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Abstract. The study analysed the current state of Ukraine’s energy system, focusing on the shortage of
manoeuvring capacities, large emissions of harmful substances into the atmosphere, and low energy efficiency of the
key technological processes of existing generation facilities. These shortcomings also apply to heat energy producers,
namely combined heat and power stations and industrial and municipal boiler houses. The existing energy system of
Ukraine includes both types of producers, with a predominant type of energy (electricity or heat). The purpose of this
study was to assess the prospects for introducing modern technologies to ensure the sustainability of electricity and
heat production systems. The analytical methods used were those suitable for comparing gas turbine and combined
cycle plants, as well as electricity and heat storage systems. The study reviewed various technologies that increase
the manoeuvrability of systems for the production of these types of energy and reduce the generation of harmful
substances by avoiding endothermic reactions in the combustion of solid, liquid, and gaseous fuels. Changes in the ratio
of capacities of the main generating facilities built in the 1960s, deterioration of technological equipment, which has
exhausted its technological life by 80-90%, indicate a lack of manoeuvring capacities and its aggravation as a result of
destruction and damage caused by military aggression. The need to modernise coal-fired thermal power plants using
modern combustion technologies in an environment enriched with oxygen (up to 30-40%) of atmospheric air was also
emphasised. To improve the manoeuvrability of coal-fired units, it is necessary to bring their capacity to the level of
800-1000 MW, and to significantly reduce emissions of harmful substances, it is necessary to combine steam, gas, and
combined cycle generation. The study explored the prospects for the development of highly manoeuvrable capacities
through the reconstruction of existing combined heat and power plants and the conversion of municipal and industrial
boilers into mini-cogeneration plants for their integration into the European energy market. The results can form
the basis for the development of a state energy policy that will help increase the resilience and efficiency of Ukraine’s
energy system, reduce its dependence on electricity imports, meet environmental standards at both the national and
European levels, and guarantee the country’s energy security
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Introduction

The energy security of the state is determined by the sta-
bility and manoeuvrability of generation facilities capable
of producing the required amount of electricity and heat,
considering their negative property, namely their low ca-
pacity for storage and accumulation. The Integrated Power
System (IPS) of Ukraine is based mainly on the following
generation facilities: thermal power plants (TPPs) using
coal-fired units, nuclear power plants (NPPs), hydroelec-
tric power plants and pumped hydroelectric energy storage
(HPPs and PHESs). Furthermore, a certain niche is occupied
by various units that use renewable energy sources (RES —
solar, wind, etc.). Additionally, electricity is generated at
combined heat and power plants (CHP, mini-CHP, boiler
houses), which also provide heat to industrial enterprises
and the household sector.

The ratio of capacities of these facilities at different
points in time has shown various trends. Overall, the IPS of
Ukraine is characterised by a shortage of manoeuvring ca-
pacities. This deficit has been exacerbated not only by the
excessive enthusiasm for clean (green) energy, but also by
the wider introduction of green tariffs. The phenomenon
known as the ‘green-coal’ tariff paradox has led to the use
of outdated coal-fired units to cover peak loads. This oper-
ating strategy, which involves frequent start-ups and shut-
downs of these worn-out coal units, has led to increased
emissions and increased risks of accidents in the electricity
grid. And with the outbreak of full-scale military opera-
tions on the territory of Ukraine, the destruction caused by
these negative impacts has increased dramatically.

A. Polyvianchuk et al. (2023) emphasised the signifi-
cance of a phased approach to the modernisation of district
heating systems (DHS), especially for countries with limit-
ed financial resources. They proposed a gradual integration
of renewable energy sources, heat pumps, and individual
substations, which proves that it is possible to considera-
bly reduce both energy consumption and investment costs.
This methodology is in line with the broader context of
district heating system improvements, particularly in the
transition to the 4™ and 5™ generations of DHSs.

B. Basok et al. (2022) comprehensively discussed the
current challenges facing the Ukrainian combined heat
and power sector. These challenges relate primarily to the
retention of qualified personnel and the maintenance of
technological heat and power equipment under martial
law. A prominent aspect is the optimisation of equipment
operation modes to minimise fuel consumption for heat
and electricity generation, which ensures maximum effi-
ciency. M.R. Chowdhury et al. (2021) discussed such issues
on the example of the United States.

The study by O. Kyrylenko et al. (2022) provided an in-
depth analysis of the functioning of electricity and heat
supply systems in the context of the military aggression
of the Russian Federation. This military conflict caused
substantial economic losses to Ukraine’s economy due to
the destruction of numerous electricity and heat supply
facilities, which simultaneously produced a significant

share of electricity. Consequently, due to their economic,
humanitarian, and geopolitical significance, energy infra-
structure facilities have often been targeted by Russian
aggression. These critical but vulnerable facilities need to
be distributed across the country to ensure the reliable
functioning of the economy and maintain a safe stand-
ard of living. Considering the state of heat and electricity
generation during the first half of 2024, the findings of
the study by M. Chernyavskyy et al. (2024) stressed the ur-
gent need to transition to distributed generation systems.
This recommendation can be further substantiated by the
widespread use of protective separation methodologies
in power grids, which are implemented as the principal
approach to ensuring the safe and reliable operation of
these engineering systems.

The energy sector of Ukraine includes a great number
of facilities for generating electricity as the main end-use
product (heated water and low-parameter water steam),
as well as facilities for producing heat (CHP, mini-CHP,
and boiler houses), for which the production of a certain
amount of electricity is not the primary goal. These facili-
ties must operate as a single organism, and therefore must
be considered simultaneously, as they are intertwined in
the generation of electricity (both centrally and in a dis-
tributed mode). For heat production, CHP, mini-CHP, and
boiler houses should operate locally in their respective re-
gions. This approach should improve the balancing poten-
tial to cover peak electricity loads while meeting the heat-
ing needs of all consumers.

Reducing CO2 emissions is also among the urgent tasks
for the energy sector. V. Deshko & D. Karpenko (2018) em-
phasised that innovative approaches can be cost-effective
in the context of a carbon tax, even considering the costs
of producing oxygen and compressing CO2. V. Zdanovsky
& M. Kulyk (2021) proposed to burn organic fuels (solid,
liquid, gaseous) in an oxygen-enriched environment. Such
an approach will not only increase the manoeuvrability of
combined-cycle gas turbine plants, but also greatly reduce
emissions of harmful substances such as nitrogen oxides,
subject to the elimination of endothermic reactions during
the combustion of organic fuels.

The purpose of this study was to assess the possibility
of using heat and power plants and boiler houses to balance
the integrated energy system, including the production of
electricity and heat based on the introduction of existing
modern advanced technologies.

Materials and Methods

Considering the complexity of the object of combined heat
and power generation, to fulfil the purpose of this study,
the method of analytical research of literature data, as well
as the method of generalisation of available practical and
calculated data of complex generation facilities were em-
ployed. Considering the fact that some energy facilities are
subordinated to the Ministry of Fuel and Energy of Ukraine,
while some heat and power generation facilities belong to
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the municipal sector, some scientific tasks were solved by
the method of system analysis, as well as by the method of
comparative analysis to compare different types of genera-
tion technologies. Furthermore, modelling and forecasting
methods were used to assess the prospects and efficiency
of introducing modern technologies, which helped to pre-
dict the impact of different scenarios of power system de-
velopment on its stability. Economic analysis was used to
assess the economic evaluation of the proposed technolo-
gies, which helped to estimate the costs of implementation
and their economic feasibility. Environmental analysis was
also a crucial element of the study, as it helped to assess
the impact of innovative technologies on the level of emis-
sions of harmful substances.

In preparing this article, the following steps were tak-
en: studying the global experience of electricity and heat
generation by the Ukrainian power system facilities, as well
as heat and electricity generation by municipal heat and
power enterprises; researching the efficiency of thermal
power plants using gas turbine, combined cycle and cogen-
eration technologies; assessment of the suitability of com-
bined heat and power plants and industrial and municipal
boiler houses to improve the stability and balance of the
power system; examination of the impact of technological,
economic, and environmental constraints on the efficiency
of small-scale energy facilities.

Through the analysis of publications in the field of
sustainability and balancing of the power system based on
the combination of cogeneration technologies and the use
of the latest approaches to the processes of combustion of
organic fuels, the study proposed results that can confirm
the best technical and environmental performance. Con-
sidering the obtained findings on the key technological,
economic indicators, and environmental assessments, the
study provided a possible optimum choice of strategies for
balancing the Ukrainian energy system, considering price
constraints. The key indicators for achieving energy effi-
ciency and system stability were also identified.

Results and Discussion

The analysis of the state of the IPS of Ukraine for the period
up to 2015, the characteristics of the country’s fuel base,
and the prospects for the development of its energy sector
after this period were detailed in the study (Khalatov, 2016).
The conclusions of this fundamental research suggest that
in the short term, it is necessary to focus on the use of in-
novative energy technologies, which should include:

conversion of coal-fired units to circulating fluidised
bed boilers (there are more than 600 of them in the world;
at the same time, in Ukraine, there are a hundred times
fewer);

use of cogeneration technologies at existing CHP
plants and conversion of large boiler houses into cogenera-
tion mini-CHP plants;

widespread use of gas turbine and combined cycle
technologies for all modes of coverage — base, half-peak,
and peak loads on domestically produced natural gas.

Industrial enterprises and critical infrastructure fa-
cilities require a considerable amount of thermal energy
besides electricity to operate normally and to ensure the
efficient functioning of their personnel and the household
sector. The technological process of providing these con-
sumers with thermal energy in the form of water steam
or hot water is called heat generation, when electricity is
also produced - cogeneration, and when the third type of
energy is obtained - trigeneration (Klimenko et al., 2011).
An adjusted scheme of a cogeneration plant is presented
in Figure 1.

Figure 1. Simplified thermal scheme

of a combined heat and power plant
Note: 1 - boiler; 2 — turbine; 3 — electric generator; 4 —
condenser; 5 — condenser pump; 6 - feed tank; 7 - heat
consumers; 8 — network pump; 9 — feed pump; 10 — chemically
clean water pipeline
Source: developed by the authors of this study based on
V. Klimenko et al. (2011)

The water steam produced in boiler 1 is fed into steam
turbine 2 and, in the final version, electric generator 3 pro-
duces a certain amount of electric energy, which is used
both for the own needs of the heating system and for oth-
er consumers without conversion. The exhaust steam in
the condenser 4 gives off a certain amount of heat used
by the consumer and is sent by the condensing pump 5 to
the feed tank 6, from where it is fed to the boiler unit by
the feed pump 9. The heat energy, as the primary product
from the intermediate extraction of the steam turbine 2, is
used by group consumers in the form of steam or hot water
and is fed by the feed pump 8 into the feed tank 6, where
water losses are replenished with chemically treated water
via the pipeline 10 to avoid corrosion of the primary pro-
cess equipment. From the feed tank 6, the heated water is
returned to the boiler unit 1. Depending on the needs of
production consumers and public utility needs, the ratio of
heat flows can vary within the relevant range.

Modern cogeneration units, for which heat produc-
tion is predominant and electricity production is less
significant, can be as follows: steam turbine units with a
backpressure turbine and heat supply to consumers of all
or part of the exhaust steam; steam turbine units with a
condensing turbine with heat recovery; gas turbine units
(GTUs) using the heat of combustion gases in a heat recov-
ery boiler or directly in the technological process; diesel
power units (DPUs) producing high-potential heat using
flue gas heat and low-potential heat in the engine cooling
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circuit; combined cycle gas turbine units (CCGTUs) using
heat from the exhaust gases of a gas turbine to produce
heat, which is fully or partially directed to one or more
steam turbines of the respective type.

There is a wide range of thermal power plants in
Ukraine, the total number of which is much greater than
the data presented in Table 1. Notably, information on in-
dividual plants located in the temporarily occupied territo-
ries (2024) is both limited and ambiguous, due to the com-
plex territorial and political context. Nevertheless, thermal

power plants across the country have historically provided
heat to more than 25 cities in mainland Ukraine. However,
even the largest and most modern of these facilities were
designed and built between the 1960s and 1980s. During
this period, there were substantial changes in both energy
production technologies and demand for heat and electric-
ity in the regions where these facilities are located. Table 1
presents the characteristics of the electric and thermal ca-
pacities of selected CHP plants in Ukraine for the period
from 2014 to 2024.

Table 1. Characteristics of large CHP plants in Ukraine

Installed capacity
CHP plant name Year of commissioning Fuel type
electric, MW heat, Gcal/year
Kyiv CHP-5 700.0 974.0 1971-1976 Natural gas
Kyiv CHP-6 750.0 660.0 1982-1984, 2004 Natural gas
Kramatorsk 150.0 458.0 1936-1977 Natural gas/coal
Kremenchuk 255.0 671.0 1965-1969 Natural gas/fuel oil
Lviv 31.1 155.0 1930-1954 Natural gas
Myroniv 260.0 210.0 1953-1956 Natural gas/fuel oil
Mykolaiv 40.0 110.0 1949-1958 Natural gas/fuel oil
Odesa 68.0 205.0 1954-1984 Natural gas/fuel oil
Sevastopol 54.5 141.2 1937-1957 Natural gas
Siverskodonetsk 270.0 906.0 1956-1977 Coal/fuel oil
Simferopol 278.0 164.2 1958-1961 Natural gas
Kharkiv 62.0 293.0 1944-1970 Natural gas/fuel oil
Kharkiv CHP-5 470.0 700.0 1979-1990 Natural gas/fuel oil
Kherson 80.0 350.0 1956-1967 Natural gas/fuel oil
Kherson CHP-2 74.0 160.0 1952-1957 Natural gas/fuel oil
Cherkasy 200.0 648.0 1961-1969 Natural gas/fuel oil/coal
Chernihiv 210.0 409.0 1961-1974 Coal/fuel oil

Source: I. Volchyn et al. (2013)

In Ukraine, the share of consumers served by district
heating systems has increased substantially and stays
quite high. This phenomenon is explained by the fact that,
unlike in the European Union (EU), a considerable num-
ber of Ukrainian heat consumers are densely concentrated
in multi-storey residential buildings. Furthermore, a large
share of heat energy is consumed by industrial enterprises
that do not have their respective boiler houses. In addition,
long-distance heat transmission is generally less efficient.
With this in mind, B. Basok et al. (2022) and O. Kyrylenko et
al. (2022) concluded that attempts to restore the electricity
and heat supply network to its pre-war state may not be
feasible. They advocate instead for a comprehensive effort
to integrate Ukraine’s energy sector into the EU energy sys-
tem (ENTSO-E), while respecting all relevant environmen-
tal standards.

In industrialised regions such as the United States, Ja-
pan, China, and the European Union, T. Papuha & O. Kly-
menchuk (2021) identified the growth in energy demand
as a pivotal development trend. This trend requires proce-
dural improvements, such as optimisation of energy man-
agement processes and development of innovative views
on energy saving in production processes. European Union
countries, together with other countries, have introduced

various financing mechanisms and taxation schemes to
mitigate the financial burden of introducing these inno-
vative technologies. Energy saving policies emphasise in-
creasing the share of renewable energy sources as a way to
achieve their goals. The Energy Strategy until 2035 (Order
of the Cabinet of Ministers..., 2023) should allow Ukraine
to reach parity with developed countries.

Improving energy efficiency at Ukrainian enterprises is
unattainable without a reliable energy management system
and highly qualified specialists in the relevant fields. Com-
bined heat and power plants, which are used for cogenera-
tion of heat and electricity, play a major role in saving fuel
in the energy system, which positively affects the efficiency
of industrial production. The efficiency of fuel use at TPPs is
assessed by the specific values of fuel consumption for the
separate production of heat and electricity. These indica-
tors are necessary for setting reasonable tariffs by specific
heat and power producers, reflecting not only the efficiency
of technological equipment, but also the broader economic
activity of the energy company (Chepurnyi et al., 2011). A
notable achievement in this area is the comparative analysis
of combined heat and power systems of a steam turbine unit
(STU-CHP) and a gas turbine unit (GTU-CHP), especially in
scenarios involving equivalent electrical and thermal output.
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The T-25-90 steam heat and power turbine serves as
the basis for the STU-CHP system, demonstrating a total
steam consumption of 130 t/h and a heating steam con-
sumption of 90 t/h. In contrast, two configurations were in-
vestigated for the GTU-CHP system: one using a GTD-2500
gas turbine, which corresponds to the electrical capacity of
an STU, and the other using two gas turbine units with a
total thermal capacity equivalent to an STU. Experimental
data from the study by M. Chepurnyi et al. (2011) substanti-
ated the advantages of a combined heat and power scheme
over separate heat and power generation. The use of STU-
CHP systems can provide up to 40% savings in the use of
conventional fuel, while the use of GTU-CHP systems con-
siderably increases fuel economy. Still, when the electrical
capacities of the STU-CHP and GTU-CHP are equivalent,
the fuel savings show little change, with a slight decrease
observed in the case of gas production.

L. Kesova & V. Khodakivskyi (2010) analysed Ukrainian
CHP plants, covering about 250 units, most of which are
small departmental industrial plants. The findings showed
that most of these CHP plants are mainly fuelled by natural
gas (76-80%), followed by fuel oil (15-18%), and hard coal
(5-6%). However, the technical condition and extensive
wear and tear of their process equipment is comparable to
the problems faced in the heat and power sector. Therefore,
to improve the economic and environmental performance
of CHPs and large boiler houses operating in market condi-
tions, it is essential to modernise and re-equip them with
modern cost-effective technologies.

Considering the current stage of martial law (2024) and
the subsequent post-conflict period, it is necessary to re-
sume heat and power generation using mini-CHP systems.
Additionally, STU and GTU boiler houses with a capacity of
25-50 MW should be considered. Therewith, the positive
impact of technical re-equipment of small and mini-CHPs
with advanced technologies may become more apparent
after a long period of operation. Under martial law, the op-
eration of CHPs to maintain heat loads in strict accordance
with the schedules of heat consumers may somewhat lim-
it their ability to balance the IPS of Ukraine (Zamulko &
Dovgal, 2023). However, despite the inherent limitations of
the existing fleet of coal-fired and natural gas-fired ther-
mal power plants, there is still potential for their use in
balancing the system. Analysing the current state of the
IPS of Ukraine, considering the extent of damage caused to
several TPPs, namely Burshtyn TPP, which has been using
the stop-start methodology on its coal-fired unit for a long
time to balance for long periods (up to 6 hours), shows that
certain TPPs can still play a decisive role in ensuring relia-
ble operation of the power system. However, this approach
requires considerable state support, posing challenges
against the backdrop of prevailing price constraints in the
wholesale electricity market (WEM).

In 2019, Ukraine implemented one of its most complex
and successful reforms by activating the WEM in July of
that year. Notably, Ukraine implemented this reform in a
much shorter time than other EU countries. By launching

an energy market, Ukraine has demonstrated to both Europe
and the international community its ability to quickly ac-
complish highly complex tasks (Zamulko & Dovgal, 2023).
The WEM sector in Ukraine, as in other countries, is broad-
ly segmented into generation, transmission, distribution,
and consumption - each regulated by a separate regulatory
and governance framework. The relevant government au-
thorities set electricity tariffs, regulate the conditions of
generation and transmission, and set quality standards for
these segments.

In line with EU standards, trading in the new Ukrain-
ian WEM takes place in several segments: the bilateral
contract market (BCM), the day-ahead market (DAM), the
intraday market (IDM), and the balancing market (BM).
The introduction of price caps in the electricity market is
a major challenge for all stakeholders — both public and
private — due to the balance of economic requirements,
environmental considerations and security of electrici-
ty supply. The factors that influence the introduction of
price caps are multifaceted and context-specific and are
based on concrete national energy policies. These factors
are as follows:

the dominant position of some companies in the
WEM market, which can abuse their position and set low
prices for the product, which can lead to challenges in en-
suring the equilibrium between supply and demand in the
WEM market;

dependence on energy imports, which can lead to de-
pendence on external suppliers and energy transportation
costs, and such dependence leads to an increase in energy
sector costs, which leads to an increase in electricity prices.

One of the mechanisms for introducing price restric-
tions on WEM is the regulation of energy supply tariffs.
Such an approach allows the state to control electricity
prices and maintain stability for consumers. This is usually
achieved through state regulation of prices at the whole-
sale market level or through contractual agreements with
energy companies. Alternative mechanisms include retail
electricity trading, which allows consumers to choose the
tariffs and suppliers that meet their needs and budgets. For
this to be effective, there must be sufficient competition
between electricity or heat suppliers. The state, through an
authorised body, can regulate electricity prices by impos-
ing excises and taxes on the electricity market.

The SWOT analysis considered in the study by A. Zam-
ulko & M. Dovgal (2023) can serve as a fundamental tool
for designing an optimisation model for the future devel-
opment of CHPs. This model, considering the price con-
straints in the heat and electricity markets, will require
CHP plants to find new ways to increase their competitive
advantages, which will ensure optimum functioning of the
process equipment. Competitive advantages may include
the introduction of advanced technologies, the expansion
of the renewable energy market, and the increase in the ca-
pacity of the CHP fleet.

CHPs and TPPs have many common positive and neg-
ative characteristics and are a full-fledged component of
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the IPS of Ukraine, which (the power system) is charac-
terised by a lack of manoeuvring capacities in the produc-
tion of electricity and heat due to the uneven schedule of
their consumption. According to V. Zdanovsky & M. Ku-
lyk (2021), a comprehensive analysis was performed, con-
sidering natural conditions, geographical location, availa-
ble financial and economic opportunities, environmental
constraints, and fiscal prospects. A balanced and sensible
approach to such electricity and heat producers can help to
synergistically integrate their positive attributes, thereby
achieving an overall favourable outcome.

Since independence, Ukraine’s electricity genera-
tion fleet, consisting mainly of thermal and nuclear pow-
er plants, has been designed to operate in the base-load
segment of the electricity schedule. The need for flexible,
manoeuvrable capacities has been exacerbated by the pro-
liferation of renewable energy generation capacity due to
the inherent challenges of storing and accumulating ener-
gy produced in the form of heat and electricity. Coal-fired
TPP units can regulate the load within 30% of their rated
capacity, but the capacities of HPPs and PHESs are insuffi-
cient to adequately address these challenges.

Demand for manoeuvrable power has increased, creat-
ing a potential threat of significant frequency fluctuations
in the power grid, a phenomenon that is unacceptable and
can trigger relay protection mechanisms, leading to system
failures and localised power outages. This problem has be-
come more acute with the onset of martial law and the sub-
sequent destruction and seizure of coal-fired power plants,
alongwith the disconnection of Zaporizhzhia Nuclear Power
Plant (ZNPP), which consists of six power units of 1000 MW
each, from the IPS. Risky but necessary measures have been
taken to manage peak load scenarios under these stress-
ful conditions. These measures include daily shutdowns
of 200 and 300 MW units during the off-peak night period
and operation of TPP and NPP units at capacities below the
technical minimum. Notably, the operation of NPP units
below the technical minimum is particularly dangerous.

At various TPPs, including the Burshtyn TPP, the prob-
lem was solved by shutting down coal-fired units at night
and switching them back on in the morning. The frequen-
cy of these operations can reach up to 15 start-stop cycles
per day on weekdays and Monday mornings. This means
approximately 80 starts per week and around 320 starts
per month. The annual additional starts of coal-fired pow-
er units required to regulate the electricity load schedule
and maintain the standard grid frequency amount to ap-
proximately 3,800 starts per year. Consequently, coal-fired
power units that were originally designed to operate within
the baseload schedule are now often used within the semi-
peak and sometimes even peak load schedule. This change
leads to a 2 to 2.5-fold reduction in the number of operat-
ing hours and a reduction in the load on the power unit to
80% of its rated capacity, barely ensuring minimal profita-
bility of the already heavily worn-out equipment.

According to practical estimates, each start-stop cy-
cle is equivalent to a month of operation in terms of the

level of wear of both the primary and auxiliary equipment
of the power unit. The technological regulations, as well
as the correction factor that accounts for equipment wear,
indicate that each start-up consumes an extra 30 tonnes
of fuel equivalent, which is on average equivalent to 1.3-
1.5 tonnes of natural fuel, considering the calorific value.
Thus, the direct fuel losses associated with the suboptimal
use of coal-fired units as shunting power units amount
to approximately 148.2-171.0 thsd tonnes per year. This
amount of fuel could supply a 200 MW power unit for a lit-
tle over a year. Considering the shortage of coal in Ukraine
and the minimum price of UAH 600 per tonne, these losses
amount to approximately UAH 90 million, or about USD
3 million. This calculation does not include other costs
associated with replacing worn-out equipment and un-
scheduled or emergency repairs. To facilitate these launch-
es, extra resources of critically scarce gas or fuel oil are
required. As a result, the technical and economic perfor-
mance of the equipment deteriorates substantially, leading
to accelerated wear and tear of the power unit’s equipment
and an increase in the frequency of emergency repairs.
For example, while in the late 1980s, the specific fuel con-
sumption for electricity generated by TPPs was around
330-350 kgoe/kWh, as of 2024, it has increased by 30%.

The use of coal-fired TPPs to cover peak loads is typi-
cal for many power systems in countries with proven coal
reserves and climatic conditions comparable to Ukraine’s.
These countries include the UK, Germany, Poland, Spain,
and Kazakhstan. However, in these countries, coal-fired
units have not reached the critical levels of wear and tear
observed in Ukraine, and the capacity of individual units
is much greater, which expands the range of power con-
trol. Notably, a modern 1000 MW coal-fired unit was built
in Germany after the merger of its western and eastern re-
gions, and two similar 800 MW units were built in Poland
(Belchatéw, Silesia).

In their work V. Zdanovsky & M. Kulyk (2021) propose
the construction of one or two modern coal-fired units
or large-capacity CCGTs (1000 MW) simultaneously with
the decommissioning of technologically outdated and
degraded coal-fired units. This strategy is aimed at align-
ing with the national emissions reduction plan. Despite
the problems with gas supply, there is a need to acceler-
ate the increase in domestic natural gas production. This
increase in production will ensure the efficient operation
of several combined-cycle gas turbine plants and gas tur-
bine plants with a capacity of 150-200 MW in different
regions. With simultaneous strict measures to reduce gas
consumption, the additional use of gas for these relatively
few STUs and GTUs would not be an excessive burden for
the state but would provide considerable benefits in the
short term. Furthermore, it is crucial to urgently complete
the construction of a cascade of hydroelectric power plants
(HPPs, PHESs) on the lower reaches of the Dniester, and
to investigate the feasibility of creating a cascade of HPPs
(mini-HPPs) on certain rivers in the Carpathian region.
For this, combined-cycle power plants are particularly
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suitable (Energy Outlook, 2023; DiXi Group..., 2024), which
can operate on solid fuel gasification products, including
Ukrainian hard and low-grade coal. By applying advanced
combustion technologies such as two- and three-stage
combustion, cyclone pre-firing, and circulating fluidised
bed (CFB) systems, compliance with environmental stand-
ards governing emissions of harmful substances into the
atmosphere can be achieved.

As of April 2020, Ukrenergo’s data indicate a constant
mismatch between the maximum daytime load and the
minimum nighttime drop, which stays at 5-6 GW, with an
evening peak of 3-4 GW (Geletukha, 2020), and data indicate
a shortage of manoeuvrable capacity of approximately 2 GW.
The growing need for balancing energy sources places re-
strictions on renewables or nuclear power plants. Although
the specific balancing periods may vary seasonally, their ab-
solute duration (3 hours for the morning peak and 3 hours
for the evening peak) is constant. The nighttime reduction
in energy consumption and the corresponding reduction
in renewable energy generation generally coincide in time.
The challenge, however, lies in daily balancing, thus keep-
ing the characteristic seasonal load profile in the grid con-
stant (Kovetskyi & Kovetskaya, 2007; Klimenko et al., 2011).

To effectively manage the daily balancing of energy
loads, it is imperative to have highly manoeuvrable ca-
pacities that can respond quickly within a typical time-
frame of 15 minutes to 1 hour (Wachs & Engel, 2021; DiXi
Group, 2023). These systems must be able to increase or
decrease the load at the command of the dispatcher. Such
requirements for the speed of response to load changes can
be met by combined cycle or biomass or biogas CHP plants.
As of 2020, approximately 180 MW of biomass and biogas
capacities are operating in the Ukrainian power system.
Forecasts according to the Order of the Cabinet of Minis-
ters of Ukraine No. 605-r (2023) suggest that this capacity
is expected to increase to 1.7-2 GW by 2035. For optimum
performance in the peak load market, existing CHP plants
should include slightly larger boiler units paired with pow-
erful turbines, which contributes to the generation of more
electricity. It is indicated that the tariff for the required
amount of electricity should be approximately 0.273-
0.279 EUR/kWh.

Another viable solution involves the deployment of gas
turbine plants, specifically combined cycle plants. These
steam plants are divided into steam-injected gas turbine
(STIG) units and those that inject water or a steam-water
mixture into the gas path (HAT and CHAT). In the STIG
configuration, the steam produced in the waste heat boiler
is injected into the high-pressure channel after the com-
pressor, which enters the combustion chamber. In the
Vodoley units, this disadvantage is mitigated by the intro-
duction of a contact condenser that condenses the exhaust
water vapour and returns the water back to the process.
The unit includes an advanced gas turbine engine GTD
DS-90 combined with a waste heat steam generator KUP-
3100, a contact condenser KK-90, and a cooling system for
water supplied to the contact condenser. Experimental

tests demonstrated an efficiency range of 40-41%, while
the level of nitrogen oxides NOx and carbon monoxide
emissions did not exceed 50 mg/nm?. In 1995, SE Research
and Production Complex of Gas Turbine Construction Zo-
rya-Mashproekt successfully commissioned a full-scale
25 MW Vodoley-25 contact gas and steam turbine unit
in Ukraine. Further calculations performed by N. Dikyi et
al. (2012) show that future Vodoley plants could potentially
achieve a total efficiency of 55-57%. Furthermore, the gas
turbine capacity can be increased by 30-60%, with fuel sav-
ings ranging within 20-25%. Therefore, there is considera-
ble room for further improvement of this type of unit.

The efficiency of combustion of any organic fuel (sol-
id, liquid, or gaseous) depends on a series of factors, the
most significant of which is the presence of nitrogen in
the air. Its reduction in the combustible fuel-air mixture
not only leads to the production of fewer nitrogen oxides
(second hazard class), but considering that this reaction is
endothermic, the flue gas temperature increases, and fuel
savings are possible. This allows not only increasing the
level of environmental safety, but also reducing charges for
emissions of harmful substances into the atmosphere. As a
result of their analysis of existing technologies for enrich-
ing atmospheric air with oxygen, M. Kulyk et al. (2021) rec-
ommended focusing on membrane technologies that can
easily ensure an oxygen concentration in the combustible
mixture of 30-40%. Y. Chen et al. (2017) proposed a new gas
and steam cycle (GSMC) using LNG/02 (liquid natural gas/
oxygen) as the working medium. This cycle integrates high
efficiency power generation, energy storage, and CO2 se-
questration. With a turbine inlet pressure of 40 MPa/800°C
and a condensing temperature of 30°C, the output power
efficiency reaches 49.2%, making it a promising solution
for reducing emissions in the energy sector.

Notably, according to M. Kulyk et al. (2021), the com-
bustion of 1 m® of natural gas requires 10.2 m? of oxidant at
its normal concentration in the air, and at a concentration
of 30%, the oxygen demand is 7.45 m3; at an oxygen con-
centration of 40%, it is 5.36 m3. The methodology recom-
mended by the Ministry of Ecology and Natural Resources
(Sectoral Guidance Document No. 34.02.305-2002, 2002)
for calculating the total emissions of nitrogen oxides
(NO_ and N,0) using emission rates (k,, =64.311 g/GJ and
k,,,=0.1g/GJ) is based on the following equation:

E=10°-k-B-Q, (1)

where E, is the gross emission of the j* pollutant for a cer-
tain period of time, t; k. is the emission rate of the j™ pol-
lutant during the combustion of the i fuel, g/GJ; B, is the
fuel consumption for the reporting period, t; Q! is the lower
heating value of the i fuel, MJ/kg.

According to Equation (1), when using atmospheric air
in the combustion process without enriching it with oxy-
gen, and rounding the estimated calorific value of natural
gas at the level of Q' =27.97 MJ/kg (GJ/t) to the value of
28 of the same dimension, the following nitrogen oxide
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emissions can be obtained: E,j =94.21 tand E,,=0.1465 t.
And when natural gas is combusted in atmospheric air en-
riched with oxygen up to 40%, which is ensured by a certain
set of membrane modules, the partial pressure of atmos-
pheric nitrogen in the reaction mixture drops substantial-
ly. This greatly reduces the amount of raw materials re-
quired to produce nitrogen oxides, the most harmful toxic
substances. The annual volume of natural gas was taken
in the calculations to ensure the operation of the 25 MW
Vodoley plant for 8,000 hours per year. Assuming that the
emission rates in such a process will change by an insig-
nificant amount, the share of harmful formations will de-
crease in proportion to the reduction of the oxidant, i.e.,
by 5.36 m3/10.21 m3=0.525 times. In this case, the gross
emissions will be E ; =49.5 t and E_,,=0.077 t. For envi-
ronmental practitioners, such a considerable reduction in
total emissions looks very reassuring.

According to studies and reports (Kulyk et al., 2021;
The National Commission..., 2021), it was found that to en-
sure the stable functioning of Ukraine’s energy system, it is
necessary to build highly manoeuvrable capacities and im-
plement energy storage systems. Specifically, at least IGW
of highly manoeuvrable facilities with a quick start, capa-
ble of being fully activated within 15 minutes, and starting
and stopping at least four times a day with a control range
of at least 80% of the installed capacity, must be built. To
maximise RES, it is necessary to increase the volume of
highly manoeuvrable capacities to 2 GW. In addition, to
stabilise the power system, it is necessary to introduce at
least 0.5 GW of energy storage systems that will allow RES
to be involved in balancing the power system and providing
reserves. In the absence of RES involvement in balancing
or NPP capacity constraints, the need for energy storage
systems may increase to 2 GW.

By 2030, to implement the target scenario for the devel-
opment of generating capacities, it is necessary to ensure
a constant available operating capacity of at least 12 GW
of TPPs. This can be achieved through the reconstruction
of coal-fired TPPs and the implementation of emission
reduction measures, or through the construction of new

1.2-1.5 GW of half-peak capacity. Based on the analysis,
several key recommendations can be made to optimise the
operation of combined heat and power plants and thermal
power plants in the face of a shortage of manoeuvring ca-
pacities, considering environmental and economic aspects.
The use of combined-cycle gas turbine plants can increase
the efficiency of a power plant to 55-57% and reduce fuel
consumption by utilising the heat of exhaust gases to pro-
duce steam. The introduction of gas turbines with steam
injection (STIG) or water injection (HAT, CHAT) increases
the manoeuvrability of the system and reduces emissions
of harmful substances.

Enrichment of atmospheric air with oxygen up to 30-
40% using membrane technologies reduces the volume of
flue gases by almost half, which leads to a substantial re-
duction in emissions of nitrogen oxides (NOx) and nitrogen
oxide (N20). The use of natural gas in oxygen-enriched air
can reduce annual gross NOx and N20 emissions by 47.5%
and 47.3%, respectively. Considering the severe shortage of
coal in Ukraine, it is necessary to increase domestic natural
gas production and expand the use of biomass and biogas.
This will help reduce dependence on imported energy re-
sources and ensure stable operation of the energy system.
The construction of new modern combined-cycle thermal
power plants, reconstruction of boiler houses with their
conversion into mini-CHPs, and completion of the con-
struction of a cascade of pumped storage power plants on
the Dniester River will help compensate for capacity losses
and improve the manoeuvrability of the power system.

Thus, the key recommendations include the introduc-
tion of an energy management system, accelerating the
development and deployment of combined cycle gas tur-
bines (STUs) and gas turbine units (GTUs), and convert-
ing boiler houses into mini-CHPs to cover peak loads and
balance the power system. The use of modern methods
of oxygen enrichment for combustion, such as membrane
technologies, will also help to improve fuel combustion
efficiency and reduce harmful emissions. Table 2 summa-
rises the systematic measures aimed at improving energy
efficiency and grid stability.

Table 2. Summary of prospective measures to balance the IPS of Ukraine

Estimated
Implementation | timeframe for Startu
Measures Means required to implement the measure cost (high, implementation tup
. duration, h
medium, low) | of the measure,
years
. Improvement of legislation, financial
Implementation of an . - - o
incentives for businesses and communities,
energy management impl - £ f o d Low 3 -
system implementation ota system for monitoring an
managing energy resources
Development of . .
renewable energy Installation of energy storage systems (batteries, High 5-10 0.1-0.5
tanks). At least 0.5 GW of energy storage systems
storage
Equipment to improve efficiency and reduce
Modernisation of emissions. Urgent reconstruction of TPP units hot - 80 min-
existing CHP and TPP or new construction of 1.2-1.5 GW of half- High 3-7 2.5 h; cold -
plants peak capacity. Ensuring a constantly available 3-6h
operating capacity of at least 12 GW of TPPs
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Table 2. Continued

Estimated
Implementation | timeframe for
. . . . . Startup
Measures Means required to implement the measure cost (high, implementation .
. duration, h
medium, low) | of the measure,
years
At least 1 GW of highly manoeuvrable capacities
(gas turbine units, gas engine-based units) with
a quick start (full activation from a stopped
Implementation of state — no more than 15 minutes, the ability to
highly manoeuvrable start and stop at least four times a day with a Medium 3-5 0.1-0.5
capacities control range of at least 80% of the installed
capacity).
Integration of rapid response systems, process
automation.
. Efficiency increase up to 55-57% and reduction
Use of combined cycle . e .
of fuel consumption due to utilisation of exhaust High 3-7 0.25-2.5
power plants . .
gas heat with steam production
Introduction of gas Installation of gas turbine units with steam or
turbines with steam water injection to improve efficiency and fuel .
. . . High 4-8 0.15-1
(STIG) or water injection | use. Automation of turbine control processes,
(HAT, CHAT) modernisation of existing gas turbines.
Construction or modernisation of CHP plants for
biomass combustion, introduction of biomass
Expand the use of . . . .
biomass gasification technologies, development of Medium 3-6 1-2
biomass supply infrastructure, adaptation of
existing boilers for biomass.
Construction of new Design and construction of new CHP plants with .
. R .. High 5-10 0.15-1
modern CHP plants high efficiency and low emissions
. Modernisation of existing boiler houses with the
Reconstruction and . . > . .
modernisation of boiler installation of cogeneration units, construction
. . of mini-CHPs, ORC CHPs, introduction of Medium 3-5 0.15-1
houses with conversion . .
. .. combined heat and power technologies, and
into mini-CHPs .
process automation.
Installation of small generation units (solar
-, - anels, wind turbines, micro-CHP), integration
Transition to distributed P . .. S . ) & )
. with existing grids, introduction of smart Medium 3-5 0.15-1
generation . Lo . . .
grids, financial incentives for investments in
distributed generation
Improvement of legislation and financial
Involvement of . . . .. .
. . incentives for businesses to participate in
industrial consumers . . .
. . balancing the energy system, installation of Low 2-4 -
in balancing the power .
svstem energy management systems, and creation of
¥ demand response programmes.
Source: developed by the authors
Conclusions

The analysis of the data presented in Table 2 reveals
substantial differences in the effectiveness, costs, and
duration of various measures. For instance, measures in-
volving the modernisation of existing CHP and TPPs, al-
though costly, ensure considerable emission reductions
and increase the efficiency of energy companies. On the
other hand, the introduction of an energy management
system is relatively inexpensive and quick to implement,
making it an attractive measure for rapid energy efficien-
cy improvements. The study findings also showed that
measures with long implementation periods, such as the
development of renewable energy storage, may require
extra resources and planning, but their implementation is
critical for the long-term stability and environmental sus-
tainability of the energy system.

Technologies and Engineering, Vol. 25, No. 6, 2024

Having analysed the current state of Ukraine’s unified en-
ergy system, it can be argued that the country is at a cru-
cial stage in the development of its energy infrastructure.
In the face of constant challenges, including military ag-
gression and stringent environmental standards, Ukraine
must adapt to new conditions and find effective solutions
to ensure the stability of the energy system. The review of
studies suggests that in the future, only STUs and GTUs
will be able to compete with coal-fired power units in terms
of regulatory capabilities and the minimum reasonable
price of electricity supply when operating in a manoeuvra-
ble mode. Reforming the electricity and heat supply sys-
tem forms an integral part of this process. The transition
to distributed generation, the introduction of innovative
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technologies such as cogeneration systems, gas turbine
and steam turbine technologies are necessary steps to
ensure the reliability and efficiency of the energy system.
Modern combined heat and power plants and mini-CHPs
can become vital elements for balancing the system, but
their effectiveness depends on further modernisation and
integration into the European energy network. A list of
promising measures and areas that will help balance the
IPS of Ukraine was identified as follows: implementation
of an energy management system (this measure is charac-
terised by low cost and short implementation time, which
makes it a key step for promptly improving the efficiency
of energy use); modernisation of existing CHPs, TPPs, and
conversion of boiler houses into mini-CHPs (this measure
contributes to a significant improvement in efficiency and
reduction of emissions, which is important for ensuring

energy load, which is critical for maintaining the stability
of energy supply); development of renewable energy stor-
age (the introduction of energy storage systems is stra-
tegically important for the balanced development of the
power system, especially considering the growing share of
renewable sources).

The authors of this study will continue to work in this
area in their future research, specifically by exploring in-
novative technologies and solutions to improve Ukraine’s
energy system and industry. This will include assessing
their impact on the environmental situation, economic
aspects, as well as improving the reliability of the energy
system, reducing the frequency of outages, and increasing
its flexibility.
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Ha gediuUT MaHeBPOBMX MOTYKHOCTEI, BeIMKMI 06CAT BUKMU/IIB IIKiIIMBUX PEUOBMH y aTMOchepHe MOBITPsI, a TAKOXK
HU3bKY eHeproeeKTUBHICTh OCHOBHMX TEXHOJOTiYHMX MpOIeciB icHylounx 06’e¢KTiB reHeparii. BkazaHi Hemomiku
XapaKTepHi TaKOX i 10 BUPOOHMKIB TEIJIOBOI €HePTii, a caMe TeIJIoeIeKTPOLIeHTPasIeii Ta TPOMMUCIOBMX i KOMYHATbHUX
KOTeJieHb. IcHyloua eHeprocucreMa YKpaiHM BK/IIOUAE OOUABA TUIM BUPOOHMKIB, B SIKMX Ie€peBaska€ SIKUICh BUL
eHeprii (eeKTpMYHa yu TeryioBa). MeToro cTaTTi Oysa OlLiHKA MepCIeKTUB BIPOBAIsKEeHHSI CyuaCHUX TE€XHOJIOTIi s
3abe3meueHHsI CTIIKOCTi cucTeM 3 BUPOOHUIITBA e/IeKTPUYHOI Ta TEIIOBOI eHeprii. 3acTocoBaHi aHaMITUUHI METOIH, SIKi
MiIXOASITh IJ1s1 TOPiBHSHHS ra30TypOiHHMX Ta IapOra30BUX yCTAHOBOK, CMCTEM aKyMY/TIOBAHHSI €JIeKTPUYHOI Ta TeTIOBO1
eHeprii. ABTopamMu MpOBeIeHUit OMISIA Pi3HMX TEXHOJOTriH, SIKi MigBUINYIOTh MaHEBPOBIiCTb CUCTEM 3 BMPOOHMIITBA
BKa3aHMX BUJIIB eHeprii, a TAKOXK 3HMKYIOTb YTBOPEHHSI LIKIJIMBMX PEYOBMH 32 PaXyHOK YHUKHEHHS €HJ0TepMiuHMX
peaxiiiii B mporieci criaJloBaHHS TBEPOro, PiKOro Ta ra3onoai6HOro naauBa. 3MiHM y CITiBBiAHOIIEHH] TTOTYXKHOCTEH
OCHOBHMX IreHepyounx 00’ €KTiB, Mo6ymoBaHuX y 60-Ti poku 20-T0 CTONITTS, 3HOIEHOCTi TEXHOJIOTIUHOTO 00/1aJHAHHS,
sike Ha 80-90 % Buuepmnao CBiii TEXHOJIOTiYHMII pecypc, BKa3ye Ha HecTauy MaHeBPOBMX ITOTYKHOCTe Ta 1i MoCuIeHHS
B pe3y/bTaTi pyiiHYBaHb Ta 3HUIIEHHS yepe3 BilichKOBY arpecito. OKpeMo IifgKpecieHa HeOOXigHiCTh MoaepHisallii
BYTIIbHUX TEIJIOeNeKTPOCTAHIIi 3 BUKOPUCTAHHSIM CydyaCHMX TEXHOJIOTill CMaaoBaHHS B cepeloBMIli, 36araueHoro
KucHeM (o 30-40 %), aTmocdepHOro MoBiTps. [Iis moKpaiieHHs] MaHEBPOBOCTI BYTIIbHMX GJIOKiB HEOOXiJHO TOBECTHU
ix moryskHicTb 10 piBHS 800-1000 MBT, a i1 CYTTEBOTO 3HMKEHHST BUKUIIB IIKiJJIMBUX PEUOBUH HEOOXiTHO MTOEAHAHHS
11apoBoi, ra30BoOi Ta MaporasoBoi reHepaiii. PO3KpuUTO nepcreKkTMBY PO3BUTKY BUCOKOMaHEBPOBMX IOTY>KHOCTEN
HIJISIXOM PEKOHCTPYKIIii iCHYI0OUMX TeIioeeKTPOLIeHTpaJlel Ta lepeBeeHHsI KOMYHa/IbHUX Ta IPOMUCIOBUX KOTeeHb
Yy MiHi-Telnoe/neKTpOLeHTpasi OJg iX iHTerpauii B €BpONENCbKMII eHepreTUYHMUIi PUHOK. Pe3ynbTaT MOXYTb
CTaTU OCHOBOIO Jjisi GOPMYBaHHS JepskaBHOI eHepreTMUYHOl MOMITUKH, SKa CIPUSTUME MiZBUIIEHHIO CTifKOCTi Ta
edexTMBHOCTI eHeprocucremMu YKpaiHy, 3MeHIIeHHIO i 3a/JIesKHOCTI Bif, iMIIOPTY eJIeKTPUYHOI eHeprii, JOTpUMaHHIO
€KOJIOTiUHMX CTaH[IaPTiB, SIK AePsKaBHOTO Ta €BPOIEIICHKOTO PiBHSI Ta TapaHTyBaTUMe eHepreTUUHy 6e31neKy JepskaBu
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