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ABSTRACT

In this article, an innovative water-based photovoltaic-thermal (PV/T) system is proposed.
A cooling box is designed and coupled with photovoltaic panel in order investigate
the thermal behavior of the system. Different inlet temperatures and flow rates
are examined under standard test conditions (STC). The temperature distribution

and average temperature of the photovoltaic module layers are investigated. The results
show that when the mass flow rate is 0.014 kg/s, and the inlet flow temperature is 15 °C,
the PV module reaches an electrical conversion efficiency of 19.12% with 78.32%
of thermal efficiency. The designed cooling system exhibits better performance with
a significant increase in thermal and electrical conversion efficiency compared

to current solutions in the literature. The findings in this paper highlight the utility of PV/T
systems and their massive potential to popularize the solar energy field and harvest thermal
and electrical energy simultaneously.

Keywords: heat transfer, PV/T system, fluid dynamics.

1. INTRODUCTION

One of the most well-known and widely used technologies of renewable energy generation
is photovoltaic (PV) systems that convert direct sunlight radiation to electricity.
Yu et al. (2014) indicated that higher power density, minimized maintenance, lower

operational costs, and diminished impacts on global warming are some advantages
of PV energy. Although PV technology has vital benefits, it is affected by external
conditions. Sanaz et al. (2014) investigated the effect of dust, and Swapnil et al. (2013)
studied the impact of temperature change on PV efficiency. The experimental and
theoretical analyzes exhibit that the PV panels are greatly influenced by temperature
compared to other parameters. Higher the operating temperature condition, the lower the
electrical conversion efficiency. Therefore, not all solar energy is converted to electrical
power, and part of solar energy is converted to heat relevant to the energy conservation law.

Many researchers attempted to minimize the negative effect of temperature on photovoltaic
modules using different approaches. Bhakre et al. (2021) reviewed a performance
evaluation of PV panel surfaces under hydraulic cooling. They found that continuous water
flow over the top surface significantly cools the PV panel and cleans its surface. Hence, the
optical efficiency of the PV panel is increased. Duan J. (2021) studied the charging process
of the phase change material (PCM) porous systems with a cooling effect of PV panels
for the cavities with a different angle of inclination. The results show that the smaller porosity
of metal foam, i.e., € = 85% or 90% causes a weak effect on the inclination angle during
the charging process since the weak natural convection of liquid PCM exists. It is found that
the weak convection slows down the charging period of the PCM-porous system while
extending the duration of the period needed to cool down the panel. Nizetic et al. (2021)
investigated and tested experimentally various PV/T systems incorporating with PCMs
in an extensive review paper. The analyzed PV/T-PCM systems show
that the electrical efficiency is generally less than 20%, whereas the enhancement
in thermal efficiency is between 40% to 70%. The authors suggested further investigation
to discover variable economic solutions as the PCM materials have high unit costs.
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Mohamed R.G. et al. (2022) designed a cross-fined channel box for the PV/T system.
The authors conducted a performance analysis for 3 mm and 15 mm thick cross-fined
channel boxes using commercial software. The flow rates of 0.008 — 0.066 kg/s
are analyzed under different solar irradiation conditions. The authors concluded that for
both cross-fined channel boxes, the optimum flow rate is 0.05 kg/s under intense radiation
1000 W/m? with the outlet water temperature of 38.95 °C. Bahaidarah et al. (2013)
investigated PV -a monocrystalline- module by back surface water cooling
by attaching a cooling panel at the rear part of the module experimentally and compared
it with their numerical model. The results show that when the module is cooled,
the maximum module temperatures are 35 °C for the front and 25.9 °C for the back surface
of the module. In contrast, for the non-cooled module, the maximum module temperatures
were 45 °C for the front surface and 42.8 °C for the module's rear surface. The power output
of the module increased by 10%.

As a result, cooling the PV modules is essential that should be examined carefully.
The authors strived to minimize the negative effect of the temperature on the PV module.
The literature review shows that many different approaches are applied. The water-based
cooling techniques are found to be more efficient than other cooling methods. In water-
based PV/T systems, the solutions proposed have an average electrical efficiency of about
10.77% and an average thermal efficiency of around 50.35%. The lack of high thermal
and electrical conversion efficiencies, implementation cost, and complex geometries are the
main issues of the solutions. Therefore, further analytical and experimental research
should be conducted to achieve higher thermal and electrical conversion efficiencies and
minimize the cost of production. The novelty of this study is to propose a distinctive design
with higher electrical conversion and thermal efficiency for the PV/T systems.
In achieving an efficient PV/T design, the first step is to grasp the thermal behavior
of PV modules. The designed cooling box fluid domain is coupled with the thermal side
of the PV module. Various inlet flow rates and temperatures are tested to reach optimum
cooling. The electrical conversion efficiency of the cooled module is compared to the non-
cooled one, along with the thermal efficiency of the new system. The design
and its cooling performance are presented to compare the current PV/T designs
in the literature. The proposed PV/T system could suit residential and commercial building
applications as an integrated part of the building energy system, such as heat pumps,
domestic hot water preparation, and space heating.

2. METHODOLOGY

A 2-D thermal model of the PV module is developed considering the physical model which
provides each layer's material properties and thickness. The model eases to comprehend
the heat dissipation of each layer better. The model used to investigate the thermal behavior
of the PV module does not contain thinner layers. The material and physical properties
of layers are given in Table 1.

Table 1. Material properties of the layers

Layer Thickness Thermal Conductivity Specific Heat Capacity Density (kg/m®)

(mm) (W/m.K) (J/kg.K)
Front Side Glass 2.0 1.8 790 2500
Top Side EVA 0.2 0.4 1675 1070
PV Cells 0.4 148 700 2330
Bottom Side EVA 0.2 0.4 1675 1070
Back Side Glass 2.0 1.8 790 2500

The layers of the PV module considered are illustrated in Fig. 1. EVA Bottom and EVA Top
layers have the same material properties and enclose the PV cells. The top-most and
bottom-most layers are glass, and the material properties are the same.
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Figure 1: Considered PV panel layers

2.1. Thermal Model

In order to achieve the complete thermal model to find the temperature distribution
of the module, the total absorbed solar irradiation S) is used. The heat equation along
with suitable boundary conditions can be used to solve the complete thermal model
to find the temperature distribution of the PV panel.

2.2. Heat Sources

A part of the total absorbed solar irradiation is not converted to electric current. The non-
converted part generates heat within the solar panel. The front glass layer has an influential
absorptivity (ag = 0.018), and the PV cells layer absorbs the incident irradiation. The internal
heat generation as a result of absorption in the front glass is calculated in Eq. 1:

. lGHOR P
Qg1 = “ZZHOREE (1 s Eq. 1
Vor

where Ap stands for the entire area of the photovoltaic panel, 1.6994 m? and Vg indicates
the front glass volume, 0.0034 m® The non-converted portion of the total absorbed solar
(1 —npy) is dissipated as heat in the PV cells layer. This internal heat generation in the PV
cells layer is found using Eq. 2:

. (1 —npy)ApyS
QPV = V—
PV

where Apy and Vpy, express the total area of photovoltaic cells, 1.51 m* and the total volume
of PV cells, 0.0006 m°, respectively. Oliveti G. et al. (2014) is calculated 7p, the electrical
efficiency of the solar panel using Eq. 3:

Npv = T]PV,ref(l - (ref (TPV,cells - Tref) Eq' 3

where npy s is the electrical efficiency referenced by the manufacturer, equals 0.1912
at standard test conditions (STC). ¢,..r indicates the temperature coefficient of the solar cells
and is set at 0.0036 °C~1 . Tyes stands for the reference temperature, 25 °C.

2.3. Heat Equation

The heat equation is a partial differential equation used to model how the heat
diffuses through the solar panel's layers. For a solid domain in 3-D form, the heat equation
is given in Eq. 4:
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oT(x,y,zt)  (9°T(x,y,zt) 0°T(x,y,zt) 0°T(x,y,z1)
pe——"p = k( 922 + 3y + 372 + Qy (1) Eq. 4

where p, ¢, and k are the density, the specific heat capacity, and the thermal conductivity,
respectively. T is the temperature at point (x, y, z) at time ¢ and Q, is the internal heat
generation. In this study, p, ¢, and k are assumed to be constant for each layer given
in Table 1. The 2-D thermal model is developed using the heat equation. The equation
can be reduced to Eq. 5:

oT (x,y,t) 0°T(x,y,t) 0°T(x,y,t)
c—=- _k< it oy +Q,(t) Eq.5

where x is the direction along the length of the panel and y is the direction along with the
thickness shown in Fig. 2.

p

24. Boundary Conditions

Eq. 5 is solved by applying the suitable boundary conditions on the top and bottom glass
layers. The boundary conditions are illustrated in Fig. 1. The convective and radiative heat
transfer mechanisms occur between the environment and the front-side glass and back-side
glass of the panel. The natural (h.ony,frec) @nd forced (heony,forcea) CONVECtion mechanism
should be considered given in Eq. 6:

hconv = hconv,free + hconv,forced Eq- 6
The heat transfer coefficient for the natural convection can be calculated using Eq. 7.
Nusreokgi
hconv,free = f;ee = Eq. 7
ch

where Nus.., is the Nusselt number, kg, is the thermal conductivity of the air and I,
is the characteristic length of the PV panel. Kaplani et al. (2014) determined the [, using

Eq. 8: L 4Apanel
ch P

panel

Eq. 8

where A, 4ne @nd Pyqne Stand for the total area of the PV panel and the perimeter of the PV,
respectively. Ernani (2006) calculated the heat transfer coefficient for forced airflow over flat
surfaces as in Eq. 9:

hconv,forced = 4-96170'5[;}?'?4’ Eq. 9

where v, indicates the wind speed in m/s. The combined heat transfer coefficient h.,,, can
be obtained, and the convective heat loss Q.,,,, can be calculated using the Eq. 10:

Qconv = hconv(Tsurface - Tamb)' (W/mz) Eqg. 10
where Ty, race @and Tgmyp, are the surface and ambient temperatures.

The radiative heat losses from the front and back surfaces of the solar panel are estimated
using a linearized heat transfer coefficient (h,,4). The radiative heat transfer occurs within
the following cases:

e Front-side glass — sky

e Front-side glass — ground

e Back-side glass — sky

e Back-side glass — ground
Shahzada et al. (2018) stated that the formulation of h,,4; can cause instabilities. Eq. 11
is suggested to eliminate the instabilities:

_ O—(Tszurface - Tszink)(Tsurface + Tsink)

rad —

1- Esurface + 1 Eq' 11

5surface Fsurface—sink
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where ¢ is the Stefan-Boltzmann constant, Ty, is either sky or ground temperature, T, f4ce
is solar panel's front or back surface temperature. £5,,54c is the emissivity of the front
and back glass, 0.85. Fsrrace—sink Stands for the view factors which are defined in Eq. 12:

1
Frrontglass-sky = 2 (1 + cosB),
1
Ffrontglass—ground = E (1 — CoS 9) Eq_ 12
1
Fpackglass—sky = 5 (1 + cos(m — 0)),

1
Fbackglass—graund = 2 (1 = cos(m — 0)).

Jones et al. (2001) proposed Eq. 13 to calculate the sky temperature:
Tsky = Tamp — 20. Eq. 13

The ground temperature is presumed to be equal to the ambient temperature.

2.5, Energy Balance and Finite Difference Methods

The thermal model is solved using the energy balance method while using the finite
difference (FD) method to discretize the heat equation implicitly. The finite difference
scheme is applied, dividing the domain into smaller segments called nodes. The 2-D grid
formation is shown in Fig. 2.

Figure 2: Grid formation

The domain is equally spaced by M-1 and N-1 at the x-direction and y-direction.
As illustrated, the total number of nodes is MxN. The heat equation in Eq. 5 is discretized
to the following form using the FD formulation in Egs. 14 and 15:

Ty, t) TGy t+A)—Thyt) Ty —Tey

Eq. 14
ot At At g

0Ty ) PTGyt Tl -2 + T T -2+ T4
dx2 ayz Ax? Ay? '

where superscript i + 1 and i stand for the new time t + At and previous time t, respectively.
The subscripts x, y indicate the node number. Once the 2-D grid formation is prepared,
the discretized heat equation is constructed by taking into account the energy balance
in the rate form in Eq. 19:

Ein— Eg =Egt+ Eout Eq. 16

where energy is entering E;;,, the energy is generated E,, energy is stored E;; and energy
is leaving E,,;. The different layers have various material properties, and control volumes
store different amounts of energy.
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3. COOLING COLLECTOR

The thermal behavior of the module is taken into account to design a new system to cool
the panel and use the waste heat for other applications. The design is prepared
and simulated using finite volume analysis software under standard test conditions
(STC). The isometric view of the new design, along with the interior view, is illustrated
in Fig. 3.

Figure 3: A new cooling box design

The design consists of three divided channels for each flow, and each section has one inlet
and one outlet, and it is made of aluminum alloy. The three middle openings are arranged
to fit the electrical connection of the PV module. These openings caused the temperature
to rise beneath the section of the openings. Therefore, the crescent-shaped flow routers
are designed and placed at each side of the openings. A dorsal-shaped design is applied
under the cooling box to enhance the convection heat transfer with the outdoor air.

3.1. Fluid Domain

As indicated in section 2, there are three channels in the new design. Therefore,
one of the channels is chosen to be studied in this section. The fluid flowing channel
is modeled using the energy equation in 1-D form proposed by Octon P. et al. (2020)
in Eq. 17: oT; 0Ty _ . 0Ty _ (Ty = Tatum)

Prer 5 TP 5 = M g2 Ax Eq. 17
where p¢, ¢ and T are the density, specific heat capacity, and the temperature of the fluid,
respectively. us denotes the fluid velocity and calculated in Eq. 18:

Mg
pfAc

m=prAcuy = ur = Eq. 18

where m; is the mass flow rate of the fluid.

The wall thickness of each wall of the design is 2 mm, and this thickness is also
modeled and added to the model using the FD scheme. The upper wall of the cooling box
creates two interfaces; one is with the PV module, and one is with the fluid domain.
The interface between aluminum and the fluid domain is written in Eq. 19:

oT
—kaium a = hin (Talum - Tfluid) Eq. 19

where kg,m and T,,m are the thermal conductivity and temperature of the aluminum alloy,
respectively. h;, is the fluid heat transfer coefficient. The back surface of the cooling box
is in contact with outdoor air. The convection equation for this interface can be written
as in Eq. 20:

oT
_kalum a = hconv (Talum - Tamb)- Eq- 20
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The one-dimensional FD scheme is applied for the fluid domain to model the flow and find
the temperature distribution in the flow explicitly. In Fig. 4, nodes of the domain
are illustrated. The domain is divided into m-1 equally space which gives m number
of nodes. T; denotes the temperature at the node.

Figure 4: Fluid domain

The temperature at the first node can be written as in Eq. 21:
x=1: Tfl(tl X = 1) = Tf,in' Eq 21
where Tr;, is the inlet temperature of the fluid domain. Zima et al. (2020) investigated

and implemented the Courant—Friedrichs—Lewy condition for the stabilization and
convergence of the solution in Eq. 22:

A
At <=2, Eq. 22
U

where Ax stands for the increment in the x-direction of the fluid flow.

3.2. Discretization of the Fluid Domain

This section employs the FD explicit scheme to discretize the fluid domain expressed
in Eq. 17. The backward difference formula is wused for spatial derivatives,
and the central difference formula is used for the second-order term. The discretized
equation is written as in Eq. 23:

Tfi}l - Tfi,k + oo Tfi,k - Tfi,k—l . Tfi,k+1 - ZTfi,k + Tfi,k—l B h(Tfi,k - Tcl;lum)
At Prer Ax Ax? Ax
where subscript k — 1, k, and k + 1 are the consecutive nodes in the domain.

The calculations are performed under STC, in which the solar irradiation is 1000 W /m?,
and the cell temperature is 25 °C. The water-propylene glycol (60-40) mixture is used
as the fluid with an inlet temperature of 15 °C and 20 °C. The properties of the mixture
are given in Table 2.

Table 2. Water-propylene glycol mixture properties

Properties Values

Density (kg/m°) 1024.33

Specific Heat Capacity (J/kg.K) 3823.50

Viscosity (kg/m.s) 0.0027
Thermal Conductivity (W/m.K) 0.43
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4. RESULTS

The cooling box design is simulated using Ansys Fluent software. The energy
equation model is activated to couple the fluid flow with energy analysis. The fluid flow
inside the cooling box has a low Reynolds number due to that the laminar flow is modeled.

The shell conduction feature is used to model the PV panel section above the cooling box.
The thermal and material properties of each layer given in Table 1. are used to simulate
the flow and achieve the temperature distribution of PV panel layers and cooling box. The
three different inlet flow velocities are 0.5, 0.6, and 0.7 m/s investigated with inlet
temperatures of 15 and 20 °C. The six boundary conditions shown in Table 3.
are considered.

Table 3. The six different boundary conditions

Case Number Inlet Temperature [°C] Inlet Velocity [m/s] Inlet Mass Flow Rate [kg/s]
1 20 0.5 0.010
2 20 0.6 0.012
3 20 0.7 0.014
4 15 0.5 0.010
5 15 0.6 0.012
6 15 0.7 0.014

The boundary conditions are given in Table 3. applied under STC in the software to analyze
the behavior of the cooling box design. The modeled PV panel properties under STC
are given in Table 4.

Table 4. PV module properties under STC conditions

Maximum Power [Wp] 325.00
Maximum Power Voltage Vypp [V] 33.60
Maximum Power Current lypp [V] 9.68

Open Circuit Voltage VOC [V] 40.30
Short Circuit Current ISC [A] 10.25
Temperature Coefficient of Pmax [%/°C] -0.36
NOCT 44+3

41. Model Results

In this section, the results of each case given in Table 3. are explained. The average
temperature of each PV module layer and the cooling box temperature are presented
in Table 5.

Table 5. The average temperature profile of each PV module layer and the cooling box

1

temperature
Case Number T_CBox[°C] T_BGlass[°C] T_BEva[°C] T_PVCells[°C] T_TEva[°C] T_Tglass [°C]
26.95 28.99 29.69 29.92 29.93 29.95
25.92 27.88 28.58 28.81 28.82 28.84
2517 27.06 27.76 28.01 28.00 28.02
22.50 24.32 25.02 25.25 25.26 25.28
21.39 23.13 23.82 24.06 24.07 24.08
20.59 22.26 22.96 23.19 23.2 23.22

O b~ WDN

where T_CBox, T_BGlass, T_BEva, T_PVCells, T_TEva, and T_Tglass are the average
temperature of the cooling box, bottom glass layer, bottom eva layer, photovoltaic cells layer,
top eva layer, and top glass layer, respectively. The average temperature of each PV
module layer decreases when either the inlet flow rate increases or the inlet flow
temperature decreases.

When using the designed new cooling box, the waste heat from the PV panel is accumulated
in the fluid. The useful thermal energy gain from the panel can be calculated using Eq. 24:

Qu= me (Tf,out - Tf,in)' Eq. 24
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where Q,, is the useful thermal energy gain, Ty ;,, and Ty 4, are the fluid inlet temperature and
fluid outlet temperature, respectively. The inlet temperature, outlet temperature, and useful
thermal energy gain of the cases are shown in Table 6.

Table 6. Useful thermal energy gain in the new cooling box

Case Number  Tg;, [°C] T oue [°C] AT [°C] m¢ [kg/s] Q. [W]
1 20 29.90 9.90 0.010 1135.58
2 20 28.37 8.37 0.012 1152.10
3 20 27.26 7.26 0.014 1165.86
4 15 25.62 10.62 0.010 1218.17
5 15 23.98 8.98 0.012 1236.06
6 15 22.79 7.79 0.014 1250.97

The temperature of the photovoltaic cells significantly decreases with the cooling design,
and it has a significant effect on the electrical conversion efficiency. The modeled
PV module has 19.12% of reference electrical conversion efficiency under STC conditions.
The module with the dimensions 1696 x 1002 x 30 has an area of 1.699 mZ
The electrical conversion efficiency of the PV module with the cooling box is calculated
and presented along with non-cooled PV panel data in Table 7 using Eq 3.

The results of the fluid flow model for the first three cases are illustrated in Fig. 6. The last
there cases of fluid flow results are presented in Fig. 7.

Figure 6: The cooling box and the PV cells layer temperature distribution

The cooling box temperature is shown on the left side, and the PV cells layer is shown
on the right in Figs. 6 and 7.
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Figure 7: The cooling box and the PV cells layer temperature distribution

Table 7. Electrical conversion efficiency and power comparison
Case Number Ncooled [%’] Pcooled [W] Nnon—cooled [%] Pnon—cooled [W]

1 18.65% 317.01 16.14% 274.22
2 18.76% 318.81 16.14% 215.29
3 18.84% 320.11 16.14% 215.29
4 19.12% 325.00 16.14% 2156.29
5 19.12% 325.00 16.14% 2156.29
6 19.12% 325.00 16.14% 2156.29

5. DISCUSSION

In this paper, the PV module with a newly designed cooling box significantly enhances
electrical conversion efficiency compared to the non-cooled module shown in Table 7.
The electrical conversion efficiency increases by 15-19% when the PV module is cooled
using the designed cooling box under STC. The electrical conversion efficiency
reaches the reference efficiency when the inlet mass flow rate is 0.01 kg/s, and the inlet
temperature is at 15 °C. The further increase in the mass flow rate still decreases
he temperature of the module and allows the extraction of more thermal energy from
the PV module. The thermal efficiency, electrical conversion efficiency, and combined

efficiency of each case are given in Table 8. to compare cases with each other.
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Table 8: The electrical, thermal, and combined efficiency of the cooling box

Case Number Nelec [%] Ntn [%] Ncombined [%]
1 18.65% 71.10% 89.75%
2 18.76% 72.13% 90.89%
3 18.84% 72.99% 91.83%
4 19.12% 76.27% 95.39%
5 19.12% 77.39% 96.51%
6 19.12% 78.32% 97.45%

The waste heat from the module is collected and can be used for domestic hot water,
ground coupling heat pump, or other utility applications. The inlet temperature
of the cooling box greatly influences thermal energy gain and efficiency.

5.1. Comparison with other PV/T systems

In this section, a performance comparison is conducted between the current study
and the literature. Fadhel et al. (2013) designed a new PV/T system that consists of water
channels under the PV module, and the cooling channels are also insulated.
In this design, they evaluated the performance of the PV/T theoretically, and the system
reached maximum electrical conversion efficiency and thermal efficiency of 12.13%
and 64.4%, respectively. Chao-Yang et al. (2013) tested a water-based unglazed PV/T
system experimentally. According to the results, 14.46% of electrical and 47.21% thermal
efficiencies are achieved.

A comparative study of PV/T systems and traditional solar systems is conducted in China
by Wei et al. (2011). In this experiment, an aluminum absorber plate is placed under
the PV panel, and seven copper tubes are welded to the absorber. An insulation layer
is attached to the side and bottom surfaces of the PV/T system. The test results showed
that the daily average electrical efficiency is 10%, and the daily thermal efficiency is about
40%. Ronak et al. (2011) strived to design a low-cost PV/T system mainly focusing
on water heating. Amorphous silicon cells are used to enhance thermal efficiency.
The electrical efficiency of this design is 4.84%, and the thermal efficiency is about 66%
theoretically.

Amira et al. (2020) designed a new dual oscillating absorber for a water-based PV/T system
and carried out indoor experimental tests. In this design, the maximum thermal
efficiency reaches 55%, where the mass flow rate is 0.083 kg/s, and the maximum electrical
efficiency is 9.5% under the solar irradiation level of 800 W/m?.

Swapnil et al. (2013) tested two commercially available PV/T systems in outdoor conditions
in Singapore. The first PV/T system consists of a PV module and a tube and sheet thermal
collector with an absorber (Cu/Al), tubes (Cu/Al), and thermal insulation. The second PV/T
system is constructed using a PV module, water channels, and thermal insulation.
The conducted test results show that the thermal efficiencies of the first and second systems
are 40.7% and 39.4%, whereas the electrical conversion efficiencies are 11.8% and 11.5%.

Table 9: Comparison of the present work with other PV/T systems

Type Netec [%] Nen [%] Reference

PV/IT water system with spiral flow design 12.13 64.40 Fadhel et al. (2013)

PVIT unglazed water system 14.46 47.21 Chao-Yang et al. (2013)
PV/T water system 10.00 40.00 Wei et al. (2011)

PV/T water system 4.84 66.00 Ronak et al. (2011)

PV/T water dual oscillating absorber design 9.50 55.00 Amira et al. (2020)

PV/T water system with tubing 11.80 40.70 Swapnil et al. (2013)

PV/IT water system with channels 11.50 39.40 Swapnil et al. (2013)

PV/T water system with a cooling box 19.12 78.32 Present Study

The summary of the comparison results is shown in Table 9.
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6. CONCLUSIONS

In this paper, a newly designed thermal collector for the PV/T system is numerically
investigated. The six different configurations are performed to analyze the system
performance. According to the observations from the system performances, the highest
thermal and electrical efficiency are reached with the flow rate of 0.014 kg/s and
inlet temperature of 15 °CThe designed PV/T system was found to exceed its rivals
due to higher thermal and electrical efficiencies. The following conclusions can be drawn
from the study:

e The increase in mass flow rate leads to a drop in average PV cell temperature
is around 27.44 °Cand 26.33 °C for mass flow rates of 0.014 kg/s and 0.010 kg/s,
where the inlet temperature is 20 °C. The temperature drop in PV cell temperature
is 33.06 °Cand 31.00 °C for mass flow rates of 0.014 kg/s and 0.010 kg/s, where
the inlet temperature is 15 °C

e The peak combined efficiency of 97.45% is reached with the inlet temperature
of 15°C and mass flow rate of 0.014 kg/s.

e The inlet temperature of the system significantly affects the thermal efficiency
as it leads to better cooling. The thermal efficiency rises around 7.2% for the various
flow rates.

According to the study, the PV module's electrical conversion efficiency increases when
the temperature of the module decreases. The results show that the electrical
conversion efficiency and the thermal energy yield of the proposed system are among
the highest in comparison with previous research studies. According to the numerical
analysis of the system, it can be concluded that the system has favorable development
on PV performance. Another benefit of the PV/T system is the thermal energy gain that
can be used for various applications such as low-temperature underground heat storage
combined with heat pump applications.

An aspect that can be improved in the model is the power tolerance. A laboratory test
can enhance the model accuracy for the prediction of electrical power output.
A further improvement of the model can be the account of the cooling effect of the rainfall.
Further research into the designed system is recommended as the solution has a significant
increase in thermal and electrical conversion efficiencies. A prototype of the cooling design
is planned to be produced and tested in outdoor conditions. The economic evaluation
of the newly designed system will be investigated after the prototype is operational.
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