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Abstract

The paper focuses on the investigation and the simulation of the efficiency of a hybrid solar collector in a heat
supply system consisting of two separate units, namely a heat storage tank and a flat solar collector, which are
interconnected by pipelines. The study includes the analysis and calculation of the thermal parameters of the system for
one day and the determination of the optimal values of the flow rate of the heat carrier in the solar collector and the
mass of the heat carrier in the heat storage tank to achieve maximum thermal efficiency of the system. The authors use
SolidWorks software and additional scripts programmed using Python to simulate the operation of the solar collector
and to calculate its thermal efficiency. The results of the study show the high potential of hybrid solar collectors for
efficient generation and accumulation of thermal energy both for households and small industries. This paper may be
useful for engineers and scientists working in the field of alternative energy sources and energy-efficient systems.
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1. Definition of the problem to be solved

Considering the environmental problems that have become particularly acute in our time, the world scientific
community, as one of the ways to resolve the Paris Agreement, proposes to significantly increase the production of
energy from RES, gradually replacing traditional carbon-based fuels. In this process, special attention is paid to the
development of solar energy, the amount of energy from which has increased significantly over the past decades and,
according to European energy and climate plans, its further increase is predicted to double on average by 2030 [1]-[3].

It is a well-known fact that the sun emits a huge amount of energy. According to approximate estimates of
authoritative international organizations, the amount of solar energy received by our planet exceeds the annual energy
consumption of the world’s population by 27,000 times. The annual flow of solar radiation per 1 m? of a surface in the
southern regions of Ukraine reaches 1350 kW/m?. The volume of solar energy is practically not exhausted, so this
amount of energy will be enough for us for hundreds and even thousands of years to come. Therefore, the issue of the
rational use of solar energy and its effective transformation into electrical or thermal energy using special solar facilities
is relevant [3], [4].

2. Analysis of the recent publications and research works on the problem

Nowadays, solar energy is widely used in housing, hotels, commercials, and small food and processing industries
for generating both electric and thermal energy [4]-[6]. Lots of researchers investigate new technologies of solar energy
[4]-[16] and develop new highly energy-efficient materials for covering solar panels [17], [18].

The most common types of solar collectors are flat plate solar collectors, evacuated-tube solar collectors, and
hybrid photovoltaic-thermal solar collector systems. They differ in design and efficiency as well as testing methods that
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are analyzed in [7]. In comparison, flat plate solar collectors have a low heat transfer rate owing to the low convective
heat transfer coefficient between the working fluid and the absorber surface. Their performance can be increased by
increasing the heat transfer area, employing a material with high thermal conductivity, extending the travel time of air,
inducing turbulence, and altering fluid motion [7], [8]. Evaluation and optimization of the performance and efficiency
of a hybrid flat plate solar collector integrated with phase change material and heat sink is carried out in [16]. The
results demonstrated that such collectors equipped with a phase change material and heat sink produced hot water for a
longer period in the evening while having a lower output temperature in the morning.

Paper [9] presents a review of thermal energy storage system design methodologies and the factors to be
considered at different hierarchical levels for concentrating solar power plants. Thermal and exergy efficiency are
analyzed for various thermal energy storage systems integrated into the power plant. In [10], the authors carried out
transient analysis and techno-economic assessment of thermal energy storage integrated with solar air heater for energy
management in drying. Paper [11] contains a review of sensible heat-based packed bed solar thermal energy storage
system for low-temperature applications.

Many researchers are focused on using solar energy to obtain thermal energy for heat supply systems. The
efficiency of the solar roof in the gravity system of heat supply is determined in [12]. The authors proposed new
constructions of solar collectors in which the top cover of the solar collector is made of corrugated roofing material of
the building. This design of the solar collector will make it possible to reduce its cost significantly and increase its
durability. Theoretical and experimental analysis of solar enclosure as part of energy-efficient houses is made in [13].
An analysis of the energy indicators of the combined heat supply system using a solar window as part of the enclosure
of an energy-efficient house was carried out. To improve the efficiency of the investigated setup, the stratification of the
heat carrier in the heat storage tank of the combined heat supply system with a solar window was calculated.

Considerable attention is also paid to the issue of increasing the energy efficiency of solar collectors [4], [8], [14]-
[16]. The solar photovoltaic panel’s efficiency is significantly diminished by an increase in operating temperature. To
solve this problem, different types of panels were investigated and experimental analysis of solar panel efficiency
improvement with composite phase change materials was carried out in [14]. The efficiency of different
solar collectors, particularly multi-pass solar air thermal collector systems assisted with a sensible energy-storing matrix
is experimentally studied in [15]. The new more robust and repeatable methodology to assess the optical efficiency of a
solar collector is presented in [16]. The transient heating of the empty collector is proposed as an indicator to deduce its
optical efficiency, thus avoiding measuring the fluid temperature increase.

The energy sector of leading countries often uses hybrid photovoltaic-thermal solar systems to obtain both thermal
and electrical energy. In this case, energy is traditionally generated by two separate systems consisting of thermal solar
collectors and photovoltaic panels, respectively. Photovoltaic technology solar energy converts into electricity, and
thermal solar technology converts solar energy into heat. Such a hybrid system is operated solely by solar radiation.
However, despite their advantages, the applicability of photovoltaic-thermal solar systems is limited due to some
drawbacks such as non-uniform cooling, low efficiency, high cost, not suitable to integrate with present roof systems,
and need for larger space for separate systems [19], [20].

To reduce the influence of the indicated shortcomings and increase the efficiency of the operation of the
photovoltaic-thermal collector, the authors proposed to perform a computer simulation of the system with such a solar
collector. The investigated installation is a photovoltaic-thermal collector with solar cells glued directly onto the
absorber plate. It allows one to receive simultaneously thermal and electrical energy, which is undoubtedly cheaper than
two separate systems for each type of solar energy [21], [22].

3. Formulation of the goal of the paper

To achieve the goals set in the energy plans of developed countries, the intensification of the use of alternative
energy sources is one of the important tasks. The use of such systems requires improvement and investigation of the new
solar energy installations for generating thermal and electrical energy — hybrid solar collectors. Therefore, the purpose of
this paper is to investigate the operation of the hybrid solar collector in the heat supply system and determine the optimal
values of the mass flow rate of the heat carrier in the solar collector and the mass of the heat carrier in the storage tank to
achieve its maximum thermal efficiency for the given conditions.

4. Theoretical prerequisites

In this paper, we consider the operation of the heat supply system with a hybrid solar collector with forced
circulation of the heat carrier, which is shown in Fig.1 [21], [22].
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Fig.1. Schematic diagram of the heat supply system with a hybrid solar collector: 1 — solar radiation; 2 — photocell; 3 — solar energy
absorber; 4 — temperature sensor; 5 — heat storage tank; 6 — circulation pump; 7 — differential thermostat; 8 —return line of the cooled
heat carrier in the consumer circuit; 9 — supply line of the hot heat carrier in the consumer circuit.

The system consists of a heat storage tank (HST) and a hybrid flat solar collector for obtaining thermal and
electrical energy, interconnected by pipelines through which the heat carrier (water) moves with the help of a
circulation pump. To simplify the calculation of the parameters of heat supply system, it is assumed that these pipelines
are well insulated, so solar energy is absorbed only by the hybrid solar collector. Part of the received solar energy is
used to heat water in the installation circuit and the rest is lost, including in HST. The water temperature at the entrance
to the solar collector is taken equal to the average water temperature in the HST, and the water temperature at the
entrance to the HST is taken to be equal to the water temperature at the outlet from the collector.

Useful thermal energy, which is accumulated by water in a thermal solar collector and is removed from it per unit
of time O , W is determined from the heat balance equation by the formula [21], [22]:

Q =Fp Ac-[I'1-a-U. - (Ts-T,)], (1)

where Fy is the coefficient of heat removal from the solar collector; A is the solar collector area, m? I is the intensity
of solar radiation perceived by the surface of the solar collector, W/m?; t is the coefficient of transmission of solar
energy through the transparent protective coating of the solar installation; o is the coefficient of absorption of solar
energy by the absorber; U; is the coefficient of heat loss of the solar collector, W/(m?°C); T is the average water
temperature in the heat storage tank, °C; T, is the ambient air temperature, °C.

If the consumers do not take away the heat, the received thermal energy accumulated in the HST per unit of time is
determined by the formula:

dT-
0, =Mg-c,  — +Us - As - (Ts — T, (2

where Mg is the mass of water in HST, Kkg; ¢ is the time, s; Uy is the heat transfer coefficient of HST, W/(m-°C); 4y is
the area of the HST side surface, m?; d75/d¢ s the change in water temperature during the time interval dz.

The efficiency of the hybrid solar collector in generating thermal energy is equal to:

G'cp'(Tout_Ti)
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where G is the mass flow rate of water in the heliosystem circuit, kg/s; ¢, is the specific heat capacity of water at

constant pressure, J/(kg-°C); T,, is the water temperature at the outlet of the solar collector, °C; T}, is the water
temperature at the inlet to the solar collector, °C.
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The differential equation of the thermal balance of the operation of the heat supply system, which consists of a
hybrid solar collector, turned-on circulation pump, and a HST without consumers taking away heat energy has the
below form:

Ape dTs
FR‘Ac‘I:]‘T‘a‘ (l_npc’z> _UL’ (TS_Ta)] :Ms‘cp‘ E_’_US‘AS‘(TS_Ta)’ (4)

where M, is the efficiency of conversion of solar radiation falling on the surface of each photocell into electrical energy;

A, is the total area of the front surface of the photocells glued on the thermal part of the hybrid solar collector, m% Ac
is the total area of the solar collector, m?.

The circulation pump is controlled using a differential thermostat, which compares the temperature of the heat
carrier from two sensors: the first measures the heat carrier temperature at the outlet of the hybrid solar collector, and
the second measures the heat carrier temperature at the outlet of the HST. In the absence of heat carrier circulation in
the system, the average temperature of the absorber 7,, is taken as equal to the average temperature of the stationary heat
carrier in the collector 7.

Thus, the differential equation of the heat balance for a hybrid solar collector in the presence of heat carrier
circulation has the following form:

I-(1 o) a7 T, —T,
Ta ( *ﬂpc'%>—mc‘cp‘ dr UL'(stf a)~

The differential equations of heat balance (4) and (5) are solved by the finite difference method for a given time
interval Az [22], [23].

5. Presentation and discussion of the research results

Let us consider the operation of the heat supply system with a hybrid solar collector. In the morning, when there is
not enough solar energy, there is no circulation in the circuit of the solar installation. The average temperature 7, of the

absorber of the solar collector equals the average temperature T, of the stationary heat carrier in it. With the increase in
the amount of solar energy that falls on the collector, the temperature of the heat carrier in it increases and when it
exceeds the average temperature T of the heat carrier at the outlet of HST by the value AT,,, i.e. under the condition

T, — Ts = AT, automation equipment turns on the circulation pump. The turn-on time of the pump is determined by the
differential equation of the heat balance (5) and the operation of the system is described by the differential equation of
the heat balance (4). To avoid frequent pump turning on/off the temperature difference is set AT, =8 ... 11 C.

In the evening hours, as soon as the solar energy is not enough to maintain the efficient operation of the solar

system, the automation equipment turns off the circulation pump. The differential thermostat compares the temperature
of the heat carrier at the outlet from the solar collector 7, with the temperature of the heat carrier at the outlet from the

HST Tg. The pump is turned off under the condition when T, — Tg < AT . It is recommended AT ¢ = 2 C.

The authors analyzed the change in the intensity of solar radiation 7 and the temperature of the ambient air 7, every
hour and with a step of A= 10 s during July. Data on the hourly change of these parameters was taken from [23]. The

values of the parameters with a step of A= 10 s were obtained by approximation of hourly data and presented in Fig.2.
As we can see from Fig.2, the maximum intensity of radiation is observed between 11:00 a.m. and 2:00 p.m., and the
highest daytime temperatures - between 2:00 p.m. and 5:00 p.m.

The performance of a hybrid solar collector depends on the area of the photovoltaic cells on it. The dimensionless
parameter f shows the level of filling of the front side of the solar collector with photocells and is defined as

The thermal solar collector is without photocells at / = 0, and the whole area of the front side of the solar collector
is filled with photocells at /' = 1.
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Fig.2. The intensity of solar radiation | and the temperature of the outside air T,, in July
(hourly values and approximated values every 10 seconds).

The investigation is carried out for three values of water mass in HST Mg = 100 kg, 150 kg and 200 kg, five values
of mass flow in the collector G = 0.01 kg/s, 0.03 kg/s, 0.05 kg/s, 0.07 kg/s and 0.09 kg/s and three values of the
dimensionless parameter f = 0, 0.5 and 1. For a given area of the hybrid solar collector the mass of the heat carrier in it
can be increased by increasing the number of pipes in its design, that is, by changing the step of their laying in the
collector.

The authors analyzed the time of turning off the circulation pump ¢, depending on the mass flow rate of the heat
carrier in the hybrid solar collector G and the mass of water in the heat storage tank Mg which is shown in Fig.3-5.
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Fig.3. The influence of the mass flow rate of the heat carrier in the hybrid solar collector G and the mass of the heat carrier in the
storage tank Mg on the pump turning-on time ¢,, the pump turning-off time ¢,;; for the level of photocells filling f =0 in July.
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Fig.4. The influence of the mass flow rate of the heat carrier in the hybrid solar collector G and the mass of the heat carrier in the
storage tank Mg on the pump turning-on time ¢, the pump turning-off time ¢, for the level of photocells filling f = 0.5 in July.
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Fig.5. The influence of the mass flow rate of the heat carrier in the hybrid solar collector G and the mass of the heat carrier in the
storage tank Mg on the pump turning-on time ¢,, the pump turning-off time ¢, for the level of photocells filling f =1 in July.

Figures 3-5 show that the time of turning on the circulation pump ¢,, does not significantly depend on the mass of
the heat carrier in the HST. At the same time, with an increase in the mass flow rate G, the time of turning off the pump
t. increases, and the time of turning on the pump z,,, does not depend on it.

Below, the authors estimate the change in the efficiency of the photocell M, and the change in thermal efficiency
of the solar collector n. when the parameters of the heat carrier change according to dependencies (3), (4). The iterative
method is used to determine the efficiency of the photocell M, since it depends on the average temperature of the
absorber 7,,. The final value of photocell efficiency is determined by gradual approximations. First, it is assumed that
n, = 0.1 then the differential equations (3), (4) are solved, and the average temperature 7, is calculated, then the new
efficiency of the photocell M, is determined and then the calculations are repeated. The process of determining the new
value N is repeated until the difference between the previous and current value of the photocell efficiency becomes
less than 1%.

As G increases, the photocells efficiency M, is higher since the average temperature of the absorber 7, is lower.

However, since the total operation time of the circulation pump is shorter, the total thermal efficiency of the solar
collector n.. will be lower. Therefore, there must be an optimal heat carrier mass flow rate for which the collector
thermal efficiency is maximum. This is evident from Fig. 6, which shows the dependence of the average daily thermal
efficiency on the mass flow rate of the heat carrier in the collector.
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Fig.6. The influence of the mass flow rate of the heat carrier G and the level of photocells filling f on the average daily
thermal efficiency of the hybrid solar collector . for three values of heat carrier mass in HSTasg in July.

Figure 6 shows that the maximum thermal efficiency of the hybrid solar collector . is achieved when the mass
flow G is less than 0.03 kg/s or 108 kg/h.

6. Conclusion

In the paper, the authors analyzed the theoretical basis for the hybrid solar collector in the heat supply system and
investigated the effectiveness of its operation in various conditions using SolidWorks software and additional scripts
programmed using Python.

During the computer simulation, the regimes with the different masses of water in the heat storage tank were
analyzed, namely with 100, 150, 200 kg and with the different heat carrier mass flow rates in the collector: 0.01 kg/s,
0.03 kg/s, 0.05 kg/s, 0.07 kg/s and 0.09 kg/s at different values of the level f of photocells filling of the front side of the
solar collector. The research results show that the turning-on time of the circulation pump does not significantly depend
on the mass of the heat carrier in the heat storage tank. With an increase in the mass flow G, the turning-off time of the
pump ¢, increases, and the turning-on time of the pump ¢z, does not depend on it. It should also be noted that the
increase in mass flow rate G results in a decrease in the efficiency of the solar collector n_..

According to the results of the simulation and analysis of the obtained dependencies, the optimal operation mode
of the hybrid solar collector was determined. The hybrid solar collector reaches the maximum thermal efficiency n. at
a mass flow rate of less than 0.03 kg/s.
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Mone/iioBaHHsI pOOOTH IiOPUIHOI0 COHSIYHOI0 KOJIEKTOpa
B CHCTEMIi TeII0NOCTAYAHHSA

Crenan Mucak, Cremnad Illanosan, ["animaa Mariko

Hayionanvnuii ynisepcumem «JIvsiscoxa nonimexuixay, eyn. C. baunoepu, 12, m. Jlvsis, 79013, Yxpaina

AHoTauisa

CrarTsi TpHUCBSYEHA JOCIIPKEHHIO Ta MOJICTIOBAHHIO €(DEKTUBHOCTI T1OPUIHOTO COHSYHOTO KOJIEKTOPA B CHCTEMI
TEIUIONOCTAYaHHS, 10 CKJIAJAETHCA 3 IBOX OKPEMHUX OJIOKIiB, a caMe TEIIOBOr0 aKyMYJIATOpa Ta INIOCKOTO COHSYHOTO
KOJIEKTOpa, sIKi 3’€HaHi MiX co00r TpyOorpoBogaMu. JIOCHi/KeHHsI BKIIOYAE aHAJI3 Ta pPO3PaXyHOK TETUIOBHX
mapaMeTpiB CHCTEMH B NPOMDKKY OJHi€i MOOM Ta BH3HAYCHHS ONTHUMAIbHUX 3HAYCHb BUTPATH TEIUIOHOCIS B
COHSYHOMY KOJIEKTOp1 Ta MacH TEIUIOHOCIA B TEIUIOBOMY aKyMYJIATOpPI 3 METO TOCATHEHHS MaKCUMAJbHOI TEerIOBOI
e(peKTHBHOCTI. ABTOpPH BHKOPHCTOBYIOTH IporpamHe 3a0e3medeHHs SolidWorks Ta momaTkoBi ckpuntw,
3amporpaMoBaHi 3a jgonomoror Python s MonenroBaHHS POOOTH COHSYHOTO KOJEKTOpa Ta OOYMCIEHHS HOro
TEII0BOI e()eKTUBHOCTI. Pe3ynbraTu HOCTIIKEHHsI MOKa3ylOTh BUCOKUI MOTEHINIal TiOPUIHUX COHSYHUX KOJEKTOPIB
U1l e(pEeKTUBHOI'O T'eHEpYBaHHS 1 aKyMYJIIOBAHHS TEIUIOBOI €Heprii, SK Ui JOMOTOCHOJApCTB TaK 1 I MaJoi
npoMuciioBocTi. s craTTs Moxxe OyTH KOPUCHOO JUIsl 1HXKEHEpIB 1 BUCHHX, SIKI HPALIOIOTh Y cepl aabTepHATUBHUX
JDKepeT eHeprii Ta eHeproe()eKTUBHUX CHCTEM.

KuarouoBi ciaoBa: riOpugHHil COHSYHUN KOJEKTOp; CHCTEMa TEIUIONMOCTAYaHHS, TEIUIOBHH O0aK-aKyMYIsTOp;
MOJICITIOBAHH.
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