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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

MWth
500

450
400
350
300
250
200
150 ==

00

50 —

0o
2003 2004 2005 2006 2007 2008 2009 2010 20m 2012 2013 2014 2005

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
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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)
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[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:

C*=C"+C*, (1)
where C* — specific cost of implementing an
electric boiler, euro/kW; C* — specific cost of
the boiler, euro/kW; C% — 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 x 57 doll. = 4560 doll., 1 day of
work of 3 mechanics and 2 electricians — 89 doll.,
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Figure 3. Specific investment costs for the implementa-
tion of heating boilers.
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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 & Ingestrim. 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
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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].
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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

Air, ventilation emissions 1.0 0.286 3.5 750
Xzsgiigliieisazz thermal power plants 10 0.95 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 Gceal
of thermal energy will be produced and natural gas
consumption by DHS boilers will be reduced by
about 1100 m®, 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

Ve ~
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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:
PtDS+PtVS iPtRS iBES iPtF_ZtL_ZtEHG:O, (2)
where ¢ is time; P25 is the power of dispatchable
sources (TPPs, CHPs, NPPs, HPPs); P,”S is the
power of variable sources (WPPs, SPPs); P/ is
the power of regulating sources (TPPs, PHPPs);
P/ES is the power of electric energy storage systems;
P/ is the power of electricity flow; Z* is the power
of electric load; Z/£"6 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:

0’ +4/" —q; +4/" £q[ =0, (3
where ¢/ is the capacity of boilers; ¢ is the
capacity of CHP; g/* is the capacity of heat load;
q:“¢ is the capacity of electric heat generators; g,
is the capacity of thermal storage.

In the balance equation of the existing power
systems, there are no P/ and Z/ 7S components,
and in the DHS no ¢/%% and ¢/5. Therefore, the
sustainability of power systems is ensured if:

PtRS > AZIL +APtCS , (4)
where AZ:* is the change in the electric load of the
power system; AP;S 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
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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:

AZL AP[CS . (5)

As can be seen from expression (5), additional
components of PS5 and Z/£7% can provide wider
opportunities to maintain the balance of power and
sustainability of power systems (P 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:

MLPOE, = LCOE, + LCOF, (6)

where MLPOE], is the marginal levelized price of
heat energy of the k-th technology implemented at
the enterprise; LCOE} is the levelized cost of heat
energy of the individual k-th heat generating
technology; LCOP; 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,
IC, + ZHQ +CIm 4 CE 4 ZC;’; +CP +C j (1+7)" }
t=1
. ©)
Z QA[ (1 + r)il
t=1

LCOE, =

where IC, are the investment costs; ¢ is the period
of project operation (year); T, is the operational
lifespan of the k-th type of heat-generating tech-
nology (years); Cy™* are the cost of maintenance
and operation for period t; Ci/* are the cost of fuel
and energy resources for period t; Cr™ is the pay-
ment for greenhouse gas (GHG) emissions for pe-
riod ¢; Cp is the payment for emissions of the
j-th pollutant for period t; Ci® are the interest
payments on the loan for period ¢; Cu are the
funds allocated for the decommissioning of the
technology at the end of period ¢; Qy is the amount
of heat produced for period ¢; 7 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:

TZ[(P” FRE P L R 4B )(14r)

LCOP, === , (8)

7,

>0, (1+r)"

t=1

where Pp® are the benefits from the provision of
ancillary services when implementing the k-th type
of electric heat or cogeneration technology; P/
are the profit from reducing natural gas (fuel)
consumption when implementing the k-th type of
heat generating technology; Pp", Py’ are the
benefits from reducing greenhouse gas and
pollutant emissions due to reduced fossil fuel
consumption, respectively; Py are other benefits
(sale of electricity by cogeneration units, provision
of cooling services when wusing 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 Gecal),
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 /Gecal; 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/MWHh; cost of electricity
during nighttime dip in the electric load profile —
35, 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
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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/MWHh.

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

MLPOE, VAR Geal = MLPOE =1

Phb. vears
2500 Lz 7

/‘/-’T
10845
6
2000 rree
l;y/-' x
- o A
12008
4
(TR K]
' .73 .
M 4
117.4
400 L i

Electricity cost, €MWh

L] LE] & 63 70 ki1 a0 a5

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 wused 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

Low-potential heat source
L Flue gases ‘ Ventilation emissions, air ‘ Waste water
Electricity cost, -
euro/ MWh Indicators
MLPOE, Pb, years MLPOE, Pb, years MLPOE, Pb, years
UAH /Gcal UAH /Gcal UAH / Gcal
95 25.5 2.0 500.6 4.3 898.3 7.7
100 97.6 21 583.1 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




ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2024. No 4 15

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 m?, 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.
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TexHOJIOr1YHI MOYKJIUBOCTI
Mi/[BUIEHHS] PE3UJbEHTHOCTI CUCTEM €JIEKTPO-
Ta IEHTPaJi30BaHOTO TEIIONOCTaYaHHA Y KpaiHu

AnoTauis. Eneprernuna iHppacTpykTypa YKpaiHH IepexuBae nepiol 3HaYHUX TpaHCPOpMaIliif, 3yMOB-
JICHUX SIK 3pOCTaHHIM YaCTKH BiJJHOBIIIOBAHHX JDKEpEN €HEPril, Tak 1 B3sTHX YKpPaAiHOIO €KOJIOTIYHUX 30-
00B’s13aHb. Pizke 301IbIIICHHS TOTYKHOCTEH COHAYHHX Ta BITPOBUX €IIEKTPOCTAHIIIH Yepe3 CTOXaCTUIHUN
xapakTep ix poboTn 0OyMOBHIIO HU3KY MpoOIIeM i3 3a0e3meueHHs pe3nIbeHTHOCTI (CTiMKOCTI Ta BiHOB-
JIIOBAHOCTI) €HEPrOCUCTEM, [0 BUMArae BJIOCKOHAJICHHS METOJIB Ta 3aco0iB iX OamaHcyBaHHsS. MeToro
CTaTTi € BU3HAYCHHS MOXKJIMBOCTI Ta OIfiHKA JAOIIIFHOCTI KOMILIEKCHOTO 3aCTOCYBaHHS TeXHOJOTii Power-
to-Heat pa3om 3 akyMyJIsiTOpaMu €IEKTPUYHOI Ta TEIJIOBOT eHepril JuIsl iIBUILIEHHS PE3UIILEHTHOCTI elle-
KTPOCHEPreTUYHHX Ta TEIIOCHEPTeTUYHUX CHCTEM, 110 TaKOXK € HayKOBOIO HOBH3HOO. [locTaBmeHi misi
JIOCATHYTI METOJIOM TOPiBHSIIPHOTO TEXHIKO-€KOHOMIYHOTO aHANi3y Ta 3AIHCHEHHSIM MOJICTIOBAHHS BHU-
KopucTaHHs1 TexHouorii Power-to-Heat B meHtpamizoBaHoMy TerionocrayaHHi. BukoHaHuil anamiz Ta
MO/JICTIFOBAHHSI TIOKA3aJIH, 1110, BUOUPAIOYN HAICKHUM YHHOM EMHOCTI €JIeKTPUYHUX Ta TEIIOBUX aKyMy-
JISITOPIB, & TAKOX MOTYXHOCTI €JIeKTPUYHUX TEIUIOreHEepaTopiB, MOXKHA IMOBHICTIO BUPILIUTH MPOOIEMY
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HAJTMIITKOBOI €JIEKTPOEHEPTil BiJl COHIYHUX Ta BITPOBUX €IEKTPOCTAHIINA Oe3 BBEACHHS MPHUMYCOBOTO
00OMEeXeHHS 1X MOTYKHOCTi, THM CaMUM YHHKHYTH 30UTKIB, siki 3a | monoBuny 2021 poky B Ykpaiuu cra-
HOBWJIM He MeHI 17,2 mutH €Bpo. Bibn. 63, puc. 8, maba. 2.

KimouoBi cjoBa: eHeprocucreMa, cucTeMa IeHTPATi30BaHOTO TeIsIonocTayants, Power-to-Heat,
HAKONNUYyBaydi eJIeKTPOeHeprii, TeIIOBI aKyMyJIATOPHU, €JeKTPUYHi KOTJIM, TEILIOBi HACOCH.
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