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ASSESSING THE TECHNICAL AND ECONOMIC PERFORMANCE OF
THE INTEGRATED POWER SYSTEM OF UKRAINE UNDER HIGH
PENETRATION OF WIND AND SOLAR GENERATION

Abstract. This paper presents a comprehensive assessment of the technical and economic performance of
the Integrated Power System (IPS) of Ukraine under conditions of high penetration of wind and solar power
generation. The relevance of the study is driven by the rapid expansion of renewable energy sources (RES),
which introduces increased generation variability, amplifies power imbalances, and complicates real-time
system operation and control. The study analyzes the current state of the Ukrainian power system, including
structural changes in generation and consumption under wartime conditions and the associated reduction
in available capacity. Particular attention is given to daily and seasonal load variability, the stochastic
nature of wind and solar generation, and the limited operational flexibility of conventional generation
assets. A quantitative assessment is conducted using an optimization framework based on an economic—
technological forecasting methodology for determining optimal system development and operation
parameters. The model explicitly incorporates battery energy storage systems (BESS), pumped storage
power plants (PSPP), constraints on renewable generation curtailment, and balancing market mechanisms.
Scenario-based simulations up to 2030, assuming an increase in the RES share to 45-50%, indicate that
power imbalances may rise to 600—-900 MW, while reserve requirements could reach 6—7 GW. The results
demonstrate that the deployment of BESS with a capacity of 1.5-2 GW can reduce imbalances by 30-40%,
significantly decrease RES curtailment, and yield annual savings of €80—120 million in balancing costs.
The proposed approach enables a more robust evaluation of power system performance under high RES
penetration and provides a methodological basis for enhancing system flexibility, reliability, and economic
efficiency. The findings can support strategic decision-making regarding the modernization and
sustainable development of the IPS of Ukraine.

Keywords: renewable energy sources, Integrated Power Systems, grid stability and control, power
regulators, mathematical models.

1. Introduction

The integration of large volumes of wind and solar power plants into integrated energy systems leads to
significant changes in their operational and technical and economic characteristics [1-3]. The main tasks, due
to their critical relevance, are the assessment of power balances, determining the need for shunting capacities
and energy storage, as well as the economic effect of renewable energy integration [4-14]. In particular, much
attention is paid to the development of Mathematical Models and Programming Tools for Optimizing the
Composition and Operating Modes of Energy Systems Under Rapid Growth of Renewable Energy Capacities
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[4-7]. Much attention is paid to optimization methodologies and models to determine the required
stability and sufficient capacity in integrated energy systems based on projected electricity production
volumes. [8-14]. The assessment of the effectiveness of the existing and future operational and technical and
economic characteristics of the IPS with a significant share of wind farms and solar power plants in its structure
is based on a comprehensive analysis of the operating modes of the power system, reliability indicators,
economic feasibility and the level of integration of renewable energy sources. The main purpose of such an
assessment is to determine the limits of the power system's ability to ensure reliable, cost-effective and
balanced operation in the event of an increase in the share of unstable generation. In the process of assessing
the existing characteristics, the actual modes of operation of the integrated energy system are analyzed, in
particular, the balance of active capacity, the level of permissible maneuverability of generating capacities, the
magnitude of energy system imbalances, restrictions on the permissible volumes of generation of renewable
energy sources and the costs of their settlement. Considerable attention is paid to the impact of large volumes
of wind and solar generation on the permissible limits at which the necessary frequency and power regulation
is provided, as well as on the stability of the integrated power system under various load conditions. In order
to adequately assess the prospective characteristics, possible scenarios for the development of the power
system are modeled, taking into account the growth of the installed capacity of wind farms and solar power
plants, the development of energy storage systems, the modernization of maneuverable generating capacities
and the introduction of modern forecasting systems for the generation of renewable energy sources. As part of
this analysis, options are considered for optimizing the generation structure, increasing the flexibility of the
power system and reducing the cost of balancing it.

Technical and economic efficiency is determined on the basis of integral indicators, including the cost
of electricity production, the cost of managing imbalances, investments in the development of grid
infrastructure and energy storage systems, as well as the economic effect of reducing greenhouse gas emissions
and improving energy security. A comparison of existing and future modes of operation makes it possible to
determine the optimal directions for the development of the power system and to formulate recommendations
for improving the efficiency of integrating large volumes of renewable generation. The results of the
assessment can be used to substantiate strategic decisions on the development of the power system, increase
its flexibility and ensure stable operation with a further increase in the share of wind and solar power plants in
the generation structure.

Thus, the scientific novelty of the study can be summarized as follows:

— the development of an economic—technological forecasting method adapted to the conditions of the
Unified Power System (UPS) of Ukraine during the wartime and post-war periods;

— the integration of scenarios into the model that account for battery energy storage systems (BESS) and
pumped storage power plants (PSPP), including a quantitative assessment of their impact on power
imbalances and balancing costs;

— the development of an updated set of scenarios up to 2030, taking into account current generation
constraints and the structure of electricity consumption;

— the derivation of refined technical and economic estimates (power imbalances, reserve requirements,
and economic effects) based on modeling over a 8760-hour time horizon.

2. Initial conditions and generation structure

To assess the efficiency of the regime and technical and economic characteristics of the power system,
the existing and future generation structures of the IPS of Ukraine are considered, taking into account a
significant share of wind (WPP) and solar (SPP) power plants.

2.1. State of Ukraine’s energy system as of February 24, 2022 [15]

The IPS of Ukraine before the full-scale invasion on February 24, 2022 looked like this.
The hourly weighted average electricity consumption was 17.67 GWh, the annual total consumption was
154,830 GWh.

The structure of energy resource use was as follows:

— nuclear energy — 22.6 %,
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natural gas — 23.9 %,
petroleum products — 10.7 %,
—  hydropower — 11.4 %,
— renewable energy sources — 5.9 %.
The distribution of the electricity supply structure was as follows:

— nuclear power plants — 56.1 %,
thermal power plants (CHP and TPP) —29.3 %,

— hydroelectric power plants and pumped-storage power plants — 8.7 %,

— renewable energy sources — 5.9 %.
The distribution of the total installed capacity of electricity generation in Ukraine amounted to 55,579.2 MW,
including:

— NPP— 13,880 MW (15 power units),

— TPPand CHP — 30,545 MW (112 power units),

— HPP and PSP — 6,646.7 MW (14 hydroelectric facilities),

— RES —4,507.5 MW (by output).
The maximum power of renewable energy generated reached 17 % of the total power load schedule during
daytime in 2021. [16-20].

2.2. State of Ukraine’s energy system in 2025 [15]
Total installed capacity has been reduced by almost half — minus 42.1% from pre-war levels. Currently,
IPS of Ukraine have 23,379.6 MW in operation:
— nuclear generation — 7,880 MW (15 power units),
— thermal generation (thermal power plants and combined heat and power plants) — 7,960 MW (30
power units),

— hydroelectric power plants and pumped storage — 4,476.7 MW (11 hydropower plants),
— renewable energy sources — 3,063.3 MW.

The consumption structure has changed very significantly:

— the hourly average consumption has more than halved — from 17.67 to 8.47 GWh;

— annual consumption has fallen from over 154 thousand to 74,897 GWh;

— the deficit during peak hours remains stable — about 2.7 GWh.

2.3. PowerSystem Performance [16, 17]
Daily Load Range:

— Minimum Nighttime Load: 10-11 GW
— Daily Maximum: 17-19 GW
— Daily Variability: 1.6—1.8

Daily load schedules:

— night load: ~10-12 GW

— evening maximum: ~16—-19 GW (winter)
— typical peaks: 18:00-22:00

Actual consumption peaks 2025-2026 [18, 19]:
— winter peaks 17-18+ GW

— constraints due to generation deficit

— dependence on imports during peak hours

Available nuclear power capacity [20, 21]:
— 9 power units in operation

— total capacity =7.6-7.8 GW

— ZNPP (6 GW) not included
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According to the transmission system operator's operational data, the minimum nighttime load in the Ukrainian
IPS is approximately 10-11 GW, while the evening peak reaches 17-19 GW during the winter. The baseload
is provided by nuclear generation with a capacity of approximately 7.6—7.8 GW. The maximum-to-minimum
load ratio is 1.6—1.8, indicating significant daily unevenness in the electricity consumption schedule and the
need for switching capacity, the speed of which is, respectively: for thermal power plants 2—4 %/min, for
hydroelectric power plants 10-20 %/min, for nuclear power plants 1-3 %/min. Total maneuvering reserve 3—
4 GW. At the same time, the amplitude of fluctuations in wind power plant generation is 40—60 % in 3—6 hours
and solar power plant generation is up to 80—90 % in 1-2 hours with a maximum rate of change of renewable
energy generation of 1.5-2.5 GW/h.

2.4. Power system balancing indicators [22, 23]
Generation imbalances: average imbalance 250-400 MW, peak imbalance 900—1200 MW, nbalance rate

4-6 %. The main sources of imbalance are errors in wind/solar power generation forecasts, rapid changes in
weather conditions, and the limited flexibility of thermal generation.

2.5. Curtailment of renewable energy generation

With high generation from solar and wind power plants and low load, generation restrictions arise with
the following parameters: annual restriction volume of 2—5 %, peak periods in spring and autumn, restriction
capacity of 500—-800 MW.

2.6. Economic characteristics [24-26]

Cost of electricity:

Generation type LCOE, $/MWh

— Nuclear power plants 40-90 (depends on CAPEX and country)
— Thermal power plants 70-120

— Solar power plants 35-45

— Wind power plants 30-50

— Hydropower plants 2540

Balancing Cost [27-32]:

Imbalance cost:

As the share of renewable energy sources grows, the role of the balancing market increases. The cost of
imbalances in European power systems is approximately €10—20/MWh, and total balancing costs can reach 4—
6 % of the electricity market value. Annual balancing costs for systems of the Ukrainian scale: ~€150-300
million, balancing share =4—6 % of the electricity market value (typical for systems with a high share of
renewable energy).

3. Prospective development scenarios up to 2030

In the works [7, 33] a method of economic and technological forecasting of the parameters of optimal
functioning and development of the energy system is proposed, due to the use of a modified integral criterion
of the quality of the functional of economic and technological impact. It makes it possible to take into account
the indicators of the development of the national economy and production in the form of quasi-dynamic
functions with discrete stochastic variables, which is important for assessing the ability of the energy system
to provide volumes and modes of energy and power consumption. Also, a mathematical model of the diffusion
of new technologies in the energy sector is proposed, which is a generalization of the model of the mixed
influence of the diffusion of new technologies by Frank Bass [34], which includes the functional of economic
and technological impact. The model allows us to take into account the stochasticity of economic and
technological parameters of the development of the national economy when forecasting the development of
the structure of the integrated energy system in the context of rapid growth of renewable energy capacities.
The proposed [7, 33] use of a set of regression models in the form of generalized logistic curves makes it
possible to improve the efficiency of forecasting, taking into account that the values of the modeling parameters
obtained using the method of least squares do not contradict the experimental data. On the basis of the above,
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a model of long-term technological renewal of the structure of the unified energy system has been developed,
which allows to assess the potential for improving the components of the power system (Table 1).

The proposed method of economic and technological forecasting of the parameters of optimal
functioning and development of energy systems and the economic and mathematical model of long-term
technological renewal of the structure of the unified energy system, are implemented in the problem-oriented
software and information complex SOPS [35], which contains software modules of models for optimizing the
modes of operation of energy systems.

Table 1. Known and new/improved models

KNOWN MODELS NEW AND IMPROVED MODELS
The Fundarnenta.l M0_d9| of Method of Economic-Technological Forecasting for Optimal Operation
Innovation Diffusion and Development Parameters of the Energy System

Dynamic Models of Cyclical Development of Generation Systems

!

Long-term Technological Renewal Model of Consumption Structure
and Generating Capacity of Ukraine's Integrated Power Systems

The use of a modified model of mixed impact made it possible to calculate scenarios for the development
of economic and technological coefficients (Fig. 1), which are components of the functionality of economic
and technological influence, which is included in the new method of economic and technological forecasting
of the parameters of optimal functioning and development of the energy system and a new generalized model
of energy technology development in the form of a sum of several logistic curves (1):

j=t

P“(r+1)=P"(r)+ KmZJ:F (k,r){pj +%ij (ﬂ}(Pij (r)-P"; (7)), (1)

where: K, - scaling factor; F(k,7)=F[PPF(r),ET (k,7),FCF (k,7),EGR()] ~ functional of economic

and technological impact, in which (Fig. 1): PPF(z) is the regional purchasing power parity, ET(k,z) is the
efficiency of technology, FCF(k,z) is the final cost coefficient, ZGAz) is the economic growth rate.

Dynamics of economic and technological indicators

Percent
140

120

100 -Re

S . PPF()_G

FCF (k)
¥

Yourss o 8 0 5
—~—PPF()_UA ——ET(k:) -—FCF(ki) ——EGR()_UA —PPF{)_G  ——EGR()_G
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The generalized model in the form of the sum of several logistic curves is an integral part of the model
of long-term technological renewal of the structure of consumption and generating capacity of the IPS of
Ukraine. According to the method of economic and technological forecasting of the parameters of optimal
functioning and development of the energy system, the forecast is calculated in three stages.

At the first stage, using a generalized logistics model (1), the forecast of consumption volumes of the
IPS of Ukraine until 2030 was calculated.

At the second stage, using the formulas of net benefit NB, = K (LACE, —LCOE,) and minimization

K
of the total cost of generation CZ = Z:NBk -E¢ —>min , the ratio of capacities and volumes of generation
k=1

technologies was calculated.
At the third stage, the task of minimizing the total mismatch between generation and consumption
volumes (2) was solved and scenarios for the development of the IPS of Ukraine until 2030 were obtained.

;F:ZT:(ESZT—ECZT)V u(z,k),&(z,k)) — min, (2)

=1

4. Calculation results
Forecast of installed capacity (GW): WPP 7-8, SPP 10-12, BESS 1.5-2, PSPP 2.2. Total RES capacity
18-20. Share of RES in generation: 40-50 %.
Expected parameters

Indicator Current status 2030
Share of RES 28 % 45-50 %
Imbalances 400 MW 600-900 MW
Curtailment 3% 8-12 %
Necessary reserve 3 GW 67 GW

Efficiency of storage systems (BESS).
Installing 2 GW of storage allows: reducing imbalances by 30-40 %, reducing curtailment to 50 %, and
achieving balancing savings of €80-120 million/year.
Economic effect of RES integration: reduce fuel imports by €1.2—1.6 billion/year, reduce CO. emissions
by 15-20 million tons/year, and increase energy security by 20-25 %.
The use of the model on the horizon of 8760 hours allowed:
— Estimate annual peak and minimum imbalances;
— to determine the volume of renewable energy curtailment;
— Evaluate the use of BESS in charge/discharge modes
— to calculate the integral economic efficiency.

4.1. Example results (current scenario)

Indicator Value Notes
Average imbalance 320 MW 5 %
Maximum imbalance 1.2 GW occurs during peak RES generation
RES limitations 3 % of annual production spring-autumn peaks
BESS usage 1.5GW SOC from 20 % to 100 %

4.2. Perspective scenario 2030

Indicator Value
Share of RES 45-50 %
Need for maneuvering reserve 6-7 GW
Annual curtailment 8-12 %
Use of BESS 2 GW
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4.3. Economic indicators

Indicator Current 2030
LCOE of generation, $/MWh 45-70 35-60
Balancing costs, €m/year 180 300-350
Savings from BESS, €m/year 0 80-120
CO: reduction, mt/year 0 15-20

5. Discussion

The results of the modeling confirm that the key factor determining the efficiency of the IPS of Ukraine
with a high share of wind farms and solar power plants is the level of flexibility of the power system. An
increase in the installed capacity of renewable energy sources to 45-50 % leads to a significant increase in the
amplitude of generation fluctuations, which is directly reflected in the magnitude of imbalances and
requirements for capacity reserves. The analysis showed that with the current generation structure, the main
balancing burden falls on thermal power plants, which have a limited rate of capacity change (2-4 %/min). In
the context of abrupt changes in the generation of solar power plants and wind farms, this is not enough to
ensure the stability of the system without a significant increase in balancing costs. The use of energy storage
systems (BESS) demonstrates high efficiency as a tool for compensating for short-term imbalances. The
simulation results show that the use of BESS can significantly smooth out imbalance peaks, reduce the load
on maneuverable generation, and reduce the volume of RES constraints. At the same time, not only a technical,
but also an economic effect is achieved by reducing the cost of imbalances. Promising scenarios until 2030
indicate the need for an integrated approach to the development of the energy system. A simple increase in the
share of RES without a corresponding increase in flexibility leads to a deterioration in regime indicators: an
increase in imbalances, an increase in curtailment and the need for significant reserves. Separately, it should
be noted that the use of the method of economic and technological forecasting of the parameters of optimal
functioning and development of the energy system allows taking into account both short-term and long-term
effects of RES integration, including seasonal fluctuations in generation and load. This provides a more reliable
assessment of the efficiency of various scenarios for the development of the power system.

6. Conclusions

The application of the economic—technological forecasting methodology, combined with a model of
long-term structural transformation of the power system, has enabled the development of predictive scenarios
for the IPS of Ukraine up to 2030 and a quantitative assessment of its operational and economic performance.

1. Assubstantial increase in the share of wind and solar generation leads to a pronounced growth in power
imbalances due to the inherent variability and limited predictability of renewable energy sources.

2. At RES penetration levels of 45-50 %, average imbalances are projected to reach 600-900 MW, while
the required volume of maneuvering reserves increases to 6—7 GW, highlighting the need for structural
modernization of the generation mix.

3. Conventional thermal generation alone is insufficient to provide the flexibility required to compensate
for rapid fluctuations in renewable generation, resulting in increased balancing costs and reduced
overall system efficiency.

4. The integration of battery energy storage systems (BESS) with a total capacity of 1.5-2 GW represents
one of the most effective flexibility solutions, enabling a reduction in imbalances by 3040 %, a
significant decrease in RES curtailment, and improved system stability.

5. The large-scale integration of renewable energy sources yields substantial economic and
environmental benefits, including a reduction in fuel imports by €1.2-1.6 billion annually and a
decrease in CO: emissions by 15-20 million tons per year; however, it requires considerable
investments in flexibility-enhancing technologies.

6. The most promising directions for the development of the IPS of Ukraine include the large-scale
deployment of energy storage systems, expansion of pumped storage capacity, and the implementation
of advanced forecasting systems for renewable generation.
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Overall, the results underscore the necessity of transitioning toward advanced system management

paradigms based on optimization methods and digital technologies, ensuring reliable, flexible, and cost-
efficient operation of the power system under high levels of renewable energy integration.
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AHoTaNisA. Y cmammi npedcmagneno oyinKy mexuiunoi ma eKoHOMiuHoi eghekmusHocmi hyHKYionysanms
OEC Vkpainu 3a ymo8 6ucokoi 0oni 6impogoi ma conaunoi ecemepayii. Akmyanvhicms 00CHiONCEHHS
3YMOBIeHA CMPIMKUM 3POCMAHHAM 4acmKU 6I0H0GM08aHUx Oxcepen enepeii (B/E), wo npuzeooums 00
niosuweHol sapiamueHocmi eeHepayii, NOCUNIOE OUCOANAHC eHepeii ma YCKIaOHIE poOOmy ma KepysaHHs
cucmemor 8 pedanvHomy uaci. [[ocniodceHHs: aHANI3YE NOMOYHULU CMAH YKPATHCLKOI eHepeemuyHoi
cucmemu, GKIOUAIOYY CMPYKIMYPHI 3MIHU Y BUPOOHUYMGEI Ma CNONCUBAHHI 8 YMOBAX GIlIHU, d MAKONC
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nog’a3anull 3i 3MeHWeHHAM O0ocmynnux nomyocnocmeti. Ocobnusa yeaza Npuoilaemvcs 3MIHHOCHI
WOOEHHO20 MA CE30HHO20 HABAHMANCEHHS, CIMOXACMUYHIN Npupooi imposoi ma CoHAYHOL eeHepayii, a
Maxodc 00OMedCceHill OnepayitiHitl 2HYYKOCmI 36U4auHux 2cexepayiunux axmuseis. Kinvkicna oyinka
npogooumsbCa  3a  OONOMO2010 ONMUMI3AYIUHOI cucmemMu HA OCHOBI EKOHOMIUHO-MEXHOA02IYHOT
Memooon02ii NPoSHO3Y8AHHA ONiA BUSHAYEHHA ONMUMAIbHUX NaApamempis po3pooKu cucmemu ma
@yHuryionysanna. Mooenv exkmouae cucmemu aKymynamopHozo 30epicanHsa enepeii (BESS), eudpo
akymynoyu erekmpocmanyii 3 Hacochum HaxonuuenHam (PSPP), oomeoicenns obcszy 8i0HO61108AHOT
eeHepayii ma mexauizmu 6anaucysanna puHky. Cyenapmui mooemosanna 0o 2030 poky, 3a ymosu
s0invuenus yacmku BIE oo 45-50 %, ceiduams, wo oucbaranc nomyocnocmi modice 3pocmu 0o 600—
900 MBm, mooi six pesepeni nompebu moxcymv cseamu 6—1 I'Bm. Pesynomamu nokasyrome, wo
enposadocennss BESS 3 nomyocnicmio 1,5-2 I'Bm mooice smenwumu oucoanancu na 30-40 %, cymmeso
smeHuumu obmedicennss BIJE ma 3abesneuumu piuny exonomilo Ha banancysanui y posmipi €80-120
MInbUOHIE.  3anpononosanuti  nIOXi0  00360/3€  OLlbWi  IPYHMOGHO — OYIHUMU  NPOOYKMUGHICMb
enepeocucmemu 3a ymoe 6ucokoi doni BIAE ma 3abesneuye memooonoziuny 0cHogy O0Jid NiOBUUEHHS
SHyuKOCmi, HAOIiHOCMI Ma eKOHOMIYHOI egexmueHocmi cucmemu. Pesyromamu moocymos 0Oymu
KOPUCHUMU OJIs1 CIMPAmMe2iuHo20 NPULHAMMA piuieHb woo0o mooepHizayii ma cmanozo possumky OEC
Yxpainu.

Kuro4oBi ci10Ba: BiTHOBIIOBaHI JKepeia eHeprii, iHTerpoBaHi eHepPreTHIHI CHCTEMH, PETYILITOPU EHeprii,
MaTeMaTH4YH1 MOJIEI.
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