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Technological possibilities of increasing the resilience 
of the power and district heating systems of Ukraine 

 
Abstract. The decarbonization of the global economy has become a driving force behind the 
rapid development of wind and solar power plants. This process is also taking place in 
Ukraine, a signatory to the Paris Agreement aimed at reducing greenhouse gas emissions. The 
sharp increase in capacities of solar and wind power stations, due to the stochastic nature of 
their generation, has led to a number of systemic problems in the energy sector, including the 
significant excess of electricity generated by them. Given the insufficient flexibility of existing 
power systems and daily load variations, frequency regulation in the grid and power balance 
maintenance become significantly complicated, necessitating the refinement of existing methods 
and the application of new ones for their balancing. The purpose of this article is to identify 
the possibilities and assess the feasibility of the comprehensive application of Power-to-Heat 
technology along with electrical and thermal energy storage to enhance the resilience of power 
and heating systems, which also represents a scientific novelty. The conducted analysis and 
modeling have shown that the use of electric boilers as electric heat generators in Power-to-
Heat technology provides much lower investment costs and greater maneuverable capacity 
compared to heat pumps. Heat pumps in Power-to-Heat technology are justifiably used in 
existing cooling systems, for example, in warehouses for storing chilled products, or when a 
large amount of thermal energy is required with minimal electricity consumption. By appro-
priately selecting the capacities of electric and thermal storage and the power of electric heat 
generators, it is possible to completely solve the problem of excess electricity from solar and 
wind power stations without imposing forced restrictions on their output power, thereby 
avoiding losses, which in the first half of 2021 in Ukraine amounted to no less than              
17.2 million euro. This will also ensure the resilience and sustainability of energy systems, 
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reduce fuel consumption by district heating system boilers, leading to a decrease in greenhouse 
gas emissions. Bibl. 63, Fig. 8, Tab. 2. 
Keywords: power system, district heating system, Power-to-Heat, electrical energy storage, 
thermal energy storage, electric boilers, heat pumps. 
 

Introduction 
 
The decarbonization of the global economy has 

driven the rapid development of wind (WPPs) and 
solar (SPPs) power plants. The stochastic nature 
of WPPs and SPPs generation caused a number of 
challenges for power systems. One of these chal-
lenges is the emergence of a significant electricity 
excess. This becomes especially noticeable as the 
share of these sources in the overall generation 
structure increases. The problem is exacerbated by 
insufficient power system flexibility and daily load 
changes. All this greatly complicates the frequency 
regulation in the grid and maintaining the balance 
of capacities [1]. These problems have arisen not 
only in the Integrated Power System (IPS) of 
Ukraine, but also in the power systems of many 
countries around the world, in some of which it 
has led to catastrophic consequences. An example 
is South Australia, where wind and solar energy 
provides more than 40 % of electricity generation. 
The blackout that took place there in 2016 [2] 
showed that to increase the resilience of power sys-
tems with a significant level of renewable energy 
sources in their structure, the requirements for me-
teorological forecasts and means of balancing the 
correspondence between the generated power and 
the load are sharply increasing. 

One of the possible ways to utilize this excess 
electricity and ensure the sustainability of power 
systems is to use Power-to-Heat (PtH) technology 
[3]. PtH technology converts electrical energy into 
thermal energy with the help of electric heat gen-
erators (EHGs), which is transferred to the district 
heating system (DHS), where it is consumed 
and/or accumulated. 

Studies using PtH technology elements are 
known. For example, in the article [1] it was stud-
ied the application of battery energy storage sys-
tems for use in frequency and power regulators in 
power systems. In [4–6], technical and economic 
studies were carried out on the application of 
EHGs as consumer regulators for power systems. 
There are also studies on the application of various 
types of electric [7, 8] and thermal energy storage 
[9], which have been widely used in practice in 
many countries. In the paper [10] it was analyzed 

the impact of structural changes on the decarboni-
zation of district heating in Ukraine. 

The authors were not aware of any previous 
works in which the research had been conducted 
PtH technology application electric and thermal 
energy storage systems to increase the sustainabili-
ty and renewability of power and heat supply sys-
tems, which is the subject of this paper. 

The purpose of the study is to determine and 
evaluate the possibility and feasibility of inte-
grated application of PtH technology together 
with electric and thermal energy storage systems 
to increase the resilience of energy systems.  

 
Power-to-Heat applications 

 
The term Power-to-Heat [11] was first used 

when the need arose to utilize excess electricity 
generated by solar and wind power plants. PtH 
technologies convert electric energy to heat using 
electric heat generators, which can be electric boilers, 
heat pumps, and hydrodynamic heaters. Unlike 
traditional electric heating systems with nighttime 
thermal energy storage that fully covers the needs 
of consumers, PtH systems are hybrid, they also 
have traditional heat generators that use fossil 
fuels [11].  In general, PtH is understood as a 
large-scale centralized conversion of electric energy 
into heat in a multivalent energy complex that con-
verts fuel into electricity and heat with high effi-
ciency. An example is municipal utilities that ope-
rate district heating systems and additionally in-
stall electric heaters at their CHP plants and thus 
use PtH technology [12].  

The amount of excess electric energy from re-
newable energy sources (RESs) can be significant, 
for example, in the Inner Mongolia region of 
China, curtailment wind farms accounted for 9 % 
of total production in 2014, and more than 30 % in 
2012 [11]. When there is an excess of electricity in 
the power system, EHGs are switched on to con-
vert this excess into thermal energy, while tradi-
tional heat generators reduce their capacity or ac-
cumulate this energy. To increase the flexibility 
and reliability of such a hybrid heat supply system, 
thermal storage and electric batteries energy stora-
ge are applied [11], which allow the utilization of 
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cheap excess electricity for EHGs, store it and sup-
ply it to consumers when demand increases. 

PtH technology is developing rapidly. It has al-
ready been implemented in Canada, China, Japan, 
the United States, and the EU countries — Den-
mark, Germany, Sweden, Switzerland, and the 
United Kingdom [11]. 

The advantage of this technology is that it can 
reduce the amount of generation restrictions from 
SPPs and WPPs, slightly increase electricity prices 
from them during hours of minimum demand, sav-
ing fuel in the production of thermal energy, and, 
accordingly, reduce greenhouse gas emissions. Den-
mark and Germany, which have a high percentage 
of RESs in their electricity supply, have seen an 
increase in the number of PtH projects over the 
past few years, with investments in district heating 
systems and industry. For example, in Aarhus 
(Denmark), an 80 MW electric boiler and a 2 MW 
heat pump were installed in an existing CHP plant 
to meet the needs of district heating consumers. 
The electric boiler and heat pump use excess elec-
tricity from the WPP, the maximum production of 
which occurs in the winter months (coinciding 
with the maximum demand for heat) [11]. A ret-
rospective of the growth of the installed capacity of 
PtH technology in Denmark is shown in Fig. 1 [13]. 

The data shown in the figure indicate the pre-
dominant use of electric boilers in PtH technology 
compared to heat pumps, due to the high invest-
ment costs of the latter. 

Another example of the implementation of PtH 
technology is the Flensburg city, located in northern 
Germany near the border with Denmark, where   
98 % of residents are connected to the district heat-
ing system, which is one of the largest in Germany. 
In January 2013, a 30 MW electric boiler was com-
missioned in this city, which uses excess electricity  

 

 
 
Figure 1. Installed capacity of Power-to-Heat techno-
logy in Denmark (electric boilers are marked in blue and 
heat pumps in red). 

(at a low price) from wind farms to heat district 
heating water to 100 °C [13]. 

Currently, electrode boilers/electric heaters 
with a total capacity of more than 800 MW have 
already been installed throughout Germany, 
which, in combination with CHP and DHS, form 
highly efficient hybrid systems. In Europe, PtH 
technology has great potential for combining ener-
gy supply sectors and forming super-systems for 
converting electricity and heat in the future [12]. 
In countries with a very limited level of district hea-
ting, PtH technology can be used in industry [14]. 

The application of PtH technology in developed 
European countries is motivated by a number of 
legislative acts to limit the use of fossil fuels. For 
example, in Germany and Norway, new buildings 
are prohibited from installing heating boilers that 
use petroleum products. In the Netherlands, new 
buildings are not allowed to be connected to gas 
networks. As an incentive, the city of Lemgo 
(Germany), allows electric boilers to participate in 
the energy market for ancillary services [11]. 

The use of electricity from SPPs and WPPs for 
heating purposes, together with thermal accumula-
tors, contribute to the decarbonization of the heat 
supply sector and increase the flexibility of energy 
systems [15].  

In Ukraine, there is also a problem with the 
negative impact of SPPs and WPPs on the stability 
of the power system due to the stochastic mode of 
their generation and low flexibility of the power 
system. In 2021, the installed capacity of SPPs in-
creased by 16 % and that of WPPs by 38 % com-
pared to 2020, reaching 1529 MW and 6226 MW, 
respectively. At the same time, in 2021, the pro-
duction of electricity by SPPs increased by 11 % 
compared to 2020, and by WPPs — by 20 %. This 
indicates a possible forced limitation of SPP and 
WPP generation in 2021, which is confirmed by 
the fact that the installed capacity utilization fac-
tor (ICUF) of SPP and WPP in 2021 were lower 
than in 2020 (11 % and 31 % vs. 12.3 % and 33 %, 
respectively). 

The schedules of dispatchable power limits for 
SPPs and WPPs, which were applied in 2020 and 
2021, based on the data of NPC Ukrenergo [16], 
are shown in Fig. 2. 

As can be seen from Fig. 2, in 2021, the total 
monthly capacity curtailments of SPPs and WPPs 
increased sharply compared to 2020, which is ex-
plained by the corresponding increase in their in-
stalled capacities, while the maneuvering capacities  
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Figure 2. Total monthly generation capacity curtail-
ments for SPPs and WPPs. 

 
of the power system or flexibility remained un-
changed. In 2022, the capacity curtailments of 
SPPs and WPPs began in January (see Fig. 2). 
That is, the IPS of Ukraine lacked sufficient ma-
neuvering capabilities, and therefore, in the condi-
tions of a power excess and exhausted unloading 
reserves, decisions were made to limit the genera-
tion of SPPs and WPPs to ensure the operational 
security of the power system. At the same time, the 
state paid the owners of SPPs and WPPs for the 
shortfall in the respective amount of electricity and 
incurred losses. According to the available infor-
mation provided in [16], the amount of electricity 
not received from SPPs and WPPs for March, 
April, August, October, November and December 
2021 was calculated, which amounted to about 
217,000 MWh. The losses incurred by the state 
during this period amounted to about 17.2 million 
euro. 

Given the fact that DHS are widespread in 
Ukraine [17, 18], they supply about 52 % of 
thermal energy (excluding industry). Therefore, 
the introduction of PtH technology, which 
consumes excess electricity from RESs, converting 
it into heat for the needs of consumers and thermal 
storage of DHS, is also relevant for Ukraine, 
which is also emphasized in the publication [19]. 

The main technological elements of the PtH 
technology are EHGs, electric and thermal energy 
storage devices. Electric and thermal energy stora-
ge devices have been repeatedly analyzed and their 
application considered (for example, in [8, 9, 20–
38]). Less attention has been paid to electric heat 
generators, so only they will be analyzed further. 

 
Electric heat generators 

 
The main element of the PtH technology is an

electric heat generator, which converts electrical 
energy to heat and determines the main technical 
and economic indicators of this technology. 
Currently, there are three types of EHGs: electric 
boilers, electrically driven heat pumps, and 
hydrodynamic heaters. Hydrodynamic heaters are 
produced with low power of about 15–45 kW [39], 
so they will not be analyzed. 

 
Electric boilers 

 
Compared to other types of boilers, electric 

boilers are safer and more environmentally friendly 
due to the absence of fuel combustion. They are 
easy to install and maintain (no storage facilities 
for fuel and its waste are needed), do not have a 
chimney, and have a fairly high efficiency (about 
95–98 %) [40]. They are used both for heating 
systems and in industry. Depending on the method 
of heating the heat carrier, there are three types of 
electric boilers: tube heating element, electrode, 
and induction. All three types of electric boilers are 
characterized by ease of maintenance and control, 
require a minimum of preventive maintenance, and 
do not require highly qualified personnel for 
installation and maintenance. However, induction 
boilers are bulkier and more expensive than other 
types of electric boilers, and accordingly, they are 
not manufactured for high power. Therefore, 
induction boilers will not be considered. 

A common disadvantage of all types of electric 
boilers is their highest operating costs compared to 
other types of heat generators (gas, solid fuel, heat 
pumps) [41], which are due to the very expensive 
energy resource — electricity. The only possibility 
to increase the efficiency and feasibility of 
implementation electric boilers is to use them 
during a excess of energy in the power system, or 
during a “nighttime dip” in the power system’s 
electric load, when the price of electricity is much 
lower. Thus, electric boilers can and should be 
used in PtH technology to consume excess 
electricity in the power system and to control its 
electrical load. At the same time, their main 
disadvantage becomes their advantage — the heat 
supply companies where they will be installed will 
receive cheap thermal energy and additionally a fee 
for providing ancillary services to power systems.  

In electric tube boilers, the heating function is 
performed by tubular heating elements that heat 
the heat carrier. On the Ukrainian market, there 
are available tube boilers made in Ukraine (AVPE) 

0

5000

10000

15000

20000

25000

30000 MW 2020 2021



ISSN 2413-7723. Åíåðãîòåõíîëîã³¿ òà ðåñóðñîçáåðåæåííÿ. 2024. ¹ 4 9 

[42] and Finland (FIL-SPL) [43]. These boilers 
operate from a three-phase 380-volt grid and have 
a stepwise power control, with an efficiency of 
about 0.98.  

Using the National Commission for State 
Regulation of Energy and Public Utilities of 
Ukraine (NERCEP) methodology for calculation 
the cost of non-standard connection services [44], 
the rates of payment for non-standard connection 
to the electricity grid were calculated for 24 large 
settlements (mainly regional centers) in Ukraine. 
For further calculations, their average value was 
used, which for the second category of consumers 
is: for networks with a voltage of 380 V —         
88.8 euro/kW, and for a voltage of more than 
6000 V — 78.9 euro/kW of installed electric 
capacity of the electric heat generating technology. 
Taking this into account, the total specific invest-
ment costs for implementation were calculated by 
the expression: 

ic bc gcC C C= + ,                   (1) 
 

where Cic — specific cost of implementing an 
electric boiler, euro/kW; Cbc — specific cost of 
the boiler, euro/kW; Cgc — specific cost of con-
nection to the grid, euro/kW. 

The calculation results for boilers of different 
capacities are shown in Fig. 3. 

As for the operating costs, according to the 
manufacturer of domestic AVPE boilers, the main 
cost element is heating elements. They are 
produced in 15 kW units, and according to the 
manufacturer, the cost of one module is 57 doll. 
The service life of these units is 3–5 years. To 
calculate the operating costs, let’s consider a 1200 
kW AVPE boiler. It has 80 units that will exhaust 
their lifespan in 5 years. The cost of replacing them 
will be: 80 units × 57 doll. = 4560 doll., 1 day of 
work of 3 mechanics and 2 electricians — 89 doll., 
 

 
 
Figure 3. Specific investment costs for the implementa-
tion of heating boilers. 

 
Figure 4. Specific investment costs for the implementa-
tion of electrode boilers. 
 
total operating costs — 4649 doll. The average 
annual operating costs will be 930 doll./year or 
0.775 doll./kW per year (0.680 euro/kW). 
According to the boiler supplier FIL-SPL,           
the average annual operating costs of a 1.2 MW 
boiler are 884 doll. or 0.737 doll./kW per year 
(0.646 euro/kW). 

In electrode boilers, the elements for heating 
are the electrodes themselves, and the heat carrier 
(water), which has resistance, is heated by the 
electric current passing through it. Water molecules 
are split under the influence of current into 
positively and negatively charged parts (ions) that 
move between the electrodes [40]. These are high-
voltage boilers (6–30 kV), which are produced for 
high power (over 50 MW) and are most commonly 
used in PtH technology. Some of the best powerful 
electrode boilers are manufactured by the Swedish 
company Zander & Ingeström. The company 
produces electrode boilers in the power range of 
16–60 MW, supply voltage 6–20 kV, power 
control range 0–100 % [45]. The cost of a 50 MW 
boiler is about 900 thousand euro [46]. Using 
formula (1) and the data given in [46], we 
calculated the specific investment costs for the 
implementation of these electrode boilers. The 
calculation results are shown in Fig. 4. 

The specific operating costs for electrode boilers 
are assumed to be 0.495 euro/kW per year. 

 
Heat pumps 

 
Heat pumps (HPs) have a number of 

undeniable advantages over other heat generation 
technologies, provided that low-potential heat 
sources are available and there are heat consumers 
in the places of their location. As shown in [47], 
in densely built-up settlements, heat pumps that 
use low-potential heat are the most suitable for 
Ukrainian DHSs: ambient air, ventilation emissions 

50,0

75,0

100,0

125,0

150,0

175,0

200,0

0,4 0,6 0,8 1 1,2 1,4 1,6

MW

€/kW AVPE FIL-SPL

104,9

99,2
98,1

96,9

92,0

94,0

96,0

98,0

100,0

102,0

104,0

106,0

20 35 40 50

$/kW

MW



10 ISSN 2413-7723. Åíåðãîòåõíîëîã³¿ òà ðåñóðñîçáåðåæåííÿ. 2024. ¹ 4 

from buildings, flue gases from powerful boiler 
houses and CHP plants, sewage, seas and rivers, 
soil and groundwater, and technological processes. 
In [48] it is shown that the total thermal potential 
of the above sources in Ukraine is 4.97 GW, which 
allows the use of heat pump units in DHSs with a 
total capacity of about 7.5 GW.  

Available powerful industrial HPs cover a wide 
range of operating temperatures. Heat carrier 
supply temperatures of up to 80 °C can be achieved 
with standard compression HPs. High-temperature 
HPs reach temperatures of up to 100 °C. Ultra-
high-temperature HPs provide a supply tempe-
rature of up to 165 °C. The maximum heat supply 
temperatures and heating capacities of 26 indus-

trial HPs from 15 manufacturers are illustrated in 
Fig. 5 [49]. 

Heat pumps are considered large (powerful) if 
their capacity is more than 100 kW. HPs are mass-
produced in the range from few units to several 
tens of megawatts (50 MW) of thermal capacity. 
An analysis of the literature [50–53] and a number 
of investment proposals allowed us to determine 
the specific investment costs for heat pumps that 
are most commonly used in cities [53]. The 
assumption was made that due to cheaper materials 
and labor in Ukraine, the specific investment costs 
for the implementation of heat pump installations 
will be 15–20 % lower (Table 1) than those given 
in [53]. 
 

 
 
Figure 5. Commercially available industrial HPs that provide temperatures above 90 °C (compressor types: blue — 
screw compressor; yellow — reciprocating compressor; red — turbocharger) [49]. 
 
Table 1. Technical and economic indicators of heat pumps for use in Power-to-Heat technology 
 

Low-potential heat source 
Thermal capacity 

of unit, MW 
Electric load, 

MW 
Conversion 

rate 
Specific project 
costs, euro/kW 

Air, ventilation emissions  1.0 0.286 3.5 750 

Waste gases from thermal power plants 
and boiler houses  

1.0 0.25 4 443 

Waste water  1.0 0.25 4 1023 

Waste heat from industrial processes  2.2 0.55 4 704 

Soil and groundwater  1.0 0.286 3.5 983 

Note. Operating costs are usually assumed to be 1–2 % of the total project costs. 
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A simplified structural diagram of the use of 
PtH technology in the power system (PS) and 
DHS is shown in Fig. 6. 

The algorithm of the supersystem shown in 
Fig. 6 may be as follows. When excess power from 
WPPs and SPPs occurs and the regulating reserve 
for unloading is exhausted, the power system 
accumulates electric energy with the possibility of 
further discharging it in peak zones. When the 
electric storage systems are full, the excess elect-
ricity is consumed by PtH technology ETGs, which 
convert it into thermal energy. To maintain the 
heat balance in accordance with expression (3), 
boiler houses and CHP plants reduce heat produc-
tion, thereby reducing natural gas consumption 
and, accordingly, greenhouse gas emissions. It is 
easy to show that when converting every 10 MWh 
of excess electricity with PtH technology, 8.43 Gcal 
of thermal energy will be produced and natural gas 
consumption by DHS boilers will be reduced by 
about 1100 m3, which will lead to a reduction in 
greenhouse gas emissions by 2.04 tons. If it is not 
possible to fully consume the thermal energy 
generated by the EHG, its excess is accumulated 
in the main heating networks and accumulator 
tanks for operational needs. When they are full, 
the rest of the heat energy is accumulated in 
seasonal heat storages. By selecting the appropriate 
capacities of electric and thermal accumulators and 
capacities of EHGs, the problem of excess 
electricity from WPPs and SPPs can be completely 
solved without resorting to forced curtailment of 
their output.  

In addition to the use of excess electricity, PtH 
technology can use cheap excess electricity during 
the nighttime dip in the electric load, where EHGs 
can be used as consumer-regulators [5, 54]. By 
consuming this electricity, EHGs will also produce 
cheap thermal energy, which can be consumed 
and/or stored in thermal storage (especially during 

 

 
 
Figure 6. Scheme of using Power-to-Heat technology: 
EES — electric energy storage, TES — thermal energy 
storage, TE — thermal energy, EE — electric energy. 

the non-heating period). The stored thermal energy 
can be used in the DHS during peak loads of the 
power system, providing a service of load reduction 
by disconnecting the EHGs. In addition to cheap 
thermal energy, heat generating companies can 
earn additional profit by providing services to 
regulate the load of the power system (parti-
cipation in the ancillary services market). 

In a generalized form, in the first approxima-
tion, the balance of electric power of the PS is 
described by the expression: 

 
0DS VS RS ES F L EHG

t t t t t t tP P P P P Z Z+ ± ± ± − − = ,    (2) 
 

where t is time; Pt
DS is the power of dispatchable 

sources (TPPs, CHPs, NPPs, HPPs); Pt
VS is the 

power of variable sources (WPPs, SPPs); Pt
RS is 

the power of regulating sources (TPPs, PHPPs); 
Pt

ES is the power of electric energy storage systems; 
Pt

F is the power of electricity flow; Zt
L is the power 

of electric load; Zt
EHG is the power of electric heat 

generators (electric boilers, heat pumps). 
The balance of thermal power of the DHS can 

be represented by the following expression: 
 

0B CHP L EHG TS
t t t t tq q q q q+ − + ± = ,          (3) 

 
where qt

B is the capacity of boilers; qt
CHP is the 

capacity of CHP; qt
L is the capacity of heat load; 

qt
EHG is the capacity of electric heat generators; qt

TS 
is the capacity of thermal storage. 

In the balance equation of the existing power 
systems, there are no Pt

ES and Zt
EHG components, 

and in the DHS no qt
EHG and qt

TS. Therefore, the 
sustainability of power systems is ensured if: 

 
RS L CS

t t tP Z P≥ ∆ + ∆ ,                  (4) 
 
where ∆Zt

L is the change in the electric load of the 
power system; ∆Pt

CS is the change in the capacity 
of WPPs and SPPs. 

If condition (4) is not met and the maneuvering 
reserve is exhausted, the power system dispatcher 
is forced to change the capacities of TPPs and, if 
necessary, to shut down 200 MW and 300 MW 
TPP units. If all the reserves are exhausted, the 
power of WPPs and SPPs is forced to be limited 
to ensure the balance. 

The resilience of existing power systems is 
ensured by starting up additional TPP units (or 
shutting down operating ones) and/or changing

PS
Power 

to 
Heat

DHS

Consumers of electric 
energy

Consumers of thermal 
energy

EES TES

EE TE
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the power flow capacity between power systems. 
There are no problems with ensuring the 

stability of the existing DHSs at all (if fuel is 
available).  

In the new structure, the sustainability of the 
power system is ensured under the following 
conditions: 
 

RS ES EHG L CS
t t t t tP P Z Z P± + = ∆ + ∆ .          (5) 

 
As can be seen from expression (5), additional 

components of Pt
ES and Zt

EHG can provide wider 
opportunities to maintain the balance of power and 
sustainability of power systems (Pt

ES is actually an 
additional source that can either generate or 
consume electricity in the event of a sharp decrease 
in load or total generation capacity). A broader 
application of electrical storage in energy systems 
is discussed in [21, 29]. 

The feasibility of using PtH technology will be 
determined by a comparative techno-economic 
analysis. The weighted average tariff for thermal 
energy generation for 2021, which was calculated 
on the basis of the data given in [55], was taken 
as a criterion, and the Marginal Levelized Price of 
Energy (MLPOE) [56] was compared with it. 

Unlike LCOE, this indicator, in addition to 
costs, takes into account all potential revenues 
from the introduction of a particular technology. 
In fact, MLPOE is the minimum weighted average 
break-even price of thermal energy produced by 
PtH technology, which is determined by the for-
mula: 
 

k k kMLPOE LCOE LCOP= + ,          (6) 
 
where MLPOEk is the marginal levelized price of 
heat energy of the k-th technology implemented at 
the enterprise; LCOEk is the levelized cost of heat 
energy of the individual k-th heat generating 
technology; LCOPk is the levelized cost profit of 
the heat generating enterprise from the implemen-
tation of the k-th heat generating technology. 

The expression for calculating the levelized cost 
of heat energy for the k-th type of heat generating 
technology can be written in the form: 

 

 (7) 

where ICk are the investment costs; t is the period 
of project operation (year); Tr is the operational 
lifespan of the k-th type of heat-generating tech-
nology (years); Ckt

moe are the cost of maintenance 
and operation for period t; Ckt

fer are the cost of fuel 
and energy resources for period t; Ckt

ghe is the pay-
ment for greenhouse gas (GHG) emissions for pe-
riod t; Cjkt

pe is the payment for emissions of the     
j-th pollutant for period t; Ckt

ip are the interest 
payments on the loan for period t; Ckt

dc are the 
funds allocated for the decommissioning of the 
technology at the end of period t; Qkt is the amount 
of heat produced for period t; r is the discount rate. 

The levelized benefits of the heat generating en-
terprise from the implementation of the k-th heat 
generating technology are determined based on the 
expression: 
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where Pkt

as are the benefits from the provision of 
ancillary services when implementing the k-th type 
of electric heat or cogeneration technology; Pkt

rng 
are the profit from reducing natural gas (fuel) 
consumption when implementing the k-th type of 
heat generating technology; Pkt

ghe, Pkt
pe are the 

benefits from reducing greenhouse gas and 
pollutant emissions due to reduced fossil fuel 
consumption, respectively; Pkt

ob are other benefits 
(sale of electricity by cogeneration units, provision 
of cooling services when using heat pumps, 
reduction of maintenance and operation costs, etc.) 
As a limiting factor, the simple payback period of 
investments (Pb) was chosen. 

Let’s assume that in 2021, the curtailment of 
WPPs and SPPs amounted to 15 % (1394.3 thou-
sand MWh) of their total electricity production, 
which amounted to 9295.3 thousand MWh. 

In 2020, according to the data provided in [57], 
standalone boiler houses, TPPs, CHPs, NPPs, 
heating network enterprises, other enterprises, 
organizations, institutions with boiler houses, 
heating networks, individual boilers, and other 
heat supply sources supplied 88954.1 thousand 
Gcal, including DHS — 46256.1 thousand Gcal or 
53795.8 thousand MWh (52 % of the total supply). 
Let’s assume that in 2021, DHSs supplied the same 
amount of heat energy as in 2020. During the 
heating season, Ukrainian DHSs supplied about 
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46264.4 thousand MWh of heat energy. Therefore, 
there will be no problem with the conversion of 
1394.3 thousand MWh of excess electricity into 
heat (1366.4 thousand MWh) and its consumption 
during the heating season. The existing heat 
generators that consume fossil fuels will simply 
reduce their own heat production. We will make a 
similar estimate for the non-heating period. In 
recent years, there have been significant changes in 
the field of centralized hot water supply. The 
availability of relatively cheap electric water 
heaters (boilers) on the Ukrainian market and 
unreasonable pricing policies for natural gas and 
electricity have led to massive decentralization 
processes. 

For example, in Zaporizhzhia, the heat supply 
company lost about 75 % of its hot water customers. 
In a number of cities (Mykolaiv, Kherson, Odesa, 
Bila Tserkva), CHP plants are shut down due to 
the lack of hot water consumers during the non-
heating season. Based on the above, it was assumed 
that the average heat load of hot water supply 
systems in the non-heating period of 2021 was  
2100 MW, and heat production amounted to 
7378.6 thousand MWh (6434.4 thousand Gcal), 
which is about 14 % of the total annual heat 
supply. Comparing the heat production of the 
DHS in the non-heating period with the amount of 
heat energy from the PtH technology (1366.4 thou-
sand MWh), we can conclude that all of it can be 
consumed without the use of seasonal batteries. If 
operational accumulation is necessary, the DHS 
main heating networks can be used, the total 
capacity of which is 30155 MWh in the non-
heating period [35]. Therefore, the MLPOE of 
PtH technology was calculated only for the costs 
of an electric heat generator, taking into account 
the full costs of its connection to electricity and 
heat networks, as well as the benefits of reducing 
payments by saving natural gas and reducing 
greenhouse gas and pollutant emissions. 

Initial data for the calculation: weighted 
average tariff for thermal energy generation — 
2205 UAH/Gcal; project life cycle — 20 years; 
own funds — 15 %, borrowed funds — 85 %; 
unforeseen expenses — 10 %; discount rate 
calculated as the weighted average of the cost of 
equity and borrowed capital — 6.6 %; repayment 
period of borrowed funds — 5 years. 

In the calculations, the range of electricity 
prices was chosen based on their weighted average 
value in different market segments [58, 59], tariffs 

for transmission, distribution, and dispatch control 
[60–63], and the cost of supply as of 2023. 

Use of electric boilers in PtH technology: 
electric boiler capacity — 20 MW; efficiency — 
0.98; specific design costs — according to Fig. 4 
(104.9 euro/kW); total investment costs — 
2307.8 thousand euro; specific operating costs — 
0.495 euro/kW per year; installed capacity 
utilization factor (variable) — 10, 20, 30, 40 %; 
cost of excess electricity (variable) — 35, 40, 45, 
50, 55, 60, 65, 70 euro/MWh; cost of electricity 
during nighttime dip in the electric load profile — 
55, 60, 65, 70, 75, 80 euro/MWh. 

Use of HP in the PtH technology: heat output 
of HP — 1 MW; sources of low-potential heat: 
ventilation emissions (air), flue gases of boilers 
and CHP plants, wastewater; conversion factor 
(COP) of HP — 3.5 (for ventilation emissions), 
4.0 (for flue gases and wastewater); annual 
installed capacity utilization rate — 60 % (normal 
operation of most HP); specific design costs — 
according to Table 1, specific operating costs — 
2 % of total project costs; overhaul costs — 30 % 
of total project costs. 

The results of calculations of the use of a 
20 MW electric boiler showed that the total 
investment costs amount to 2307.8 thousand euro, 
and the maneuvering capacity is 20.4 MW. 
Accordingly, the specific investment cost per unit 
of maneuvering capacity is 113.1 euro/kW 
(2,307,800/20,400). The MLPOE of thermal 
energy at different values of the ICUF and prices 
for excess electricity are shown in Fig. 7. 

As can be seen from Fig. 7, the field of 
feasibility of using PtH technology at different 
ICUFs and the cost of excess electricity is limited 
by the heat tariff line. The higher the ICUF, the 

 

 
 
Figure 7. MLPOE for Power-to-Heat technology with a 
capacity of 20 MW. 
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higher the price of electricity can be purchased. 
Even with an ICUF of 5 %, the technology will 
not be unprofitable if the cost of excess electricity 
is no more than 50 euro/MWh, and with an ICUF 
of 40 % — 69 euro/MWh.  

When using PtH technology during the 
“nighttime dip” in the electric load profile 
(ELP), the electric boiler will operate 2920 hours 
per year (ICUF = 33.3 %). When calculating the 
MLPOE indicators, in addition to the profits 
mentioned above, the profit from providing 
ancillary services to the power system was also 
considered (9.48 euro/MWh was taken). The 
calculation results are shown in Fig. 8. 

As can be seen from Fig. 8, it is advisable to 
use the PtH technology not only in the presence of 
excess electricity, but also during the nighttime 
dip in the ELP. In this case, break-even of thermal 
energy is ensured at higher electricity prices (about 
 

 
 
Figure 8. MLPOE for Power-to-Heat technology when 
used during the nighttime dip in the electric load profile. 

82 euro/MWh), and an acceptable payback period 
is ensured at an electricity cost of 75 euro/MWh. 

The results of calculations of the use of HPs 
in PtH technology showed that the total 
investment costs for HPs using low-potential 
energy of flue gases from boiler houses and CHPs 
are 487.3 thousand euro, ventilation emissions 
and air — 825 thousand euro, wastewater — 
1125.3 thousand euro. The maneuvering capacity 
is 0.29 MW for HPs using ventilation emissions 
and air, and 0.25 MW for the rest. Accordingly, 
the specific investment costs per unit of 
maneuvering capacity for the HPs that use flue 
gases are 1680.3 euro/kW, ventilation emissions 
and air — 3300 euro/kW, and wastewater — 
4501.2 euro/kW. The MLPOE and Pb indicators 
are shown in Table 2. 

As can be seen from Table 2, the MLPOE in 
the entire accepted range of electricity prices and 
for all considered sources of low-potential heat is 
much lower than the weighted average heat tariff 
(2205 UAH/Gcal). The payback period is ac-
ceptable only when HP use flue gases and ventilation 
emissions and air as sources of low-potential heat. 

Comparing the results of calculations when 
using electric boilers and heat pumps in PtH 
technology, it should be noted that electric boilers 
should be used to obtain the maximum 
maneuverable power, and heat pumps should be 
used to obtain the maximum amount of heat energy 
produced.  

Due to the fact that the investment costs for 
the implementation of HP are significant, it is 
advisable to use existing heat pump cooling systems,

 
Table 2. MLPOE and Pb values when using HP in Power-to-Heat technology 

 

Electricity cost, 
euro/MWh 

Low-potential heat source 

Flue gases Ventilation emissions, air Waste water 

Indicators 

MLPOE, 
UAH/Gcal 

Pb, years MLPOE, 
UAH/Gcal 

Pb, years MLPOE, 
UAH/Gcal 

Pb, years 

95 25.5 2.0 500.6 4.3 898.3 7.7 

100 97.6 2.1 583.1 4.5 970.4 8.1 

105 169.7 2.13 665.5 4.8 1042.6 8.6 

110 241.9 2.21 747.9 5.1 1114.7 9.2 

115 314 2.3 830.4 5.4 1186.8 9.9 

120 386.1 2.39 912.8 5.7 1258.9 10.6 

125 458.2 2.49 995.2 6.1 1331.1 11.5 

130 530.4 2.6 1077.7 6.5 1403.2 12.6 
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for example, warehouses for storing chilled products. 
A similar idea was proposed by a group of scientists 
from research organizations and universities in the 
Netherlands, Denmark, Spain, and Bulgaria in the 
Night Wind project, aimed at creating a pan-
European system for storing energy generated by 
wind power plants [63]. The idea is that when 
there is an excess of electricity in the grid, 
refrigerators consume more electricity and lower 
the temperature of the food stored in them by 
several degrees. When the electrical load is high, 
the refrigerators are disconnected from the grid 
until the temperature rises to a predetermined 
value. 

Conclusions 
 
The analysis has shown that one of the most 

effective technological methods of increasing the 
resilience of energy systems in the world is the use 
of Power-to-Heat technology, electric and thermal 
storages. 

The use of electric heat generators of the Power-
to-Heat technology, electric and thermal energy 
storages can significantly increase the sustainabi-
lity and renewability of the electric and thermal 
energy systems of Ukraine. By properly selecting 
the capacity of electric and thermal storages and 
the capacity of electric heat generators, it is possi-
ble to completely solve the problem of excess elec-
tricity from solar and wind power plants without 
introducing a forced limitation of their capacity, 
thereby avoiding losses, which in half of 2021 in 
Ukraine amounted to at least 17.2 million euros. 

Conversion of every 10 MWh of excess electri-
city by Power-to-Heat technology into heat will 
reduce natural gas consumption by district heating 
boilers by about 1100 m3, which will lead to a re-
duction in greenhouse gas emissions by 2.04 tons. 

The use of electric boilers as electric heat gen-
erators in Power-to-Heat technology provides 
much lower investment costs and greater maneu-
verability compared to heat pumps. It is advisable 
to use heat pumps in Power-to-Heat technology in 
existing cooling systems, such as warehouses for 
storing chilled products, or when it is necessary to 
obtain a large amount of thermal energy with low 
consumption of electric energy. 

 
References 

 
1. Babak V.P., Kulyk M.M. Increasing the 

Efficiency and Security of Integrated Power System 
Operation Through Heat Supply Electrification in 

Ukraine. Sci. innov. 2023. 19 (5). pp. 100–116. DOI: 
10.15407/scine19.05.100. 

2. AEMO. Black System South Australia 28 
September 2016. March 2017. p. 273. — https://www. 
aemo.com.au/-/media/files/electricity/nem/market 
_notices_and_events/power_system_incident_reports/
2017/integrated-final-report-sa-black-system-28-september- 
2016.pdf (Accessed: 09.06.2023) 

3. Energiewende direct. What exactly is meant by 
“power-to-heat”? 22 April 2016. — https:// 
www.bmwk-energiewende.de/EWD/Redaktion/EN/ 
Newsletter/2016/07/Meldung/direkt-answers.html 
(Accessed: 06.02.2024) 

4. Babak V.P., Kulyk M.M. Possibilities and 
perspectives of the consumers-regulators application in 
systems of frequency and power automatic regulation. 
Tekhnichna elektrodynamika. [Technical Electro-
dynamics]. 2023. No. 4. pp. 72–80. DOI: 10.15470/ 
techned2023.04.072. 

5. Kulik M.M. [Technical and economic aspects of 
the use of consumer-regulators in systems of automatic 
regulation of frequency and power]. Problemy zahal’noi 
energetyky. [Problems of General Energy]. 2015. Iss. 1. 
pp. 20–28. DOI: 10.15407/pge2015.01.020. (Ukr.) 

6. Derii V., Teslenko O., Lenchevsky E., Denisov 
V., Maistrenko N. Prospects and energy-economic 
indicators of heat energy production through direct use 
of electricity from renewable sources in modern heat 
generators. In: Systems, Decision and Control in 
Energy. Vol. I: Modern Power Systems and Clean 
Energy. 2023. pp. 451–463. DOI: 10.1007/978-3-031-
22464-5_27. 

7. Zgurovets, O., Kulyk, M. Application of energy 
storage for automatic load and frequency control. In: 
Kyrylenko, O., Denysiuk, S., Derevianko, D., Blinov, 
I., Zaitsev, I., Zaporozhets, A. (eds.) Power Systems 
Research and Operation. Studies in Systems, Decision 
and Control. Vol. 220. Springer, Cham, 2023. DOI: 
10.1007/978-3-031-17554-1_4. (Accessed: 06.11.2023) 

8. Energy storage. Biggest projects, financing and 
offtake deals in the energy storage sector in 2022. — 
https://www.energy-storage.news/biggest-projects-
financing-and-offtake-deals-in-the-energy-storage-sector-
in-2022-so-far/ (Accessed: 06.11.2023) 

9. Long term storage and solar district heating. A 
presentation of the Danish pit and borehole thermal 
energy storages in Brædstrup, Marstal, Dronninglund 
and Gram. — https://ens.dk/sites/ens.dk/files/ 
Forskning_og_udvikling/sol_til_fjernvarme_brochure_
endelig.pdf (Accessed: 06.11.2023) 

10. Derii, V.O., Nechaieva, T.P., Leshchenko, I.C. 
Assessment of the effect of structural changes in 
Ukraine’s district heating on the greenhouse gas 
emissions. Nauka ta innovatsii. [Science and In-
novation]. 2023. 19 (4). pp. 57–65. DOI: 10.15407/ 
scine19.04.057. 

11. IRENA. Renewable power-to-heat. Innovation 
landscape brief. 2019. — https://www.irena.org/-/ 



16 ISSN 2413-7723. Åíåðãîòåõíîëîã³¿ òà ðåñóðñîçáåðåæåííÿ. 2024. ¹ 4 

media/Files/IRENA/Agency/Publication/2019/Sep
/IRENA_Power-to-heat_2019.pdf?la=en&hash=524C1 
BFD59EC03FD44508F8D7CFB84CEC317A299 (Acces-
sed: 07.06.2023) 

12. Interreg Baltic Sea region, European Union, 
European regional development fund. Power-to-Heat & 
Power-to-Gas in District Heating systems. 2021. — 
https://www.lowtemp.eu/wp-content/uploads/ 
2021/01/BackgroundInfo_Power-to-Heat-and-Power-
to-X_LowTEMP.pdf (Accessed: 07.06.2023) 

13. Hers S., Afman M., Cherif S., Rooijers F. 
Potential for Power-to-Heat in the Netherlands. 2021. 
— https://cedelft.eu/wp-content/uploads/sites/2/ 
2021/04/CE_Delft_3E04_Potential_for_P2H_in_Net
herlands_DEF.pdf (Accessed: 07.06.2023) 

14. Schweiger G., Rantzer J., Ericsson K., 
Lauenburg P. The potential of power-to-heat in Swedish 
district heating systems. Energy. 2017. Vol. 137. 
pp. 661–669. DOI: 10.1016/j.energy.2017.02.075. 

15. Bloessa A., Schillb W.-P., Zerrahnb A. Power-
to-heat for renewable energy integration: A review of 
technologies, modeling approaches, and flexibility 
potentials. Applied Energy. . 2018. Vol. 212. pp. 1611–
1626. —  https:// www.sciencedirect.com/science/ 
article/pii/S0306261917317889 (Accessed: 09.06.2023) 

16. [Ukrenegro. Integration of Renewable Energy 
Sources in Ukraine's Energy System]. — https:// 
ua.energy/zagalni-novyny/u-2020-rotsi-vstanovlena-
potuzhnist-ves-ta-ses-zrosla-na-41-a-yihnya-chastka-u-
strukturi-vyrobnytstva-elektroenergiyi-vdvichi/ (Acces-
sed: 03.06.2020) (Ukr.) 

17. Karp I.M., Nikitin Ye.Ye., Pyanykh K.Ye., Sigal 
O.I., Dubuvsky S.V., Geletukha G.G., Tarnovsky 
M.V., Dutka O.V., Zubenko V.I., Komkov I.S., 
Oliynyk E.M., Paderno D.Yu., Pyanykh K.K., Silakin 
O.E., Stepanov M.V., Fedorenko V.M. [State and Ways 
of Development of Centralized Heating Supply Systems 
in Ukraine]. Kyiv: Naukova Dumka, 2021. 264 p. (Ukr.) 

18. Bielokha H., Chupryna L., Denisyuk S., 
Eutukhova T., Novoseltsev O. Hybrid Energy Systems 
and the Logic of Their Service-Dominant Implemen-
tation: Screening the Pathway to Improve Results. 
Energy Engineering. 2023. 120 (6). pp. 1307–1323. 
DOI: 10.32604/ee.2023.025863. 

19. Makohon S. [Heat accumulators — an optimal 
solution for increasing the flexibility of Ukraine's energy 
system]. — https://biz.censor.net/columns/3419495 
/teploakumulyatory_optymalne_rishennya_dlya_pidvy
schennya_gnuchkosti_energosystemy_ukrayiny (Acces-
sed: 10.06.2023) (Ukr.) 

20. IRENA. Electricity Storage and Renewables: 
Costs and Markets to 2030. 2017. — https:// 
www.irena.org/-/media/Files/IRENA/Agency/ 
Publication/2017/Oct/IRENA_Electricity_Storage_
Costs_2017.pdf (Accessed: 09.03.2023) 

21. Handbook on battery energy storage system. 
2018. — https://www.adb.org/sites/default/files/ 
publication/479891/handbook-battery-energy-storage-

system.pdf (Accessed: 09.03.2023) 
22. Sandia National Laboratories. DOE/EPRI 2013 

Electricity Storage Handbook in Collaboration with 
NRECA. — https://www.sandia.gov/ess/ 
publications/doe-oe-resources/eshb/doe-epri-nreca (Ac-
cessed: 09.03.2023) 

23. International Energy Agency. Prospects for 
Large-Scale Energy Storage in Decarbonised Power 
Grids. — https://iea.blob.core.windows.net/assets/ 
6bb67be5-0b74-403f-ac02-395c3f3a0762/energy_storage.pdf 
(Accessed: 09.03.2023) 

24. National Renewable Energy Laboratory. Using 
Hot Sand To Store Energy. — https:// 
cleantechnica.com /2021/08/31/using-hot-sand-to-
store-energy/ (Accessed: 27.03.2023) 

25. Grid Energy Storage Technology, Cost and 
Performance Assessment. — https://www.pnnl.gov 
/sites/default/files/media/file/ESGC%20Cost%20
Performance%20Report%202022%20PNNL-33283.pdf 
(Accessed: 09.03.2023) 

26. Pacific Northwest National Laboratory. — 
https://www.pnnl.gov/ESGC-cost-performance (Ac-
cessed: 09.03.2023) 

27. Utility-Scale Battery Storage. — https:// 
atb.nrel.gov/electricity/2022/utility-scale_battery_storage 
(Accessed: 09.03.2023) 

28. Hornsdale Power Reserve. South Australia’s big 
battery. — https://hornsdalepowerreserve.com.au 
(Accessed: 09.03.2023) 

29. Zaporozhets, A., Kostenko, G., Zgurovets, O., 
Deriy, V. Analysis of Global Trends in the Development 
of Energy Storage Systems and Prospects for Their 
Implementation in Ukraine. In: Kyrylenko, O., 
Denysiuk, S., Strzelecki, R., Blinov, I., Zaitsev, I., 
Zaporozhets, A. (eds.). Power Systems Research and 
Operation. Studies in Systems, Decision and Control. 
Vol. 512. Springer, Cham, 2024. DOI: 10.1007/978-3-
031-44772-3_4. 

30. Henze V. Global Energy Storage Market to Grow 
15-Fold by 2030. Bloomberg NEF, October 12, 2022. — 
https://about.bnef.com/blog/global-energy-storage-
market-to-grow-15-fold-by-2030/(Accessed: 16.03.2023) 

31. The International Renewable Energy Agency. 
Innovation Outlook Thermal Energy Storage. 2020. — 
https://www.irena.org/-/media/Files/IRENA/Agency 
/Publication/2020/Nov/IRENA_Innovation_Outloo
k_TES_2020.pdf (Accessed: 16.03.2023) 

32. Net-zero heat. Long Duration Energy Storage to 
accelerate energy system decarbonization. LDES Council 
in collaboration with McKinsey & Company, 2022. 69 p. 
— http://www.ldescouncil.com/assets/pdf/221108 
_NZH_LDES%20brochure.pdf (Accessed: 17.05.2023) 

33. Doczekal C. Heat Storages. Smart strategies for 
the transition in coal intensive regions. Project 
№ 836819, 2019. 9 p. — https://tracer-h2020.eu/  
wp-content/uploads/2019/10/TRACER_D2.1-Heat-
Storages.pdf (Accessed: 16.03.2023) 

34. Using Hot Sand To Store Energy. National Ren-



ISSN 2413-7723. Åíåðãîòåõíîëîã³¿ òà ðåñóðñîçáåðåæåííÿ. 2024. ¹ 4 17 

ewable Energy Laboratory. — https://cleantechnica.com 
/2021/08/31/using-hot-sand-to-store-energy/ (Accessed: 
27.03.2023) 

35. Bilodid V.D., Deriy V.O. [Maximum capacities 
of heat energy accumulation in centralized heating 
supply systems]. Problemy zahal’noi energetyky. 
[Problems of General Energy]. 2019. No. 2. pp. 41–45. 
DOI: 10.15407/pge2019.02.041. (Ukr.) 

36. Short- and long-term thermal energy storage in a 
residential setting, new blog by VITO. — https:// 
horizon2020-story.eu/short-and-long-term-thermal-energy-
storage-in-a-residential-setting/ (Accessed: 13.03.2023) 

37. Thermal Energy Storage. Technology-Policy 
Brief E17 — January 2013. IEA-ETSAP and IRENA. — 
https://iea-etsap.org/E-TechDS/PDF/E17IR%20 
ThEnergy%20Stor_AH_Jan2013_final_GSOK.pdf (Ac-
cessed: 06.04.2023) 

38. Innovation Outlook Thermal Energy Storage. 
IRENA, 2020. 144 p. — https://www.irena.org/          
-/media/Files/IRENA/Agency/Publication/2020/ 
Nov/IRENA_Innovation_Outlook_TES_2020.pdf (Ac 
cessed: 20.03.2023) 

39. [Alternatives to gas boilers]. Kompaniia 
“Tekmash” [Tekmash Company]. — https:// 
tekmash.ua/catalog/goods/82 (Accessed: 14.06.2023) 
(Ukr.) 

40. Kolinchenko S. [Electric heating boilers — tubu-
lar, electrode, and induction: what is the difference?]. 
— https://xn--e1aamjjfht.com.ua/elektricheskie-
kotly-preimuschestva-i-nedostatki (Accessed: 14.06.2023) 
(Ukr.) 

41. Nikitin Ye.Ye., Fedorenko V.N. [Selection of a 
heat source in heat supply systems based on the criterion 
of minimizing total costs]. Kommunalnaya i promy-
shlennaya teploenergetika. [Municipal and Industrial 
Thermal Energy]. 2012. 34 (4). pp. 58–66. (Rus.) 

42. [Electric boilers AVPE]. Pidpryiemstvo “El-
ektroteplomash” [Elektroteplomash Enterprise]. — 
http://www.etm.in.ua (Accessed: 14.06.2023) (Ukr.) 

43. [Electric boilers JASPI FIL-SPL and FIL-V 
(Finland)]. Kompaniia “Ekoterm” [Ekoterm Company]. 
— http://ekoterm.kiev.ua/ (Accessed: 14.06.2023) 
(Ukr.) 

44. [Calculator for determining the cost of non-
standard connection “turnkey” of customer installations 
to the electrical networks of distribution system 
operators]. Natsionalna komisiia, shcho zdiisniuie 
derzhavne rehuliuvannia u sferakh enerhetyky ta 
komunalnykh posluh. [National Commission for State 
Regulation of Energy and Public Utilities]. — 
http://www.nerc.gov.ua/calculator_nc/page.html 
(Accessed: 14.06.2023) (Ukr.) 

45. Zander & Ingeström. Hot water and steam 
boilers. — https://www.zeta.se/siteassets/zander--
ingestrom/elpannor/dokument-elpannor/hot-water-and- 
steam-boilers_en.pdf (Accessed: 14.06.2023) 

46. Lenchevskyi Y.A. [Automated control of power-
ful electric boilers as an effective means to reduce the 

unevenness of daily electric load schedules in the unified 
power system]. Problemy zahal’noi energetyky. 
[Problems of General Energy]. 2016. Iss. 4. pp. 50–57. 
DOI: 10.15407/pge2016.04.050. (Ukr.) 

47. Deriy V.O., Sokolovska I.S., Teslenko O.I. 
[Review of low-potential heat sources for heat pump 
installations in centralized heating supply systems]. 
Problemy zahal'noi energetyky. [Problems of General 
Energy]. 2022. No. 1–2. pp. 20–29. DOI: 10.15407/ 
pge2022.01-02.030. (Ukr.) 

48. Deriy V., Sokolovska I., Teslenko O.. [Asses-
sment of the potential of low-potential heat sources for 
heat pump installations in centralized heating supply 
systems]. Sistemni doslidzhennya v energetytsi. [Sys-
tem Research in Energy]. 2022. No. 1. pp. 4–18. DOI: 
10.15407/srenergy2022.01.004. (Ukr.) 

49. Schlosser F., Jesper M., Vogelsang J., Walmsley 
T.G., Arpagaus C., Hesselbach J. Large-scale heat 
pumps: Applications, performance, economic feasibility 
and industrial integration. Renewable and Sustainable 
Energy Reviews. Elsevier. 2020. Vol. 133(C). DOI: 
10.1016/j.rser.2020.110219. 

50. Basok B.I., Dubovskyi S.V., Pastushenko E.P., 
Nikitin E.E., Bazeev E.T. [Heat pumps as a trend of 
low-carbon energy development]. Enerhotekhnolohii ta 
resursozberezhennia. [Energy Technologies and 
Resource Saving]. 2023. No. 2. pp. 23–43. (Ukr.) 

51. Borchsenius Hans. [Heat pumps. Presentation by 
Norsk Energi]. 14 p. — https://encon.sumdu.edu.ua 
/doc/reports-presentations/presentations/1/Heat% 
20pumps.pdf (Accessed: 15.06.2023) (Rus.) 

52. World Energy Outlook 2021. — https:// 
iea.blob.core.windows.net/assets/ed3b983c-e2c9-401c-
8633-749c3fefb375/WorldEnergyOutlook2021.pdf (Ac-
cessed: 15.06.2023) 

53. Pieper H., Ommen T., Buhler F., Paaske B.L., 
Elmegaard B., Markussen W.B. Allocation of 
investment costs for large-scale heat pumps supplying 
district heating. Energy Procedia. 2018. Vol. 147. 
pp. 358–367. DOI: 10.1016/j.egypro.2018.07.104. 

54. Kulik M.M. [Comparative analysis of technical 
and economic characteristics of Kaniv Hydro Ac-
cumulating Electric Station and complex of consumer-
regulators for covering electric load schedules]. 
Problemy zahal’noi energetyky. [Problems of General 
Energy]. 2014. Iss. 4. pp. 5–10. (Ukr.) 

55. Derzhavne ahentstvo z enerhoefektyvnosti ta 
enerhozberezhennia Ukrainy [State Agency on Energy 
Efficiency and Energy Saving of Ukraine]. [Average 
weighted tariffs]. — https://saee.gov.ua/uk/content 
/serednozvazheni-taryfy (Accessed: 11.08.2023)  (Ukr.) 

56. Deriy V.O. [Evaluation of the economic 
efficiency of heat-generating technologies for centralized 
heating supply systems]. Problemy zahal’noi energe-
tyky. [Problems of General Energy]. 2021. Iss. 2. 
pp. 21–27. DOI: 10.15407/pge2021.02.021. (Ukr.) 

57. Derzhavna sluzhba statystyky Ukrainy. [State 
Statistics Service of Ukraine]. [Supply and use of energy 



18 ISSN 2413-7723. Åíåðãîòåõíîëîã³¿ òà ðåñóðñîçáåðåæåííÿ. 2024. ¹ 4 

in 2020]. — https://www.ukrstat.gov.ua/ (Accessed: 
10.08.2023) (Ukr.) 

58. Operator rynku [Market Operator]. [RDNP 
indices and average weighted prices]. — https:// 
www.oree.com.ua/index.php/indexes (Accessed: 14.08.2023) 
(Ukr.) 

59. Operator rynku. [Market Operator]. [Hourly 
electricity buy-sell prices]. — https://www.oree.com.ua 
/index.php/pricectr (Accessed: 14.08.2023) (Ukr.) 

60. Natsionalna komisiia z derzhavnoho rehu-
liuvannia u sferi enerhetyky ta komunalnykh posluh 
[National Commission for State Regulation of Energy 
and Public Utilities]. [Tariff for transmission services of 
electrical energy effective from January 1, 2023]. — 
https://www.nerc.gov.ua/sferi-diyalnosti/elektroenergiya 
/promislovist/tarifi-na-elektroenergiyu-dlya-nepobuto 
vih-spozhivachiv/tarif-na-poslugi-z-peredachi-elektrich 
noyi-energiyi/tarif-na-poslugi-z-peredachi-elektrichnoyi 
-energiyi-shcho-diye-z-01-sichnya-2023-roku (Accessed: 
14.08.2023) (Ukr.) 

61. Natsionalna komisiia z derzhavnoho rehuliu-
vannia u sferi enerhetyky ta komunalnykh posluh [Natio-
nal Commission for State Regulation of Energy and Pub-

lic Utilities]. [Tariffs for electricity distribution services 
effective from July 1, 2023]. — https://www. 
nerc.gov.ua/sferi-diyalnosti/elektroenergiya/promislo 
vist/tarifi-na-elektroenergiyu-dlya-nepobutovih-spozhi 
vachiv/tarifi-na-poslugi-z-rozpodilu-elektrichnoyi-ener 
giyi/tarifi-na-poslugi-z-rozpodilu-elektrichnoyi-energiyi 
-shcho-diyut-z-01-lipnya-2023-roku (Accessed: 14.08.2023) 
(Ukr.) 

62. Natsionalna komisiia z derzhavnoho rehuliuvan-
nia u sferi enerhetyky ta komunalnykh posluh [National 
Commission for State Regulation of Energy and Public 
Utilities]. [Tariff for dispatch (operational and techno-
logical) management services effective from January 1, 
2023]. — https://www.nerc.gov.ua/sferi-diyalnosti/ 
elektroenergiya/promislovist/tarifi-na-elektroenergiyu- 
dlya-nepobutovih-spozhivachiv/tarif-na-poslugi-z-dispe 
tcherskogo-operativno-tehnologichnogo-upravlinnya/ta 
rif-na-poslugi-shcho-diye-z-01-sichnya-2023-roku (Acces-
sed: 14.08.2023) (Ukr.) 

63. Cold Storage of Wind Energy — Night Wind. — 
https://cordis.europa.eu/docs/results/20/20045/ 
121790181-6_en.pdf (Accessed: 17.08.2023) 

 

Received August 31, 2024 
 
 
 
 
 

УДК 621.31 

Дерій В.О., канд. техн. наук, ORCID: 0000-0002-5689-4897, 
Нечаєва Т.П., канд. техн. наук, ORCID: 0000-0001-9154-4545, 
Згуровець О.В., канд. техн. наук, ORCID: 0000-0001-8439-9781 

 

Інститут загальної енергетики Національної академії наук України  
вул. Антоновича, 172, 03150 Київ, Україна, e-mail: derii.volodymyr@gmail.com 

 

Технологічні можливості 
підвищення резильєнтності систем електро- 

та централізованого теплопостачання України 
 

Анотація. Енергетична інфраструктура України переживає період значних трансформацій, зумов-
лених як зростанням частки відновлюваних джерел енергії, так і взятих Україною екологічних зо-
бов’язань. Різке збільшення потужностей сонячних та вітрових електростанцій через стохастичний 
характер їх роботи обумовило низку проблем із забезпечення резильєнтності (стійкості та віднов-
люваності) енергосистем, що вимагає вдосконалення методів та засобів їх балансування. Метою 
статті є визначення можливості та оцінка доцільності комплексного застосування технології Power-
to-Heat разом з акумуляторами електричної та теплової енергії для підвищення резильєнтності еле-
ктроенергетичних та теплоенергетичних систем, що також є науковою новизною. Поставлені цілі 
досягнуті методом порівняльного техніко-економічного аналізу та здійсненням моделювання ви-
користання технології Power-to-Heat в централізованому теплопостачанні. Виконаний аналіз та   
моделювання показали, що, вибираючи належним чином ємності електричних та теплових акуму-
ляторів, а також потужності електричних теплогенераторів, можна повністю вирішити проблему 
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надлишкової електроенергії від сонячних та вітрових електростанцій без введення примусового 
обмеження їх потужності, тим самим уникнути збитків, які за I половину 2021 року в України ста-
новили не менш 17,2 млн євро. Бібл. 63, рис. 8, табл. 2. 
Ключові слова: енергосистема, система централізованого теплопостачання, Power-to-Heat, 
накопичувачі електроенергії, теплові акумулятори, електричні котли, теплові насоси. 
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