHO NMUTaHb HU3bKOBYIJICIIEBOIO PO3BUTKY I
«3eJICHOTO» Tepexony 3 ¢hOpMyBaHHSIM BilIMOBiTHUX Clie-
HapiiB peanizauii no 2035, 2050 Ta 2070 pokiB. ¥ pobori
MPOBEJEHO aHaJi3 Cy4YaCHOTO CTaHy Ta CTPYKTYPU CUCTEMU
enekTpo3abesneyeHHs1 y ®PH ta YkpaiHi Ha NUISIXY HU3b-
KOBYTJICIIEBOTO PO3BUTKY EHEPTeTUKHU Ta EKOHOMIKH. Y pe-
3yJIbTaTi MPOBENEHOTO MOCTIIXKEHHS MOXHA BU3HAYUTHU
MONaJbllli pallioHaJIbHI KPOKU IIOA0 €(DEKTUBHOI TpaHC-
¢dopmallii eJeKTpoeHepreTMYHOI Trajly3i 3a CcTpaTeri€lo
MParMaTUYHOrO 260 HU3bKOBYTJIEIIEBOTO PO3BUTKY 3 TO-
NaabIIMMM 3aX0AaMU 3 MOJIEpHi3allii aTOMHOTO i TeTJI0BO-
ro CEKTOpiB €HEpPreTuKW i momipHuMm po3BUTKoM BJIE.
Po3BUTOK pallioHaTbHUX CTPYKTYP €JIEKTPOCHEPTETUIHUX
CUCTEM HOBOTO TEXHOJIOTIYHOTO yKJIaay — 1i€ TOCTIAHO aK-

TyaJIbHUI, HAYKOEMHUIA HAIPSIM, 1110 Hece CEpHO3Hi 3MiHU
Ul TPAAMIIMHOI CUPOBUHHO-PECYPCHOI €KOHOMIKM Ta
€HEePreTUuKu.

Haykosa HoBu3Ha. I[IpoBeneHMiT KOMIUIEKCHMI aHai3
Cy4YaCHOTO CTaHy i MEepPCHeKTUB PO3BUTKY CTPYKTYPU €JIEK-
TPOCHEPTETUIHOTO KOoMIUTeKcy YKpainu ta @PH mosBonsie
¢opMyBaTH NepIIOYEProBi pallioHabHi KPOKU B JOCSTHEHHI
€HEPTrOHEe3aJIeKHOCTI Ta EHEPTroOe3eKy 3 ypaxyBaHHSIM €KO-
JIOTIYHOCTi Ta HU3BKOBYIJIELIEBOIO PO3BUTKY HAIliOHAIbHOT
€KOHOMIKHU.

IIpakTuuna 3HaummicTh. HaBeneHa aHalliTUKa MOXe
OyTH BMKOpPUCTAHA 3 METOIO 3a0€3MeYeHHs CTaJl0r0 pO3BU-
TKy €HepreTUKu YKpaiHu, opMyBaHHS CBITOIJISIAY 111010
npoo6jeM, TIePCIEKTUB Ta ACMEKTiB ONTUMICTUYHMX i ITecu-
MiCTMYHUX CIIEHApiiB PO3BUTKY CUCTEMU €JIeKTpo3abdesrne-
YEHHSI.
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