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Abstract. In the context of growing threats to Ukraine’s energy security and the need to increase the autonomy of
the residential sector, the study of the effective combination of heat pumps and solar generation is highly relevant. The
aim of the study was to justify the feasibility of integrating an air-to-water heat pump into the hot water supply system
of an multi-apartment building equipped with a solar power plant, using a digital twin to improve energy efficiency and
autonomy. The following methods were used in the study: analysis of the actual energy consumption database, energy
modelling in the PV*SOL programme, instrumental monitoring of temperatures, water and electricity consumption, as
well as comparison of system configuration options taking into account seasonal characteristics. A comparison of heat
pump operating modes was carried out: full heating (up to 55°C) and bivalent (up to 35°C with reheating). Seasonal
efficiency, coverage of needs from the solar power plant and system balancing options were calculated. As a result, it was
found that the actual hot water consumption is 21.5 times lower than the standard, and more than 60% of the thermal
energy is spent on circulation. Excess generation by the solar array (over 16,000 kWh/year) can be effectively used to
heat water through a heat pump. In the heating mode up to 35°C, electricity consumption is reduced by 50.9% compared
to the full water heating mode (up to 55°C). The study also proposed a digital twin of a hybrid solar power plant-heat
pump system that adapts to changes in load and operating conditions. For the first time, a quantitative assessment of
the efficiency of the bivalent mode in real-life conditions has been carried out, taking into account actual consumption.
The results can be used for adaptive design of hot water supply systems in residential buildings. The proposed approach
allows reducing costs, increasing autonomy, reducing the load on the network, and adapting systems to crisis conditions
and changes in consumer behaviour

Keywords: autonomous heat supply; multi-apartment building; renewable energy sources; energy modelling; energy
efficiency

Introduction

In the context of the full-scale military aggression against
Ukraine, accompanied by regular attacks on critical energy
infrastructure, the issue of ensuring the energy independ-
ence of the housing stock has acquired not only technical,
but also social and national security significance. This chal-
lenge is particularly acute in multi-apartment buildings,

where stable electricity supply and hot water provision are
prerequisites for maintaining the basic living conditions of
the population during prolonged or sudden crises.

The problem of improving the energy efficiency of
multi-apartment buildings through the use of renewable
energy sources is actively studied in the global scientific
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literature (Martorana et al., 2021). Special attention is giv-
en to the synergistic combination of photovoltaic systems
(PV) and heat pumps (HP) for domestic hot water (DHW)
supply, which reduces dependence on centralised ener-
gy sources and increases the resilience of the residential
sector to energy challenges. The work of M. Alhuyi Naz-
ari et al. (2023) highlighted the significant potential of
hybrid systems that combine PV and HP to reduce fossil
fuel consumption and greenhouse gas emissions. The is-
sue of solar energy storage in the context of DHW demand
was explored by A. Gagliano et al. (2025), who analysed the
role of buffer tanks in smoothing out seasonal imbalances
between generation and consumption. Research by R. Du-
moulin et al. (2021) also confirmed the promise of seasonal
storage as a strategy for enhancing the autonomy of heat
generation systems, demonstrating the effectiveness of
combining a heat pump with a building-integrated pho-
tovoltaic/thermal system (BIPV/T), capable of adapting to
changes in electricity demand profiles and interacting with
the grid for real-time energy balancing.

Within the study by C. Zhang et al. (2021), the effi-
ciency of air-to-water heat pump systems integrated with
PV was experimentally verified. It was shown that with
appropriate configuration, the seasonal coefficient of per-
formance (COP) can reach 4.2 even in winter, significantly
improving the efficiency of renewable energy use during
the heating season. Practical approaches to the design of
rooftop PV systems were analysed in the report by A. Bo-
rodinecs et al. (2024b), which proposed a methodology for
assessing the feasibility of installing solar systems con-
sidering architectural and insolation constraints, as well
as financial payback criteria. In another study by A. Bo-
rodinecs et al. (2024a), the use of real electricity consump-
tion data in multi-storey residential buildings was exam-
ined for optimising the calculated capacity of PV systems.
The authors noted that accurate knowledge of daily con-
sumption profiles helps to avoid excessive daytime gen-
eration and improve the balance between consumption
and generation. In particular, it was proposed to take into
account changes in residents’ living patterns caused by
social circumstances.

Special attention in the literature has also been de-
voted to dynamic modelling of PV-HP hybrid systems,
accounting for climate parameter variations throughout
the year. In the context of hybrid system development,
a promising approach is the integration of photovolta-
ic-thermal (PVT) collectors with heat pumps, which, ac-
cording to A. Miglioli et al. (2021), makes it possible to
cover all thermal needs of a building with a high share of
renewable energy, increasing the efficiency of both solar
generation and heat pump equipment. In the studies by
R.E. Alden et al. (2023) and B. Xiang et al. (2021), the au-
thors emphasised the use of decision-making algorithms
(such as ELECTRE) for selecting the optimal system con-
figuration, considering climate conditions, consumer be-
haviour models and the local energy context. Such an in-
terdisciplinary approach enables the consideration of not

only technical but also social parameters of hybrid system
operation. In the work by I. Sokolovska et al. (2024) it was
investigated key barriers to the implementation of heat
pump technologies in district heating. They also system-
atised European experience in technical, economic and
regulatory support for the transition to low-carbon heat
sources. The analysis of proposed measures — ranging
from preferential tariffs to professional staff training —
may be applied to shape an effective strategy for deploy-
ing heat pumps in Ukrainian multi-apartment buildings.

Thus, there was a need to study the techno-economic
parameters and energy operating modes of heat pumps in
combination with solar power plants to provide hot water
supply under real multi-apartment building conditions. In
particular, the relevant issue was the proper selection of
heat pump parameters, taking into account seasonal load
variations, actual consumption profiles, the type of select-
ed water reheating scheme, and the characteristics of lo-
cal generation. The aim of this study was to determine the
optimal conditions for the application of a heat pump in
the hot water supply system of a multi-apartment building,
considering solar generation parameters, seasonal load
fluctuations and real consumption profiles.

Materials and Methods

A comprehensive scientific approach was applied in this
study, incorporating instrumental measurements, ener-
gy modelling, regulatory framework analysis, and digital
system modelling using the PV*SOL premium (n.d.). This
approach made it possible to assess the efficiency of heat
pump integration under real operating conditions of a
multi-apartment building. A range of scientific methods
were employed, including: the analytical method - for the
analysis of regulatory documentation, literature sources,
and studies in the field of renewable energy; the empiri-
cal method - for collecting data on actual hot water con-
sumption, supply and return temperatures, circulation
volumes, etc.; the comparative method — for comparing
normative and actual consumption indicators, as well as
the efficiency of different heat pump operating modes.
Mathematical modelling was also applied - to calculate
thermal loads under various operating modes of the heat
pump - alongside computer-based modelling carried out
in PV*SOL to assess the annual PV generation, determine
electricity surpluses, and evaluate their utilisation effi-
ciency. In a previous study, M.V. Politykin & O.I. Yatsen-
ko (2025) presented the results of PV*SOL-based model-
ling of a PV system for a multi-apartment building and
identified seasonal surpluses of unused electricity, which
could be effectively integrated into heat pump operation.

The object of the study was a typical multi-apartment
building located in Kyiv, operating under conditions of dis-
trict heating. The building belongs to the category of high-
rise residential development and has characteristic param-
eters typical of the housing stock of the late 20" — early 21
century. The main technical and operational characteris-
tics of the building are presented in Table 1.
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Table 1. Parameters of a multi-apartment building

Parameter Value
Purpose multi-apartment building
Number of floors 16 (+ technical floor and basement)
Number of apartments 75
Total number of residents 210
Temporarily not living there due to the war 63
Total area (m?) 9,664

Living area of the building (m?) 3,800.3

Total height of the building (m) 53

Source: technical passport and energy performance certificate of the building, provided by the condominium association

“Poryadok Sheptytskoho, 12”

The heating and hot water supply system of the build-
ing is centralised. Heat supply is provided through an indi-
vidual heat substation (IHS) located in the basement. This
configuration enables basic modernisation without the need
for complete dismantling of the systems, which is an impor-
tant advantage during reconstruction. A rooftop PV system
with a total installed capacity of 30.6 kW has been installed.
The system consists of photovoltaic panels mounted on
lightweight metal structures, ensuring an optimal tilt angle:

!

E!ﬂl
i

%
=
=
-
SNSRI e R

20°-30° towards the north and up to 10° in the east-west
plane. The complex is complemented by hybrid inverters,
a monitoring system (Leanheat® Monitor, Danfoss), pro-
tective equipment, and electricity storage based on battery
units. Additionally, data were obtained from an Apator PoW-
0Gaz JS-130-16 cold water flow meter, installed in the build-
ing’s heat substation, which measures water consumption
for the DHW module. Figure 1 presented the exterior view
of the residential building and the layout of a typical floor.

Figure 1. General view of the building and floor plan of a typical floor
Source: technical passport and energy performance certificate of the building, provided by the condominium association

“Poryadok Sheptytskoho, 12”

At the beginning of the study, initial data on the
apartment building was collected: structural character-
istics, number of residents, configuration of existing en-
gineering systems, and parameters of the installed solar
power plant. Next, instrumental measurements were taken
of actual hot water consumption, supply and return tem-
peratures, circulation losses, and electricity consumption
by common building systems. Based on this data, thermal
loads for the hot water supply system were modelled and
energy modelling of the solar power plant was performed
in the PV*SOL software environment to determine annu-
al generation volumes and seasonal surpluses. After that,
the operation of the heat pump was modelled using the
passport characteristics of the MGSDC-080IIC air-water

unit (manufactured in China) with a thermal capacity of
25 kW. The inlet water temperature was assumed to be 5°C
during the heating period and 10°C during the non-heat-
ing period. Two modes were considered: heating to 35°C
(with reheating in the heat exchanger to the standard
value) and heating to 55°C without an external source.
To compensate for hourly imbalances, two 1 m® hot water
storage tanks were installed. The average COP values of
the heat pump depending on the month are summarised
in Table 2. Electricity consumption, system balancing op-
tions, and a comparison of the standard and actual sce-
narios were calculated. To determine the energy balance
of electricity generation and consumption in the building,
measurements of electricity consumption for common
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building needs (cold water supply pumps, heating circula-
tion, DHW circulation, lighting, elevators — total nominal
load 11.92 kW) were taken, as well as measurements of ac-
tual electricity generation from the PV station and model-
ling of the heat pump under real consumption conditions.

The final stage was the implementation of the concept of a
digital twin of the building’s energy system, which allows
for hourly load changes, climatic parameters, behavioural
aspects of consumption to be taken into account and the
system’s operating modes to be adapted in real time.

Table 2. Heat pump parameters depending on the average air temperature and hot water temperature at the heat pump outlet

Month Average air temperature 2024, °C | COP (heating to 35°C) COP (heating to 55°C)
January -2.6 2.8 2.5
February 2.9 3.5 3.0
March 4.8 3.7 3.2
April 12.8 4.9 4.0
May 16.3 5.4 4.4
June 21.5 5.9 4.7
July 24.3 5.9 4.7
August 23.1 5.9 4.7
September 20.6 5.9 4.7
October 10.9 4.6 3.8
November 2.7 3.5 3.0
December 0.0 3.1 2.7

Source: compiled based on data from the technical passport of the heat pump and Climatic data for the city of Kyiv (n.d.)

The assessment of DHW needs was carried out in ac-
cordance with design standards. According to DBN V.2.5-
64:2012 (2013), daily water consumption in multi-apart-
ment residential buildings with centralised hot water
supply for one resident in climate zone I is 250 litres/day,
of which 100 litres/day is for hot water supply. Thus: av-
erage daily consumption of hot water per resident — 100
litres/day; total daily consumption of hot water for the
building - 21,000 litres/day or 21.0 m3/day; the annual
volume of hot water consumed is 7,665 m3/year; the ap-
proximate annual heat consumption for heating water
from 10°C to 55°C:

Q=7,665,000-4.19-45=1,445,516 k] =401.5 MWh/year.

To cover hot water supply loads, options for installing
an air-to-water heat pump with a thermal capacity of 30-50
kW were considered. The approximate average annual COP
value is assumed to be 3.0. Based on the preliminary calcu-
lation of the annual heat energy demand: Q=401.5 MWh,
the annual electricity consumption of the heat pump is de-
termined as:

E,,=Q/COP=401.5 MWh/year/3.0~ 133.8 MWh/year.

The solar power plant installed on the roof of the
building generates approximately 42 MWh of electricity
per year. Therefore, it is theoretically possible to cover HP’s
energy consumption using the PV:

42/133.8~31.4%.

However, it is important to consider the seasonal dis-
crepancy between the PV generation schedule and the
actual demand for heat energy for DHW. Without energy
storage, the direct use of PV electricity for DHW needs does
not exceed 10-15%.

Results and Discussion

In many large cities of Ukraine (Kyiv, Khmelnytskyi, Cherkasy,
Lviv, Dnipro, Rivne, Poltava, Sumy, Ternopil), as of 2025, cen-
tralised hot water supply systems are still in place, but their
efficiency is becoming increasingly difficult to maintain. This
is due to the prolonged absence of centralised heat supply in
the off-season, as well as the growing number of consumers
who are abandoning centralised services in favour of individ-
ual hot water preparation using electric boilers. This transi-
tion has systemic consequences — an increase in the load on
internal electrical networks, which are often not designed for
peak loads, especially in the morning and evening hours of
consumption (Alden et al., 2023). In addition, this situation is
accompanied by an increase in the budgetary burden, in par-
ticular due to the need for subsidised regulation of gas pric-
es for the needs of the population. In these conditions, the
formation of local autonomous energy supply systems is be-
coming increasingly relevant — solutions that can provide the
residential sector with stable energy even under restrictions
imposed by centralised systems. One of the empirical indica-
tors of increased interest in decentralised energy solutions is
the rapid growth in the number of purchases of solar power
plants in the budget sector. According to the Prozorro system,
during 2024 and early 2025, 1,113 lots were recorded relating
to the design, supply or installation of PV in state, munici-
pal and educational institutions. The total expected cost of
these purchases exceeded UAH 1.1 billion, of which 403 lots
were related to design work (architectural and engineering
design, development of design and estimate documentation,
preparation of energy solutions), which indicates structural
planning for modernisation (Prozorro BI module, 2025). Fig-
ure 2 illustrated the growth dynamics of the total number
of procurements in the field of PV installation in the budget
sector, as well as the share of design works, which makes it
possible to conclude that there is a systematic increase in the
potential of decentralised generation.
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Figure 2. Dynamics of procurement
by PV in the budgetary sector of Ukraine
Source: developed by the authors based on data from the
Prozorro BI module (2025)

Another important factor stimulating the development
of local energy systems is the state program for supporting
residential energy efficiency — “GreenDIM”. As of early 2025,
within this program 188 applications have been submitted,
of which 82 projects have already been implemented with
full or partial grant disbursement. The total floor area of
multi-apartment buildings covered by the projects exceeds
2.78 million m?, while the number of households amounts to
31,940 (Energy Efficiency Fund of Ukraine, 2025).

The obtained results are based on the analysis of the
technical characteristics of a typical multi-apartment resi-
dential building in Kyiv, equipped with a centralised heating
system and a PV plant. The object of study has an architec-
tural and operational profile typical of the modern hous-
ing stock, which allows the findings to be extrapolated to a
broader residential sector. The PV plant is designed to supply
electricity for common building needs: pumping equipment,
lighting of common areas, and elevators. However, results
of modelling conducted in PV*SOL in the previous study by
M.V. Politykin & O.I. Yatsenko (2025), along with the anal-
ysis of actual 2024-2025 production and consumption data
from the PV system, demonstrated the presence of a signif-
icant daytime generation surplus. In summer, up to 70% of
the generated electricity remains unused, while in winter
this figure is about 32%. On an annual basis, the unused
surplus electricity within the building amounts to 16,529.7
kWh. Thus, it must always be taken into account that the
operation of PV plants in the residential sector is charac-
terised by strong seasonal variability, as also emphasised by

A. Borodinecs et al. (2024a). This creates opportunities for
surplus utilisation - either through the “Active Electricity
Consumer” mechanism, which allows excess power to be fed
into the grid, or by connecting additional loads, as highlight-
ed by the Association of Solar Energy of Ukraine (2024). The
most promising direction is the supply of an electric heat
pump from the PV system, which can be integrated into the
domestic hot water (DHW) system, thereby increasing both
the efficiency and autonomy of the building. This approach
allows for the effective use of summer surpluses and reduc-
es electricity consumption from external grids (Gagliano et
al., 2025). Similar conclusions were reached by F. Wang et
al. (2024), who noted that coupling heat pumps with solar
generation ensures high seasonal efficiency even in climates
with moderate temperatures. In line with the present study,
K. Tomczuk & P. Obstawski (2024) also identified the prob-
lem of low PV self-consumption (16.9-19.0%) due to the mis-
match between generation and demand. In the current re-
search, several technical and functional measures for system
balancing were proposed: installation of DHW storage tanks
with a two-day capacity (= 42 m®); installation of electrical
storage batteries systems (100 kWh); and optimisation of the
heat pump’s operational algorithms to maximise daytime
operation. Comprehensive implementation of these meas-
ures allows the share of PV utilisation to be increased to 50-
60%, while reducing dependence on external energy supply.
Instrumental measurements of the building’s DHW
system confirmed a significant deviation of actual con-
sumption from the design values specified by DBN V.2.5-
64:2012 (2013). Actual daily DHW consumption by residents
amounted to approximately 1,250 L/day, corresponding to
456.2 m3/year, which is almost 21.5 times lower than the
normative daily consumption. At the same time, daily cir-
culation water volume in the DHW system reached 108,000
L/day, or 39,420 m®/year, which far exceeds the useful con-
sumption by residents. This indicates low energy efficiency
of the circulation loop. Particularly illustrative were the
temperature profiles presented in Figure 3, showing the dy-
namics of supply (T3) and return (T4) water temperatures
throughout the day. The average temperature difference
between supply and return lines was only 0.79°C, which
is an extremely low indicator. This may be attributable to
oversized circulation pumps and insufficient hydraulic bal-
ancing of the system, resulting in excessive heat losses.
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Figure 3. Graph showing temperature and hot water circulation over a 24-hour period
Source: developed by the authors based on data from the Leanheat® Monitor (Danfoss) monitoring system

Technologies and Engineering, Vol. 26, No. 3, 2025 81



Integration of a solar power plant and a heat pump...

Calculation of thermal loads on the DHW system based
on measurement results allowed determining the follow-
ing indicators: thermal demand for hot water heating
(10> 55°C) - 23.9 MWh/year; heat demand for maintain-
ing circulation — 36.2 MWh/year; total heat demand of the
DHW system — 60.1 MWh/year. It has been demonstrated
that more than half of all heat energy consumed is used

not to heat water for residents, but to maintain circulation.
Additional information on the profile of actual daily con-
sumption is shown in Figure 4, which depicts the average
daily dynamics of DHW consumption in the summer peri-
od. The highest consumption occurs in the morning and
evening hours, which corresponds to the typical behav-
ioural pattern of residents.

120

100

80
60
40
20+

Hot water
consumption, l/hour

Time of day

Figure 4. Daily hot water consumption graph (residents, without circulation)
Source: developed by the authors based on data from the Apator PoWoGaz ]S-130-16 cold water flow meter

At the same time, Figure 5 illustrated a comparison of
the calculated (design), actual, and adjusted heat consump-
tion, the latter corrected according to the current number
of residents. Taking into account that, as a result of the war,
63 people are temporarily absent, the actual number of resi-
dents has decreased to 147. This necessitated a revision of the

energy calculations: DHW consumption - 5,365.5 m3/year;
annual heat demand - 361.0 MWh; electricity consump-
tion of the heat pump (COP = 3.0) — 120.3 MWh; share of
demand covered by the PV system — increased to 35% (com-
pared with 31.4% when the DHW demand was assessed ac-
cording to design standards).

m Design (DBN 210 people)

= Actual measurements

m Calculation according to DBN (147 people)

200

for DHW, MWh/year

Annual heat demand

o

Figure 5. Comparison of calculated and actual heat energy requirements for domestic hot water supply in a building

Source: compiled by the authors based on own calculations

Based on these data, a comparative analysis of the bal-
ancing parameters of the hot water supply system was car-
ried out for two scenarios — the standard scenario and the
actual one. Table 3 showed the calculation results for the

heat pump capacity, the volume of accumulator tanks, and
the capacity of electricity accumulators for both options.
In addition, the table shows the accepted parameters that
were used in this study.

Table 3. Comparative parameters of the DHW balancing system

Indicator Unit of measurement Estimate Estimate Accepted
(standard consumption) | (actual consumption) | in the pilot project
Heat pump capacity kw 45.8 kW 10.9 kW 25
Volume of the accumulator tank m3 42 m3 250 2
(2 days)
Capacity of the electricity KWh 100 KWh 43.6 75
accumulator (2 days)

Source: compiled by the authors based on own calculations

help of an adaptive configuration of the elements of a hy-
brid energy complex, it is possible to significantly reduce
the initial costs of equipment and increase the level of

The results obtained confirmed the feasibility of a
flexible approach to the design of the domestic hot water
(DHW) system based on actual monitoring data. With the

82 Technologies and Engineering, Vol. 26, No. 3, 2025
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autonomy through the optimal use of existing PV genera-
tion. In addition, this approach ensures the stability of the
temperature regime of consumption and allows for a quick
response to changes in weather conditions or user behav-
iour, which is especially important for improving energy
efficiency in decentralised heat supply conditions.
According to the modelling results obtained in PV*SOL
premium (n.d.) and presented in the earlier study by M.V.
Politykin & O.I. Yatsenko (2025), on a typical summer day
around 70% of the electricity generated by the solar array
remains unused, while in winter this figure is about 32%.

In annual terms, 16,529.7 kWh of electricity produced by
the PV system was not consumed within the building. This
creates additional opportunities for its effective utilisation,
in particular by directing part of the surplus generation to
power the heat pump for DHW heating. The COP values
obtained, as summarised in Table 2, served as the basis
for calculating the building’s energy balance. This enabled
the determination of electricity consumption volumes and
coverage for DHW demand through the integration of the
existing solar generation. Based on this modelling, the en-
ergy balance presented in Table 4 was developed.

Table 4. Electricity consumption and generation indicators for a residential building with a PV and heat pump

Total electricity Total electricity | Electricity consumption | Electricity consumption Unused
Month consumption generation by HP (water heating | by HP (water heating to generation
without HP (kWh) by PV (kWh) to +35°C) (kWh) +55°C) (kWh) (kWh)
January 4,577.9 825.5 161.2 242.3 220.8
February 3,880.4 1,320 145.4 218.5 507.9
March 3,979.2 2,318.2 162.4 243.9 1,048.1
April 1,635.8 2,829.5 135.7 205.2 2,079.2
May 1,690.3 3,421.8 123.2 186.4 2,512.4
June 1,431.3 3,285.8 109.6 165.8 2,471.2
July 2,183.3 3,316.3 111.1 167.9 2,160.5
August 1,619.9 3,146.2 116.2 175.6 2,328.7
September 1,601.7 2,462 121.5 183.7 1,690.4
October 2,570.7 1,821.3 133.8 202.4 1,050.3
November 4,293.9 796.3 146.8 222 257.7
December 5,035.7 525.2 1574 2379 116.1
Per year 34,500.1 26,068.1 1,624.3 2,451.6 16,443.3

Note: total electricity consumption without HP — measurement data; all other data — simulation data

Source: compiled by the authors of the study

As a result of the analysis of Table 4, the annual elec-
tricity consumption of the heat pump decreased by 50.9%:
from 2,451.6 kWh when heating fully to 55°C, to 1,624.3
kWh in the scenario of partial heating to 35°C. This ap-
proach allows for a more rational utilisation of solar gener-
ation under its constrained profile. However, the electricity
savings were accompanied by an increased demand for ther-
mal energy from external sources to reheat the water from
35°C to the normative level, which complicates a straight-
forward assessment of the scheme’s overall effectiveness.

The application of a bivalent heating scheme, whereby the
heat pump performs the primary heating only up to 35°C
and the final reheating to the normative 55°C is provided
by an external thermal energy source (e.g. a district heating
network), enables an average increase of 20% in the sea-
sonal coefficient of performance (COP) of the heat pump
over the year compared with the full heating mode to 55°C
(Fig. 6). This effect is due to the reduced temperature lift
at which the heat pump operates, which significantly im-
proves its energy efficiency.

mHP up to +35°C mHP up to +55°C

January February March  April May June

July August September October November December

Figure 6. Monthly energy consumption per heat pump at water heating temperatures of 35°C and 55°C

Source: compiled by the authors of the study

Under standard regulatory conditions, the choice be-
tween monovalent and bivalent schemes is typically made
on the basis of a techno-economic assessment. However,
under the current conditions of martial law in Ukraine,

Technologies and Engineering, Vol. 26, No. 3, 2025
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and the sharp rise in electricity costs driven by increased
imports, capacity shortages and the expenses associated
with restoring the energy infrastructure, conducting a full
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techno-economic comparison becomes considerably more
challenging. In this context, integrated digital models are
increasingly being applied to decision-making, as they
enable real-time adjustment of input parameters (tariffs,
consumption schedules, source capacities) and allow sce-
nario forecasting that accounts for external factors. This
approach was implemented in the present study.

Figure 7 presented a month-by-month comparison of
electricity generation from the solar power plant and the to-
tal electricity consumption of the residential building, tak-
ing into account the operation of the heat pump in reheating

mode up to 55°C. As shown in Figure 7a, between April and
September a surplus of solar generation was observed: the
monthly electricity output exceeded the system’s require-
ments both for common-use building needs and for domes-
tic hot water supply. This creates opportunities for the au-
tonomous operation of the building’s energy system during
the warmer months, covering hot water demand entirely
with solar energy without reliance on the district heating
network. By contrast, in the autumn-winter period (Octo-
ber-March), the balance shifted: electricity consumption ex-
ceeded PV output, necessitating additional supply sources.
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Figure 7. Comparison of electricity generation and consumption
by a residential building, taking into account the installation of a heat pump
Note: a - 25 kW and actual hot water consumption; b — 50 kW and estimated hot water consumption according to DBN V.2.5-

64:2012 (2013)
Source: compiled by the authors of the study

A comparison of actual hot water consumption by res-
idents (Fig. 7a) with the calculated standard consumption
according to DBN V.2.5-64:2012 (2013) for 210 people (Fig.
7b) showed fundamental differences in the ratio of PV gen-
eration and total electricity consumption. The building’s
real energy consumption, when adjusted for the observed
DHW profile and actual occupancy, is significantly lower
than the regulatory estimate. This enables a more effec-
tive integration of the PV system into the energy supply,
achieving a higher share of autonomous coverage, reducing
the need for storage, and lowering peak loads. Given the
large number of variables and their interaction over time,
the optimal approach is to use a digital twin of the build-
ing’s energy system. Such a digital twin allows not only to
simulate the operation of the heat pump, taking into ac-
count climatic and behavioural data, but also to perform
adaptive optimisation of operating modes in real time.

A schematic diagram of the energy complex with a so-
lar power plant and a heat pump in a bivalent scheme is
shown in Figure 8. It includes interaction between power
sources (PV, Energy storage, power grid), thermal energy
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storage devices, heat exchangers and a heat pump that can
operate in both mono- and bivalent modes. It also provides
for the possibility of automated control of pumps, switch-
es, heat exchangers and energy management modules.
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Figure 8. Schematic diagram of an energy complex
with a solar power plant and a heat pump
Source: compiled by the authors of the study
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For the verification of the digital twin, detailed moni-
toring of the system parameters is planned. A complete list
of key parameters is presented in Table 5, which specifies
both physical quantities (energy consumption, tempera-
tures, water volumes) and the frequency of their collection.

Particular attention is given to temperature control (T1-
T4), PV generation, own consumption, the operation of
the heat pump (EHP), as well as individual apartment-level
electricity consumption by residents (Eap1...75), which is a
key factor for the development of accurate models.

Table 5. Monitoring parameters for digital twin verification

Parameter Designation Unit Monitoring period
Total heat energy consumption of the building Qtotal Gcal 2 min
Heat energy consumption for heating Qheat Gcal 2 min
Heat energy consumption for DHW with circulation Qdhw Gcal 2 min (Qgen-Qheat)
Outdoor air temperature Tout °C 2 min
Supply temperature from heat network T1 °C 2 min
Return temperature to heat network T2 °C 2 min
Supply temperature to DHW T3 °C 2 min
Return temperature from DHW circulation T4 °C 2 min
Cold water consumption for DHW Vmin m®/year 2 min
Circulation water consumption Vcirc L/hour 2 min
PV generation Gpv kWh 1 min
Own PV consumption Gconsu kWh 1 min
Heat pump electricity consumption EHP kWh 1 min
Apartment-level electricity consumption Eapl..75 kWh 1 month
Indoor air temperature Tapl..75 °C 1 hour (sampled flats)

Source: compiled by the authors of the study

According to M. Bezrodnyi et al. (2017), the combined
use of atmospheric air heat and solar energy in heat pump
systems can significantly increase the efficiency of heat
pumps during the cold season. This was confirmed by the
results of the author’s research. However, unlike the work of
M. Bezrodnyi et al., which focused on increasing the air tem-
perature in front of the evaporator using solar collectors, the
current study demonstrated the possibility of effectively us-
ing excess solar generation to power the heat pump, which is
particularly relevant in conditions of energy resource short-
ages. Unlike the studies by A. Borodinecs et al. (2024a), which
analysed the potential of rooftop PV for communities under
standard operating conditions, this study found significant
deviations in actual hot water consumption from standard
values (21.5 times lower), which highlighted the need for an
adaptive approach to the design of hybrid systems. Although
A.Borodinecs et al. emphasised the importance of analysing
real electricity consumption data to optimise the capacity
of PV (covering up to 77% of needs), the authors’ results ex-
panded this approach, demonstrating the key role of circula-
tion losses (over 60%), the efficiency of the bivalent mode of
the heat pump (50.9% reduction in electricity consumption),
and the advantages of digital twins over static models (as in
PolySun by A. Borodinecs et al.).

Research by F. Wang et al. (2024) on hybrid systems
demonstrated an increase in COP to 3.92 (+18.7% compared
to traditional systems) and a reduction in energy costs. These
results are consistent with the findings of the current study
on the effectiveness of integrating PV and heat pumps, espe-
cially in conditions of unstable solar radiation. In addition,
M. Zohri et al. (2024) summarised the efficiency of hybrid
systems based on collectors, PV and PVT, emphasising the

importance of multi-source power supply and mathematical
modelling for predicting their performance. However, unlike
the proposed approach with parameter optimisation (PVT
area, tank volume, etc.), the authors’ solution with a digital
twinallows the system tobe dynamicallyadapted toreal condi-
tions without being rigidly tied to fixed geometric parameters.

The results of the study by Y. Lin et al. (2022) showed
that research on SAHP (solar-assisted heat pump) systems
is intensifying in China, with an emphasis on the effi-
ciency of key components (evaporators, heat exchangers,
compressors), but there is a lack of attention to intelligent
control algorithms and economic feasibility, taking into ac-
count regional climatic characteristics. This study partially
addressed these challenges, as the digital twin model took
into account both climatic and behavioural consumption
factors, as well as scenarios for bivalent heat pump con-
trol to improve energy efficiency. These conclusions were
consistent with the author’s approach to adaptive design
and the use of a digital twin, which allows real operating
conditions to be taken into account.

J. Uche et al. (2024) emphasised the high efficiency
of RES-based polygeneration systems designed for mul-
ti-apartment buildings. The authors proposed strategies for
an optimal energy mix, taking into account local needs and
the architecture of the residential sector. The current study
confirmed the relevance of such approaches in the context
of Ukrainian realities, in particular the need to adapt the
hot water supply system to the actual load, seasonal fluctu-
ations and consumption patterns. In this context, it is worth
mentioning the model of intelligent decision support for
the modernisation of the housing stock proposed by S. Ma-
liar (2024), which provides a comprehensive assessment of
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economic, technical and operational factors when selecting
an effective configuration of energy solutions.

In addition, a study by R. Galvin (2022) highlighted
the problem of households in Germany being unwilling to
install PV systems that significantly exceed their own con-
sumption due to a lack of economic motivation. The author
suggested considering PV systems in combination with
heat pumps as a single integrated complex, which allows
increasing the share of self-consumption and reducing the
payback period. R. Galvin also emphasised the importance
of optimal PV system power calculation, taking into ac-
count behavioural factors, load profile and energy storage
system potential. These conclusions are consistent with
the approach implemented in this work, which emphasised
the need for accurate modelling and personalised selection
of equipment configuration.

Thus, the results obtained indicate the technical and
economic feasibility of installing a heat pump in the hot
water supply system of an apartment building with a solar
power plant. Analysis of system operation scenarios at dif-
ferent times of the year demonstrated significant potential
for increasing the autonomy of the building and reducing
the load on centralised networks. An important part of the
study was the creation of a digital twin of the energy sys-
tem, which made it possible to take into account variable
climatic, behavioural and technical factors when modelling
the operation of the equipment. This approach ensures
high accuracy of analysis and creates a basis for the devel-
opment of adaptive control strategies.

Conclusions

This study carried out a comprehensive energy model-
ling of the domestic hot water (DHW) system for a typical
multi-apartment building, taking into account the existing
PV installation and the integration of an air-to-water heat
pump. A distinctive feature of the approach was the use of
both real monitoring data (temperature profiles, hot water
consumption volumes, circulation losses) and simulation
results obtained with the PV*SOL software environment,
considering the climatic conditions of Kyiv. Actual hot wa-
ter consumption by residents turned out to be significantly
lower than the normative design values. This deviation is
explained not only by the reduction in the number of res-

to the design and justification of loads in DHW systems. The
circulation component of the DHW system remained the
main source of heat losses, even under conditions of a very
small temperature difference between supply and return
(0.79°C). This indicated the excessive capacity of circulation
pumps and highlights the need to revise control algorithms
and hydraulic balancing during the reconstruction of utility
networks. The use of the heat pump in bivalent mode, with
preliminary water heating to 35°C, makes it possible to in-
crease the average monthly COP to 4.8 during the summer
period and reduce annual electricity consumption by more
than 50% compared with the scenario of full electric heating
to 55°C. At the same time, part of the total thermal load is
transferred to the district heating network, which is particu-
larly relevant in the context of high electricity tariffs.

Solar electricity generation exceeds the building’s de-
mand for 6-7 months of the year, as confirmed both by
PV*SOL modelling results and by analysis of actual meas-
urements. The total unused potential of PV generation
per year amounts to more than 16,000 kWh, which creates
preconditions for the effective use of excess energy in the
heating system through the heat pump and storage. The
mathematical model developed on the basis of real data
enabled the implementation of the digital twin concept
of the building’s energy system. Such a twin allows: mod-
elling equipment operating modes depending on weather
conditions and load profiles; optimising the choice of heat
pump capacity, buffer tank volume and electricity storage;
forecasting scenarios of autonomous building operation un-
der conditions of critical shortages of centralised resourc-
es. Future research prospects include dynamic modelling of
the system with hourly variability, optimisation of control
algorithms, integration of real monitoring data, and eval-
uation of the economic feasibility of implementing hybrid
system elements under conditions of unstable tariff policies.
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AHOTALA. B yMoBax 3pocTaHHs 3arpo3 eHepreTnuHii 6esmneni Ykpaidy ta HeoOXigHOCTI MiABUILEHHS] aBTOHOMHOCTI
SKUTJIOBOTO CEKTODY, HOCTimkeHHS eheKTMBHOTO IOE€JHAHHS TEeIUIOBMX HACOCiB Ta COHSAYHOI TeHepallii € BKpait
aKkTyaJibHMM. MeTOl0 JOCimskeHHsT 6y/0 OOIPYHTYBaHHS IOIIBHOCTI iHTerparii TeIioBOTO Hacoca THUITY «IOBITpSI-
BOJa» Y CUCTEMY rapsiuoro BOLOIMOCTAUaHHS 6araTOKBApTUPHOTO OYAMHKY, OCHAIIEHOTO COHSTYHOIO0 eeKTPOCTaHIIi€lo,
3 BUKOPUCTAHHAM LMGPOBOro ABiliHMKA 3811 MiIBUILEHHS eHeproedekTUBHOCTI Ta aBTOHOMHOCTI. Y IOCTiIKeHH]
3aCTOCOBAHO HACTYIHI MeToau: aHami3 GaKkTUUHOI 6a3M eHeprocrnoKMBaHHS, eHepreTUUHe MOJETIOBAHHS B Mporpami
PV*SOL, iHCTpyMeHTalbHMIT MOHITOPMHT TeMIIepaTyp, BUTPAT BOLY ii eleKTPOeHeprii, a TAaKOX MOPiBHSHHS BapiaHTiB
KoHbirypanii cucrem 3 ypaxyBaHHSIM Ce30HHMX 0CO6aMBOCTei. [IpoBemeHO MOPIiBHSIHHSI PEXKMMIB POOOTHU TEIIOBOTO
Hacoca: MoBHOro HarpiBy (mo 55 °C) i 6iBasmeHTHOro (mo 35 °C 3 morpiBom). Po3paxoBaHO Ce30HHY e(peKTUBHICTb,
TIOKPUTTSI TIOTPe6 BiJl COHSUHOI eNeKTPOCTaHIlii Ta BapiaHTU GajaHCyBaHHS CUCTeMU. B pe3ynbTaTi BCTaHOBJIEHO, 1[0
(axTuuHe CcrioskMBaHHS rapsiuoi Bogy y 21,5 pa3a HUKUe HOPMATUBHOTO, a oHax 60 % TerioBoi eHepTii BUTpaya€eThCst
Ha UMPKy/sIio. HanauiikoBa reHepallisi COHSYHMM MacuBoM (moHap 16 000 kBT-ron/pik) mMoxke 6yTu edeKTUBHO
BMKOPMCTaHA ISl HarpiBy BOAM Uepe3 TeryioBuit Hacoc. Y peskumi HarpiBy 1o 35 °C eneKTpOCIOKMBAHHS 3HMKYETHCS HA
50,9 % MOpPiBHSHO 3 PEXMMOM ITOBHOTO HarpiBy Boau (1o 55 °C). Takox, B poOOTi 3aIIpOIIOHOBAHO IIM(PPOBUIT ABITHMK
ri6puaHOI cucTeMM COHSTYHA eIeKTPOCTAHIIisSI- TeTUIOBMIA HACOC, 0 aJanTyeThCs 10 3MiH HaBaHTaKeHHSI Ta YMOB POOOTH.
Briepiiie mpoBeeHO KibKiCHY OI[iHKY e()eKTMBHOCTI 6iBaIeHTHOTO PesKMMY B yMOBAX PeaJbHOTO OYIMHKY 3 ypaxyBaHHSIM
daxTuUHOrO CrIOKMBaHHS. Pe3ynbTaTy MOXYTh OYyTM BUMKOPUCTAHI IJST afaniTUBHOTO MTPOEKTYBAHHS CUCTEM Tapsiuoro
BOJIOIMOCTAYaHHS Y SKUTAOBUX OyIMHKAX. 3aIIPOTIOHOBAHMIA IMiIXiJ] JO3BOJISIE 3HU3UTY BUTPATH, ITi IBUIIATY aBTOHOMHICTb,
3MEHIINTY HaBaHTa)XXeHHSI Ha Mepexy ii afanTyBaTy CUCTEMM 1O KPM30BMX YMOB i 3MiH y ITOBEeJiHIIi CIIOKMBaYiB
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