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The object of the study: a system with a photovoltaic
thermal hybrid solar collector.

The main problem addressed is to enhance the conver-
sion and utilization efficiency of solar energy by developing
a new design of photovoltaic thermal hybrid solar collector.

A computer model of the proposed design of a photovol-
taic thermal hybrid solar collector (PVT) was developed,
and its thermotechnical characteristics were investigated.
Patterns of temperature changes in the heat transfer fluid
in PVT and thermal accumulator over time of irradiation
were determined. It is shown that the instantaneous ther-
mal power of the solar collector was 540 W/m?, and the
efficiency was 0.6. Changes in the instantaneous specific
thermal power of the system with PVT (up to 450 W/m?)
and its efficiency in heat accumulation in the accumula-
tor (0.5) were studied. The high efficiency of PVT can be
explained by its optimal design, which ensures simultane-
ous production of thermal and electrical energy, as well as
balancing of the operation of the thermal and photovoltaic
parts. The main difference between the developed model
and existing analogs is the comprehensive consideration of
the interaction of the thermal and photovoltaic parts in one
installation. The model allows optimizing the PVT design to
increase its efficiency. The research has allowed develop-
ing a new design of a photovoltaic thermal hybrid solar col-
lector, which ensures high efficiency of conversion and uti-
lization of solar energy.

The obtained results and the developed model provide
a basis for further improvement of PVT and its implemen-
tation in power systems of buildings and technological pro-
cesses to increase the share of solar energy utilization and
reduce fossil fuel consumption

Keywords: power system, combined solar collector,
alternative energy sources, photovoltaic solar collector
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1. Introduction

The rising cost of traditional energy sources, the struggle
for their deposits and wars, and environmental pollution are
driving the increasing use of unconventional energy sources.
Research on the development and improvement of hybrid
solar collectors is extremely important in the context of the
global challenges of climate change and the need to switch to
renewable energy sources. The global scientific community
and international organizations emphasize the urgent need
to reduce greenhouse gas emissions and phase out traditional
fossil fuels. Solar energy, in particular hybrid systems that
combine photovoltaic and thermal conversion of solar radia-
tion, has significant potential to provide a sustainable and
environmentally friendly power supply.

The results of research on hybrid solar collectors are
essential for practical application. They can improve the
efficiency of solar energy use, reduce energy dependence on
traditional sources, and cut heating and electricity costs for
both residential and industrial facilities.

Hybrid solar collectors, combining photovoltaic and
thermal technologies in a single system, are of considerable
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interest to researchers and developers in the field of renew-
able energy. These systems provide efficient use of solar ra-
diation while generating electricity and heat, which increases
their overall performance compared to separate photovoltaic
or thermal solar systems.

Hybrid solar collectors can achieve an overall solar
conversion efficiency of about 70—80 %, with a significant
portion of this efficiency in the thermal part. However, the
design and integration of these systems require careful ba-
lancing between thermal generation and optimization of the
photovoltaic part to minimize energy losses and maximize
overall performance.

One of the key advantages of hybrid solar collectors is
their ability to provide a stable power supply even under
changing weather conditions. According to the study, sys-
tems with hybrid collectors have shown significantly better
adaptation to different climatic conditions compared to tra-
ditional photovoltaic or thermal systems.

Nevertheless, the implementation of hybrid solar col-
lectors in practice faces a number of challenges, including
the high cost of initiated investment and the complexity of
integration into existing energy systems. Overcoming these




challenges requires further research and development in ma-
terials, technologies, and system engineering.

Therefore, research on the implementation of hybrid
solar collectors in practice, emphasizing the need to develop
new materials for photovoltaic cells and heat exchangers, and
optimize the design to improve the thermal power characte-
ristics of such systems, is relevant. These studies also empha-
size the need to develop integrated solutions to simplify the
implementation of these systems in large-scale power grids.

2. Literature review and problem statement

Environmental issues have become extremely relevant,
and the scientific community, in a number of reports and
measures, recommends significantly increasing the use of
renewable energy sources and gradually abandoning tradi-
tional fossil fuels. Although there is enough energy-efficient
equipment and accurate ways to account for energy flows,
as described in [1], special attention is still paid to the deve-
lopment of alternative energy. In particular, the Paris Agree-
ment, which is a key international document in the field of
climate change, is presented in [2]. It is shown that the agree-
ment sets ambitious goals to significantly increase renewable
energy use and phase out fossil fuels. To achieve these goals,
it is necessary to actively develop alternative energy, in par-
ticular solar energy. However, issues related to optimizing
and improving the efficiency of innovative installations in
this area, such as hybrid solar collectors, remain unresolved.
The reason for this may be objective difficulties due to the
need to balance the thermal and photovoltaic parts of such
systems to maximize their overall performance, as well as the
limitations of existing technologies and materials.

The studies [3, 4] analyze European energy and climate
strategies, which also emphasize the importance of increasing
the share of renewable energy and reducing greenhouse gas
emissions. These strategies set specific goals and mechanisms
for achieving a sustainable energy future, but their imple-
mentation requires overcoming a number of technological
and economic challenges. In particular, new approaches to
the design and optimization of renewable energy installations
are needed to increase their efficiency and reduce the cost.

In [5, 6], a thorough study of traditional flat-plate and
evacuated-tube solar collectors was conducted. These tech-
nologies proved reliable and efficient, but have certain limi-
tations. In particular, low heat transfer rates and the need for
a large absorber area have been identified, which can reduce
the overall performance of the system and complicate its
integration into existing buildings and infrastructure. An
option to overcome these difficulties can be the use of photo-
voltaic thermal hybrid solar collectors, which allow simulta-
neous generation of electricity and heat, as described in [7].
This approach makes it possible to use the collector area
more efficiently and increase the overall system performance.
However, the study [8] shows that existing hybrid collectors
differ in design, efficiency, and testing methods, making them
difficult to compare, optimize, and standardize.

This approach was used in [9], where a comprehensive
evaluation and optimization of a hybrid flat-plate solar
collector with a phase change material and a radiator was
performed. The results showed a significant improvement
in performance compared to conventional solutions, includ-
ing an increase in the duration of hot water production and
a decrease in the outlet temperature. However, the issues

of optimal balancing of the thermal and photovoltaic com-
ponents, as well as the selection of the most efficient phase
change materials and radiator design, remain open. The reason
for this may be difficulties in modeling and optimizing such
multi-component systems, as well as the limited experimental
data for different climatic conditions and operating modes.

The paper [10] considered technologies and systems of
thermal energy storage for concentrating solar power plants.
However, the peculiarities of their integration with photovol-
taic thermal hybrid collectors were not considered. In [11],
the authors conducted a dynamic analysis and feasibility study
of a thermal energy storage system with a solar air heater for
drying. However, they do not take into account the features
of combined heat and power generation. The paper [12] con-
siders various aspects of thermal energy storage systems for
solar installations, including design methodologies, efficiency
assessment, and integration with solar energy concentrators.
It is shown that proper selection and optimization of the stor-
age system can significantly increase the overall performance
and reliability of a solar installation. However, the problems
of optimizing the design and materials to improve integration
with hybrid collectors remain unresolved. This may be due to
insufficient knowledge of heat transfer and phase transitions
in such combined systems, as well as difficulties in developing
reliable and cost-effective solutions.

The study [13] shows the effectiveness of solar roofs in
a gravity heating system. This is useful for passive systems, but
does not consider active hybrid installations. The research [14]
shows the theoretical and experimental analysis of a solar col-
lector as part of an energy-efficient building. This is important
for integration into buildings, but does not affect combined
energy production. In [15], the use of energy-efficient build-
ing materials, in particular their combination with protective
structures, combining them with hybrid solar collectors, is
presented. Similarly, in [16], the authors developed engineering
designs that can be useful for creating solar plant designs. Such
solutions allow more efficient use of available space and reduce
heat loss, but their practical implementation still faces a number
of challenges. In particular, there is a lack of complete informa-
tion for reliable calculation and design of such systems, which
may be due to limited experimental data and the complexity of
modeling combined thermal and electrical processes.

The paper [17] investigated the use of natural circulation in
roof solar panels. This is useful for optimizing thermal processes,
but the author does not consider the photovoltaic part. In [18],
the authors conducted an experimental study of a multi-pass
solar air collector with a thermal accumulator. This is important
for increasing efficiency, but the given collector does not take
into account electricity generation. The paper [19] presents an
assessment of the optical efficiency of a concentrating solar col-
lector. This work is relevant for the study of concentrators, but
it does not affect hybrid systems. The study [20] reveals an ex-
perimental analysis of increasing the efficiency of photovoltaic
panels with composite phase change materials. This is important
in terms of temperature conditions, but the heat collector is not
considered. These results are important for the optimization and
design of solar systems, but do not fully take into account the
specifics of hybrid photovoltaic-thermal solutions. The reason
for this may be insufficient attention to the combined effects
and synergies between the thermal and electrical components,
as well as difficulties in developing unified approaches for diffe-
rent types of hybrid collectors.

The paper [21] reviews the methods of sealing commer-
cial and advanced solar cells. This is important to ensure the



durability and reliability of photovoltaic converters, especially
in difficult operating conditions. However, their combination
with thermal collectors and the impact on the overall effi-
ciency of hybrid systems are not considered. The source [22]
indicates the active use of hybrid photovoltaic-thermal solar
systems in the energy sector of leading countries and the
constant improvement of their efficiency through research
and development. In particular, the prospects for using new
selective coatings for absorbers, which can significantly reduce
heat losses and increase the performance of collectors, are
shown. However, as noted in [23], the widespread adoption of
such systems still faces a number of limitations and challenges.
These include problems with inhomogeneous cooling of PV
cells, limited energy conversion efficiency, high initial costs,
and difficulties in integration with existing buildings and
grids. The reason for this may be insufficiently advanced me-
thods for balancing the thermal and photovoltaic parts, as well
as the need to optimize the design, materials, and control sys-
tems for specific operating conditions. The study [24 ] modeled
a hybrid solar heating system using artificial neural networks.
This study can be used to predict and optimize system perfor-
mance, but it does not reveal design details and experimental
verification. In addition, neural network training may require
a significant amount of data that is not always available.

An option to overcome these difficulties can be the use
of computer modeling of a photovoltaic thermal hybrid solar
collector with a flat absorber, as shown in [25]. This approach
allows us to study heat transfer processes in detail, optimize
the design and operating modes, and evaluate the technical
and economic performance of the system. The modeling results
show that hybrid flat absorber collectors can effectively store
thermal and electrical energy and are more cost-effective than
two separate systems. However, these studies do not fully take
into account the possibility of using a solar concentrator to
further improve the performance and efficiency of the system.

All this suggests that it is appropriate and relevant to con-
duct a comprehensive study on the development and opti-
mization of a photovoltaic thermal hybrid solar collector
with a concentrator, as well as an experimental study of its
characteristics in combination with a thermal accumulator.
This approach will combine the advantages of solar energy
concentration with efficient accumulation and use of heat,
which can significantly increase the overall performance and
technical and economic indicators of the system. The obtained
results and developed methods can be used in the design of
high-efficiency hybrid solar systems of a new generation,
which can make a significant contribution to the achievement
of sustainable development goals and the fight against climate
change [26]. In addition, the introduction of such systems will
reduce fossil fuel consumption, reduce harmful emissions, and
improve the environmental situation both locally and globally.

3. The aim and objectives of the study

The aim of the study is to develop an improved design of
a photovoltaic thermal hybrid solar collector. This will
make it possible to create a methodology for calculating and
designing power systems with this type of solar collectors.

To achieve this aim, the following objectives were set:

— to create a computer model of the developed photovol-
taic thermal hybrid solar collector;

—to study the thermal characteristics of the proposed
PVT design.

4. Material and methods

The object of the study: a system with a photovoltaic
thermal hybrid solar collector.

The main hypothesis of the study is that the use of PVT
will increase the efficiency of solar energy use by simultane-
ously generating heat and electricity, as well as optimizing
the processes of energy storage and transmission.

The following assumptions were made in the study:

— the geometric model of PVT adequately reflects the
actual design of the collector, taking into account its main
elements and their location;

— the properties of the materials used in the model corre-
spond to the actual characteristics of the PVT components;

— the boundary conditions and environmental parameters
set in the model correspond to standard operating conditions
of PVT.

To simplify the model and reduce the calculation time,
the following simplifications were made:

— minor design elements of PVT that have no significant
impact on its thermal and electrical characteristics were ex-
cluded from the model;

— thermal contacts between the PVT elements were con-
sidered ideal, excluding the thermal resistance of the contacts;

—the optical properties of the PVT surfaces were as-
sumed constant and independent of the angle of incidence of
solar radiation.

The study of the system with PVT was carried out using
computer modeling and numerical experiments. To create
a computer model of the system, the SolidWorks 2022 soft-
ware (France) with the Flow Simulation module was used.

The geometric model of PVT was developed in the Solid-
Works software environment, taking into account design
features such as dimensions, materials and arrangement of
elements. The photovoltaic part of the collector was modeled
using monocrystalline silicon solar cells, and selective coated
copper tubes were used for the thermal part.

The adequacy of the developed model and the results
obtained was confirmed by comparing them with the conclu-
sions of known scientific provisions and experimental data.
The results of the study do not contradict existing scientific
theories and practical observations. The conclusions and
recommendations formulated as a result of this study were
obtained through careful analysis, generalization and sys-
tematization of data obtained during numerical experiments
using the developed computer model of PVT.

3. Results of studying the thermal characteristics
of the proposed design of a photovoltaic thermal hybrid
solar collector

5. 1. Creation of a computer model of the developed
photovoltaic thermal hybrid solar collector

Combined power system with a photovoltaic thermal hy-
brid solar collector without protective glass and with a heat
exchanger in the thermal accumulator.

Fig. 1 shows a computer model of the system with the
proposed design of a photovoltaic thermal hybrid solar col-
lector (PVT CPS). This system also contains a thermal ac-
cumulator TA with a heat exchanger. In this system, the heat
transfer fluid from the thermal accumulator 3 enters the pho-
tovoltaic thermal part of PVT through pipeline 1 and from
it enters the thermal part with solar radiation concentrators



and then through pipeline 4 to TA. Circulation is carried out
by means of a circulation pump.

The computer model of the developed design of PVT
CPS consists of two separate units — TA 8 and PVT, which
consists of a photovoltaic panel and a thermal solar collector,
and is designed to produce heat and electricity. The incident
solar radiation on the thermal solar collector is focused
in seven concentrators, which are side-by-side aluminum
0.5 mm thick plates with a parabolic shape. They concentrate
the sunlight reflected from their walls onto copper tubes 21
with a diameter d=10 cm and a wall thickness of 0.5 mm
placed along their axes at a distance L=15 c¢m from each other
extending along the flow of the heat transfer fluid.

The heated heat transfer fluid flows through the dis-
tribution comb 23, the temperature of which is measured
by the sensor 24, in the copper pipeline 17 with a diameter
D=25 mm and a wall thickness of 0.5 mm to TA 8. It trans-
fers heat through the copper tubular heat exchanger 10 with
a length of 9.06 m, diameter D=25 mm and wall thickness
of 0.5 mm to TA heat transfer fluid that washes it. TA is
a cylindrical closed tank with a diameter of 364 mm, length
of 1,004 mm and volume Vro=100 liters, made of 2 mm thick
steel sheets.

To measure the average temperature of the heat transfer
fluid in TA 8, the entire filled tank volume was conditionally
divided into three layers of equal height. In the central plane
of each layer, the temperature is measured by an arc tempera-
ture sensor made of 4 mm thick glass. It measures the average
temperature at four points on the body.

The cooled heat transfer fluid is transported through
the copper pipeline 14 with a diameter D=25 mm and a wall
thickness of 0.5 mm through the distribution comb 16 to the
photovoltaic panel, where it is heated by photocells 19 and
enters the thermal solar collector.

The heat transfer fluid in the system, which is water, is
moved by the circulation pump 13, which provides a flow
rate of 0.03 kg/s.

To generate electricity, 36 silicon photovoltaic cells with
dimensions of 155%155 mm and a thickness of 0.3 mm are
attached to the copper plate of the photovoltaic panel. To in-
crease the efficiency of the photocells and remove heat from
them, the copper plate of the photovoltaic panel is connected
to the copper tubes of the CPS circuit.

5. 2. Investigation of the thermal characteristics of the
proposed design of a photovoltaic thermal hybrid solar
collector

The studies were carried out in SolidWorks 2022 (France)
using the Flow Simulation module under steady-state condi-
tions. At an ambient temperature £, =15 °C and solar radia-
tion intensity =900 W /m?, taking into account that solar ra-
diation was received at a right angle to the solar collector plane.

Fig. 2 shows the thermographic visualization of a hybrid
solar collector undergoing the thermal simulation process
at the end of the experiment on the 5,400t second, i.e. the
time sufficient to achieve a quasi-stationary thermal mode
of the system.

Fig. 3 shows the temperature field in the section of the
photovoltaic part of a photovoltaic thermal hybrid solar
collector with a thermal accumulator at the end of the
experiment.

The temperature field in the longitudinal section of
a photovoltaic thermal hybrid solar collector with a thermal
accumulator at the end of the experiment is shown in Fig. 4.

According to experimental studies, temperature changes
in the heat transfer fluid in PVT are shown in Fig. 5.

Next, we studied temperature changes in the heat trans-
fer fluid in TA, which are shown in Fig. 6.

Fig. 1. Schematic of the computer model of the system with the proposed design of a photovoltaic thermal hybrid solar
collector without protective glass with a copper heat exchanger in the thermal accumulator: 1, 4 — insulation of pipelines
at the inlet and outlet of the photovoltaic thermal hybrid solar collector; 2, 7 — insulation of the distribution combs of the

heat transfer fluid at the inlet to the photovoltaic panel and at the outlet of the thermal solar collector; 3 — insulation of the
thermal accumulator; 5 — insulation of the photovoltaic panel; 6 — insulation of the heat separator; 8 — thermal accumulator;

9, 11, 12 — temperature sensors of the heat transfer fluid in the thermal accumulator in the heat supply system circuit;

10 — copper heat exchanger; 13 — circulation pump; 14, 17 — pipeline at the inlet and outlet of the photovoltaic thermal

hybrid solar collector; 15, 24 — temperature sensors of the heat transfer fluid in the pipelines at the inlet and outlet of

the photovoltaic thermal hybrid solar collector; 16, 23 — distribution combs of the heat transfer fluid at the inlet to the
photovoltaic panel and at the outlet of the thermal solar collector; 18 — copper plate; 19 — solar panel photocells;
20 — heat separator; 21 — copper tube of the concentrator; 22 — insulation of the thermal solar collector
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Fig. 2. Temperature field on the surface of
a photovoltaic thermal hybrid solar collector
with a thermal accumulator at the end of
the experiment
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Fig. 3. Temperature field in the section of
the photovoltaic part of a photovoltaic thermal hybrid solar
collector with a thermal accumulator at the end
of the experiment
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Fig. 4. Temperature field in the longitudinal
section of a photovoltaic thermal hybrid solar collector
with a thermal accumulator at the end of
the experiment
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Fig. 5. Temperatures of the heat transfer fluid
in the pipeline at the inlet t.,, °C, at the outlet #.,, °C,
of the photovoltaic thermal hybrid solar collector
and the environment t,,, °C
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Fig. 6. Temperatures of the heat transfer fluid
in the thermal accumulator, °C, depending on the time
of the experiment T, min

Next, we determined the temperature increase in the heat
transfer fluid in PVT and TA.

Fig. 7 shows no change in the ambient temperature Az,,,,
the temperature growth in the heat transfer fluid in the pipe-
line at the PVT outlet Az, rapidly increases to 18 °C in the
first 20 min of the experiment, and then, increasing evenly,
reaches 28 °C at the end of the study.
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Fig. 7. Temperature increase of the heat transfer fluid
in the pipeline at the inlet At,,, °C, at the outlet At.,, °C, of
the photovoltaic thermal hybrid solar collector with a thermal
accumulator Atr4,,.°C, and the environment At.,,., °C

From the analysis of the results of computer modeling
of PVT CPS, instantaneous values of the specific power of
PVT were calculated. The change in the thermal efficiency
of PVT during the experiment was also calculated. In addi-
tion, the instantaneous specific power of PVT CPS and the
thermal efficiency of PVT CPS during the experiment were
calculated.



The instantaneous values of the specific thermal power
of PVT Qpyr during the experiment were determined by
the formula:

QPVT:CwG(tex_ten)/APVT’W/mz’ (1)

where ¢,=4187 J/(kg°C) is the specific heat capacity of
the heat transfer fluid (water); G is the flow rate of the heat
transfer fluid in PVT CPS, kg/s; t,, is the average tempera-
ture of the heat transfer fluid in the pipeline at the PVT
outlet, °C; t,, is the average temperature of the heat transfer
fluid at the PV T inlet, °C; Apyris the PVT area, m%

The instantaneous values of the specific power of PVT
are shown in Fig. 8.
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Fig. 8. Instantaneous specific thermal power
of a photovoltaic thermal hybrid-solar
collector Qpyr, W/m?

The instantaneous specific thermal power of PVT
Qpyr, W/m?, depending on time T, min, after statistical pro-
cessing and exclusion of insignificant coefficients of the terms
is approximately determined by the formula:

Q= 0.00417°+0.23747° -
~7.0327%+98.1927+20.862, W /m>. 2)

The thermal efficiencies of PVT npyr during the experi-
ment were determined by the formula:

MNpvr =Qpir /(]APVT)’ 3)

where [ is the intensity of solar radiation incident on
PVT, W/m?.

Therefore, as a result of analyzing the data in Fig. 4, we
obtained the value of the thermal efficiency of PVT during
the experiment. Fig. 9 shows a graph of changes in the ther-
mal efficiency of PVT during the experiment.
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Fig. 9. Thermal efficiency coefficient of a photovoltaic
thermal hybrid solar collector npyr

The thermal efficiency of PVT mpyr as a function of
time T, min, after statistical processing and elimination of
insignificant coefficients of the terms is approximately de-
termined by the formula:

Npyr =0.00037° —0.00787% +0.10911+0.0232. (4)

The next step in processing and presenting the results
is to present the instantaneous specific thermal power and
the thermal efficiency coefficient of the system as a whole to
understand how efficiently PVT works in conjunction with
the thermal accumulator.

The instantaneous values of the specific thermal power of
PVT CPS Qpyrcps during the experiment were determined
by the formula:

Qpvrens =Coo Moy Ay / Apyrs kj/mz, %)

where ¢,=4.187 k] /(kg°C) is the specific heat capacity of
the heat transfer fluid (water); myy is the mass of the heat
transfer fluid in TA, kg, Af7aq, is the change in the average
temperature in TA during heat accumulation, °C.

The study of the instantaneous specific power of PVT CPS
in combination with a thermal accumulator is shown in Fig. 10.
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Fig. 10. Instantaneous specific thermal power
of the computer model of the system with the proposed
design of a photovoltaic thermal hybrid solar
collector Qpyrcps, J/m2

The instantaneous specific thermal power of PVT CPS
Qpyreps, J/m?, depending on time T, min, after statistical
processing and exclusion of insignificant coefficients of the
terms is approximately determined by the formula:

Qporeps =0.00067° —0.1137° +
+7.18647-3.0704, ] /m”. (6)

The thermal efficiencies of PVT CPS npyr cpsduring the
experiment were determined by the formula:

Novr cns =1000Quyr s /(1AT), (M

where At is the time interval between the previous and cur-
rent values, s. Changes in the thermal efficiency of PVT CPS
during the experiment are shown in Fig. 11.

The thermal efficiency of PVT CPS npyr cpsas a function
of time T, min, after statistical processing and elimination of
insignificant coefficients of the terms is approximately deter-
mined by the formula:

Neps pup = —0.00047> +0.02661—0.0114. (8)
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Fig. 11. Thermal efficiency of the computer model
of the system with the proposed design of a photovoltaic
thermal hybridr solar collector Npyrcps

The accumulation of specific thermal power of TA in
PVT CPS Qra during the experiment was determined by
the formula:

Qpy =,y (tTAav. _tTAav,,O)/APVT’ kJ/m?, ®)

where ¢,=4.187 kJ /(kg-°C) is the specific heat capacity of
the heat transfer fluid (water); mry is the mass of the heat
transfer fluid in TA, kg tuu.0 is the average tempera-
ture of the heat transfer fluid in TA at the initial time, °C,
UTAav,0=tw= 15°C.

Next, we determined the accumulation of thermal power
of TAin PVT CPS during the experiment, the graph of which
is shown in Fig. 12.

Ora, kI/ 'm?
2500 &

2000 |
1500 |

1000 |

500 T

0 : : : : : : : : :

901, min
Fig. 12. Accumulation of specific thermal power by a thermal
accumulator in the computer model of the system with
the proposed design of a photovoltaic thermal hybrid
solar collector Qry, kJ/m?

The accumulation of specific thermal power of TA in
PVT CPS Qpy, kJ/m?, depending on time T, min, after statis-
tical processing and exclusion of insignificant coefficients of
the terms is approximately determined by the formula:

Q,,=0.000517" - 0.03417> +1.3351* -

27984702228, k] /m”. (10)
Changes in the efficiency of thermal power accumulation
in PVT CPS during the experiment are shown in Fig. 13.
The efficiency of thermal energy accumulation in PVT
CPS n¢ps,ia depending on time T, min, after statistical pro-
cessing and exclusion of insignificant coefficients of the terms
is approximately determined by the formula:

Negyr 24 = —0.00037% +0.01831—0.011. (11)
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Fig. 13. Thermal power accumulation efficiency of the thermal
accumulator in the computer model of the system
with the proposed design of a photovoltaic
thermal hybrid solar collector 174

6. Discussion of the results of studying the proposed
design of a photovoltaic thermal hybrid solar collector

In accordance with the proposed design of PVT, we deve-
loped its computer model with TA in the Solid Works software
package (Fig. 1, a). In contrast to [7], which presents thermal
and photovoltaic collector designs, the proposed PVT con-
sists of a photovoltaic panel and a thermal solar collector. This
allows simultaneous production of thermal and electric ener-
gy in one installation, which provides more efficient use of
solar energy. In addition, unlike [9], where a flat heat absorber
is used, our PVT design uses a concentrator in its thermal
part (Fig. 1, b). As a result of this solution, the incident solar
radiation on the thermal solar collector is focused in the con-
centrators, which are side-by-side parabolic aluminum plates.
They concentrate the sunlight reflected from their walls onto
copper tubes placed along their axes, extending along the flow
of the heat transfer fluid. This increases the power of solar
radiation and the efficiency of its use.

To obtain the thermal characteristics of the proposed
PVT design, a computer simulation was performed.

Fig. 2 shows a thermographic visualization of the hybrid so-
lar collector undergoing the thermal simulation process at the
end of the experiment on the 5,400 second, i.e. the time suffi-
cient to achieve a quasi-steady-state thermal mode of the sys-
tem. This simulation shows that the temperature is high in the
central part of the collector, where the heat transfer fluid does
not sufficiently take heat from the PV cells. This arrangement
of the temperature peaks indicates inefficient thermal energy
collection in these areas, which may result from the non-opti-
mal integration of the photovoltaic and thermal components.

The temperature gradients indicate a change in tem-
perature from the highest in the central zone to lower in the
periphery. Scientifically, this is useful for determining the
system’s heat losses and the efficiency of heat transfer from
the solar collector to the heat transfer fluid. Locations with
temperatures approaching 57 °C may indicate high thermal
energy that can be transferred to TA. All of these parameters
can be measured and optimized through such simulations, al-
lowing for adjustments to the design and materials to achieve
the best performance of the hybrid solar collector.

In particular, Fig. 2 shows that the temperature is high
in the central part of the collector, where the heat transfer
fluid does not sufficiently take heat from the photovoltaic
cells. This arrangement of the temperature peaks indicates
inefficient thermal energy collection in these areas, which



may result from the non-optimal integration of the photovol-
taic and thermal components (Fig. 3). However, in Fig. 4 we
can see that no overheating is observed under the part with
concentrators.

Analyzing Fig. 3, it can be noted that the temperature
field under the photovoltaic panels shows a temperature
change of approximately 35 °C to 52 °C. This indicates good
thermal insulation in the lower part of the field and effective
absorption of solar radiation, given that the ambient tempera-
ture is 15 °C. However, the elevated temperature negatively
affects the operation of the photovoltaic panels, which should
be taken into account in further design improvements.

The obtained temperature gradients (Fig.2,3) indicate
a change in temperature from the highest in the central zone to
lower in the periphery. Scientifically, this is useful for determin-
ing the heat losses of the system and the efficiency of heat trans-
fer from the solar collector to the heat transfer fluid. The pres-
ence of places where the temperature is close to 57 °C indicates
high thermal energy that can be transferred to TA. All of these
parameters can be measured and optimized using such simu-
lations, allowing for adjustments in the design and materials
to achieve the best performance of the hybrid solar collector.

Fig. 4 shows that along the entire length of the thermo-
photovoltaic part of PVT, the temperature in the lower part
is about 35 °C, which indicates a significant thermal stress in
this part, while the temperature along the thermal part with
the concentrator is close to 15 °C.

Fig. 5 shows that at a constant ambient temperature £,
equal to 15 °C, the temperature of the heat transfer fluid in
the pipeline at the PVT outlet #,, increased rapidly to 33 °C
in the first 20 minutes of the experiment, and then increased
uniformly and reached a final value of 43 °C. The tempera-
ture of the heat transfer fluid at the PVT inlet ¢,, increased
less intensively than ,, in the first 20 minutes, increasing to
25 °C, and then, due to a uniform increase, reached 35 °C at
the end of the experiment.

In addition, as a result of modeling thermal processes
in the system with PVT, the temperature values of the heat
transfer fluid in the pipeline at the inlet and outlet were ob-
tained (Fig. 5). Based on this, it was found that the tempera-
ture of the heat transfer fluid at the PVT inlet ¢,, increased
less intensively than z,, in the first 20 minutes, increasing
to 25 °C. Then, due to a uniform increase, it reached 35 °C at
the end of the experiment. We also obtained the temperature
values of the heat transfer fluid along the height of TA during
the experiment (Fig. 6). According to Fig. 6, the average tem-
peratures in the middle layer ¢, and in the upper layer ¢,
of the heat transfer fluid volume in TA almost do not differ
throughout the experiment. They begin to increase in 5 mi-
nutes after the start of measurements and reached 27 °C at
the end of the study. The temperature in the lower layer of the
heat transfer fluid volume in TA ¢;, increases in 10 minutes
after the start of the study and reaches 22.5 °C at the end
of the experiment. The values of the average temperature of
the heat transfer fluid volume in TA ¢, tend to the values of
tr,, andt;, ,because the temperatures in the upper part of TA
are higher and almost the same as in the lower part, and reach
a maximum value of —25.5 °C at the end of the experiment.

We also analyzed the temperature increase in the heat
transfer fluid in the pipeline at the inlet Az, °C, at the outlet
At,y, °C, of the photovoltaic thermal hybrid solar collector
with the thermal accumulator Atz,, (Fig. 7). In particular,
the temperature of the heat transfer fluid at the PVT inlet
At,, is less than A¢,, in 20 minutes from the start of measure-

ments, rapidly increases to 10 °C, and reaches 20 °C over the
rest of the time due to a uniform increase. In TA, the increase
in the average temperature of the heat transfer fluid in it
occurs uniformly from 5 min to 90 min, so Az, ~increases by
10.5 °C at the end of the experiment.

The next step was to calculate and analyze changes in:

— instantaneous thermal power of PVT (Fig. 8), which
after process stabilization averaged 500 W /m?;

— thermal efficiency coefficient of the photovoltaic ther-
mal hybrid solar collector, which was 0.55 (Fig. 9);

— instantaneous specific thermal power of the computer
model of the system with the proposed design of a photovol-
taic thermal hybrid collector, equal to 140 J/m? at the end of
the experiment (Fig. 10);

— thermal efficiency of PVT CPS, which acquires con-
stant values after 50 min from the beginning of the experi-
ment and is equal to 0.5 (Fig. 11);

— efficiency of thermal energy accumulation in TA (Fig. 12).
computer model of the system with the proposed design of a
photovoltaic thermal hybrid-solar collector (Fig. 1).

In Fig. 8, it is noticeable that after 15 min from the start
of the experiment, the instantaneous specific thermal power
of PVT Qpyris stabilized and amounts to 500 W /m?, which
symbolizes the stable operation of the system, as well as its
sufficient thermal efficiency.

As can be seen from Fig. 9, the thermal efficiency of PVT
npyrincreases rapidly up to the 10th minute and reaches con-
stant values after 20 minutes from the start of the experiment
and is equal to 0.55. This indicates a good thermal efficiency
of this solar collector. However, this indicates the need to
improve its design features to increase this value.

Analyzing the graph of changes in the specific thermal
power of PVT CPS in Fig. 10, Qcps pyr is stabilized three
times slower than Qpyr and at the end of the experiment is
equal to 140 J/m?.

The thermal efficiency of PVT CPS mpyr cps becomes
constant after 50 minutes from the beginning of the experi-
ment and is equal to 0.5.

In Fig. 12, the accumulation of specific thermal power
in TA in PVT CPS occurs 5 min after the start of the ex-
periment, when the average temperature of the heat transfer
fluid in TA t744,, begins to increase due to changes in 742 and
tras (Fig. 2). After 20 min, when the thermal processes in the
system are stabilized, the thermal energy in TA is accumu-
lated evenly and reaches 2,200 k] /m? during the experiment.

Thus, the efficiency of thermal energy accumulation of
TA in PVT CPS myy is stabilized only at the end of the ex-
periment and is equal to 0.45.

The proposed PVT design, which contains a photovoltaic
and a thermal part, can more efficiently extract energy from
solar radiation, but the research data should be further con-
firmed by experiments on real installations.

It should also be noted that this study of the system with
PVT has certain limitations that must be taken into account
when interpreting and applying the results. The application
of the proposed solutions is limited by the specific PVT de-
sign and the assumptions made, and the reproducibility of
the results may be limited by measurement errors and unac-
counted-for factors of influence in real operating conditions.
The robustness of the solutions obtained to changes in influ-
encing factors and the input data ranges, within which the
results are adequate, may also require additional verification.

Despite the value of the results obtained, the study
has certain shortcomings, such as the lack of experimental



verification, failure to take into account the impact of ma-
terial degradation, and the lack of technical and economic
analysis. Eliminating these shortcomings will increase the
reliability and practical value of the results.

The development of this research may include conduct-
ing experimental studies on a physical model or a real PVT
installation, expanding the range of influence factors studied,
optimizing the PVT design, and investigating the possibility
of integration with other renewable energy technologies.
Each of these areas has its own prospects and potential dif-
ficulties, such as the need to develop an experimental stand,
significant computing resources, and the complexity of coor-
dinating the operation of various subsystems.

Thus, despite the limitations and shortcomings, this
study lays the foundation for further development and
improvement of PVT technology. Taking into account the
identified limitations, eliminating the shortcomings and im-
plementing the proposed areas of development will increase
the reliability, practical value and efficiency of the results
obtained, contributing to the wider introduction of PVT into
power systems and the transition to sustainable energy.

7. Conclusions

1. A computer model of the proposed PVT design was
developed, which takes into account the design features of
the photovoltaic thermal solar solar collector, the parameters
of the heat transfer fluid and the thermal accumulator. The
model makes it possible to study the processes of energy
conversion, storage, and transmission in a system with PVT,
as well as assess the impact of various factors on its efficiency.
The difference between the developed model and existing
analogs is a comprehensive consideration of the interaction
of the thermal and photovoltaic parts in one installation.
The developed model is an effective tool for further optimiz-
ing the PVT design and studying its operation under various
operating conditions.

2. The thermal characteristics of the proposed PVT
design were studied using the developed computer model.
Patterns of temperature changes in the heat transfer fluid
in PVT and thermal accumulator over time of irradiation
were determined. It is shown that the instantaneous thermal
power of the solar collector was 540 W /m?, and the average
efficiency was 0.6 (or 60 %). The change in the instanta-
neous specific thermal power of the system with PVT, which
reached 450 W /m?, as well as its efficiency in thermal energy
accumulation in the thermal accumulator, which amounted
to 0.5 (or 50 %), was investigated. The results are explained
by the efficiency of the proposed PVT design, which ensures
the simultaneous production of heat and electricity, as well
as optimal balancing of the thermal and photovoltaic parts.
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