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PV/T system, PV The solar energy system is environmentally friendly and the utilization of
modules temperature, photovoltaic thermal collectors, (PV/T) has attracted more attention,
PV efficiency, Thermal which directly converts solar radiation into electricity and thermal energy
efficiency, Renewable simultaneously. This study investigated the air biased Photovoltaic
energy, PV/T partially thermal hybrid solar collectors, (PV/T) trend for two cases, denominate
covered with PV. case one (PV/T system fully covered with PV modules), and case tow

(PV/T system partially covered with glass). The studied parameters were
solar irradiance and the air mass flow rate. The investigation has been
performed in terms of outlet air temperature, electrical power, thermal
and electrical efficiencies. A numerical model was developed using the
computational fluid dynamic program (CFD) and the results were
compared with the experimental measurements that carried out from
indoor conditions using a solar simulator. A good agreement has been
achieved between experimental and numerical results. The performance of
both cases one and case two concluded that the PV/T system should be
operating at a moderate air flow rate of 0.013 kg/s, which is the best mass
flow rate. In addition, it has been observed that for case tow the maximum
outlet air temperature and electric powers were 44.3 oC and 26.6 W,
respectively. For case one, thermal and electrical efficiencies were found
34% and 10%, respectively, based on the experimental data, while for case
2, the maximum thermal and electrical efficiencies were found to be 48.9
and 9.1%, respectively.
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1. Introduction

PV/T systems are one of the most popular renewable energy resources that face the energy crisis,
which is all around the world. It has indicated to the combination of photovoltaic technologies with
solar thermal into one single system. The design of photovoltaic thermal (PV/T) was firstly
implemented by Kern and Russell [1]. It allows to utilize the solar radiation efficiently and reduces
the usage of expensive fossil fuel consumed by converting the solar energy into electrical and
thermal energy Solar energy is available and clean and the use of it decrease the cost of power
generation. In addition, the use of solar energy deducts a large portion of carbon dioxide emitted to
the environment by burning of fossil fuel [2]. PV system can convert 6-16% of solar incidence into
electricity at 25 °C, the remaining 80% of this incident is converted to heat this heat act as losses
dissipated to the environment [3]. The heat dissipation is not desirable and can be converted into
useful energy such as forced air or water circulation with the backside of the PV surface. Many
experiences and researches on different types of solar PV/T collectors had been studied, to analyze
the behavior of the PV/T system and factors affected on it, such as various types of working fluid and
various design of the fluid flowing channel. Farshchimonfared et al. [4] Experienced the behavior of
air biased (PV/T) collectors attached to the Residential buildings under the effect of air mass flow
rate, the diameter of air duct and channel depth. The result showed that the optimum value of the
mass flow rate per unit area of the collector is approximately equal to 0.021 kg/s.m?. In addition, the
optimum duct diameter is varying between 0.3 and 0.56 m. Moreover, the optimum channel depth is
varied between 0.09 and 0.026 m and this range is increase as the collector area and the ratio of large
to width increase. Bambrook and Sproul [5] Developed a circuit simulation program for the air
biased PV/T system so as to calculate PV cell temperature, fluid temperature, and the rate of heat
transfer along the collector length. The simulation program also provides a method for analyzing the
PV/T collector under any dimension and different mass flow rates. They showed that the range of PV
cell temperature from inlet to the outlet is about 37 to 53 °C and outlet fluid temperature is 49 °C.
Shahsavar and Ameri [6] Tested two, four, and eight fans to investigate the maximum electrical
efficiency of the direct-coupled PV/T air collector with glass and without glass cover. The results
carried out at the climate condition in Kerman Iran showed that the mass flow rate increase with an
increase in the number of fans, therefore the system has the most air flow rate and maximum
electrical efficiency when the operation is with eight fans. In addition, the result reveals thermal
efficiency, increase when adding glass cover to the PV panel reach 60% but electrical efficiency
decreases to 8.5%. Yazdanifard et al. [7] Analyzed the performance of water-based PV/T collectors
in laminar and turbulent flow regimes. They showed that the laminar regime has higher PV and outlet
fluid temperatures than that for turbulent flow. The PV cell temperature of laminar flow was 39 °C
for the glazed system and 36 °C for unglazed one. For turbulent flow, the PV cell temperature for the
glazed and unglazed system were 30 and 29 °C respectively. For laminar flow outlet fluid
temperature was 31.5 °C for the glazed system and 30 °C for unglazed one. In the case of turbulent
flow outlet, fluid temperature for the glazed and unglazed system were 26.3 and 26 °C respectively.
Turbulent flow has higher electrical efficiency than that of the laminar regime due to the reduction in
PV module temperature. Shuang et al. [8] have designed a numerical model for water biased PV/T
systems with a cooling channel above the PV panel to study the electrical and thermal performance
when the water channel above the PV panel. The result showed that electrical production decrease,
but higher thermal production was presented. There was a 1.2% reduction in electrical efficiency
when the cooling channel height increases from 3 to 14 mm. Moreover, the thermal efficiency was
increased significantly with the increment of cooling channel height. Tiwari et al. [9] Studied the
influence of photovoltaic thermal collector PV/T partially covered with PV modules for water
distillation in the climate condition of New Delhi. The system consists of a DC pump for circulating
water, partially covered PV/T and solar still, it was seen that the maximum hourly thermal efficiency
was 50% and the system can meet the demand of DC electric power and potable water. Tiwari et al.
[10] have designed and fabricated a photovoltaic thermal system for a greenhouse, the experiment
has been done on the climatic condition of IIT Delhi, India. The variables under study were the effect
of packing factor, absorptivity (degradation effect), the mass flow rate of air, and transmissivity
(dusting effect) on the system performance. Tonui and Tripanagnostopoulos [11] Studied the cooling
of PV/T by natural convection using the air flows through a slim mineral sheet or fins hanging at the
mid-side attached to the back surface of air-channel to enhance heat transfer from PV cell to the air
stream. The work improves that the system efficiency for every parameter evaluated with the fin
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system giving better performance than the thin metal sheet system, but both enhancing the heat
transfer from PV module whereas the maximum outlet air temperatures for fin system was 58 and 60
°C for thin metal sheet system.

It can be seen from the previous studies that the researchers attempted to increase electricity and
thermal efficiencies by different methods. This work will produce electrical and thermal optimization
for air biased PV/T collectors fully covered with PV modules and partially covered with glass and
investigate the specific flow rate and optimum area coverage rate of glass that combination with PV
modules.

2. System Description

Figure 1.a illustrates a schematic diagram of the experimental rig, which mainly consists of four PV
panels attached to the aluminum absorber plate, each two of these PV modules have the same size
and the same technical data. The detailed description and dimensions of each type of PV solar cell
specification is illustrated in Table 1. DC voltage regulator was used to control the flow rate. Solar
simulator with microcontroller to control the amount of irradiance, sensors, and measuring Units.
Seven units of 500-watt, 220 volts. Halogen lamps is connected on the solar simulator with built-in
reflector, the distance between halogen lamps and PV panels is 65 cm, and the distance between the
middle of one halogen lamp bulb and the center of another halogen lamp bulb is about 20 cm, in
order to cover the whole area of PV modules. Other important components such as solar charger
controller and battery are used for power storage. Air is the working medium and supplied to the
thermal channel by three DC fans each of 3 W capacity are used to supply the air at a different mass
flow rate. The experiment was situated indoor to eliminate the effect of ambient temperature and
solar intensity. The adopted PV modules consist of layers in order of glass, Ethylene-Vinyl Acetate
(EVA), solar cells, Ethylene-Vinyl Acetate (EVA), and Tedlar. The PV panels are connected in
parallel for getting high current and constant voltage and then fixed into the aluminum frame to cover
all the PV/T collector which is case 1 (collector fully covered with PV modules) as shown in Figure
1.b Glass cover with dimensions of 0.47 m length, 0.35 m width, and thickness of 3mm is utilized in
this work to cover the non-packing area in the case2 (PV/T partially covered with glass).
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Figure 1: Air biased PV/T collector, (a) - Sketch of the experimental rig, (b) - Photograph for PV/T
system

The rectangular flat plate collector is constructed from aluminum with dimensions of 1.4 m length,
0.35 m width, and 1 mm thickness is used as a heat absorber from the PV modules. The black matt
painted plate is enclosing the PV modules from the sides and bottom to make a channel of 0.03 cm
high for air passage. The channel connected to the aluminum frame, which fixed the PV modules
with; prevent any air leakage, this connection increases the heat transferred from PV modules to the
absorber plat. The polyurethane foam of 3 cm thickness was used to insulate the outer surface of the
flat plate collector in order to reduce the heat losses.

Table 1: Specification of PV modules.

Group no. 1 2

No. of PV modules Two (20 watt) PV panels | Two (10 watt) PV panels
Dimensions 47*35 cm® 23.5% 35 cm’

Current at Pmax 1.1 Amp. 0.57 Amp.

Voltage at P max 175V 175V

Open circuit voltage (Voc) | 20V 20V

Short circuit current (Ish) 1.2 Amp. 0.64 Amp.

3. Experimental Aspects
1. Thermal power and collector efficiency

The useful heat gain by air biased on PV/T collector can be calculated using Eq. (1).

Qu =rmcp (To — Ti) )
The thermal efficiency can be evaluated using:
nth =mcp (To—Ti)/ G Ac 2)

Where Qu is useful to heat gain from the collector, To and Ti are the outlet and inlet temperatures of
the heat transfer fluid, Ac is the area of PV/T collector and G is the irradiance on the collector
surface.

1I. Electrical power and electrical efficiency

The highest power generation and PV efficiency provided in Egs. (3) and (4). The main parameters
used to describe the power are the short circuit current (Isc), open-circuit voltage (Voc), and the fill
factor (FF), which described as the proportion of the maximum power output from the solar cell to
the product of Voc and Isc.

Pe =Voc Isc FF 3)

ne =Pe /G Apv )

Where ne is electrical efficiency, Pe electrical power output, Apv is the PV modules area.
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4. Numerical Modeling

This study includes mathematical formulation, which governs partial differential equations (PDEs) to
depict turbulent fluid flow field and heat transfer in a PV/T system. Two cases of air biased PV/T
system have been simulated which are, case 1 (PV/T system fully covered with PV module) and Case
2 (PV/T system partially covered with PV module). Figure 2 reveals the top view of two cases
simulated with flow directions. The hybrid PV/T system, which studied numerically, has a full scale
of the experimental duct. The duct has 0.35 m width and 1.4 m length. The cross-section of the duct
is (0.35 * 0.03) m?. A mesh size of (62 * 22 * 22) elements involved in the numerical solution of the
PV/T system. Numerical output characteristics of the PV/T performance are simulated by using
FORTRAN 90, and the results are plotted using the Tec plot.

The mathematical model of the airflow is governed by basic conservation of momentum, mass, and
energy balance equations. Turbulent flow is considered in the present work (the Reynolds number
value of the air inlet is 6133).

1.4m "
Air in Air out
, - — -
Pv modules ™
Z (=]
Case 1 fully covered with pv modules
0.93m i O.47m J
Air in
E
Pv modules Glass )
: o
Air out

Case2 partially covered with pv modules

Figure 2: Top view of two cases simulated with flow directions.

The following assumptions have been considered:

i. Steady-state with negligible side and bottom losses, body forces, and air leakage.

ii. Conversation equation of the three-dimensional model.

iv. Forced convection of operation and the streamline of air through the duct is uniform.

v. Three-dimensional heat transfer conduction through PV modules, glass, and absorber plate.
vi. Turbulent airflow has been considered in the channel.

1. Governing Equations

The flow of air inside the PV/T system is turbulent with, 3-D, incompressible, and steady-state.
Navier Stokes equations (NSEs) (continuity, momentum, and energy) are resolved by control volume
(CV) in Cartesian Coordinates. k-€ Model is used to simulate the turbulent flow numerically. This
model has a couple of equations, which join between turbulent kinetic energy (k) equation and
turbulence dissipation rate (&) equation.

11. Thermal Analysis of Solid Walls

PV Modules

Semi-transparent PV modules generate electricity power when the solar cell absorbs the irradiance,
also it produces thermal energy from the convection heat transfer between the back wall of PV
modules and air flowing. The energy balance for a node (3) of PV modules is shown in Fig. (3)
which exhibit a 3-D control volume (CV)) the grid point (3) is connected to six contiguous points,
identifies as N, S, E, W, N, S corresponding to the north, south, east, west, bottom and top directions.
The energy balance for the node (3) of PV modules has been written as follows:
getqwtqt+gb+qn+gs+qflux=0 %)
The terms qe, qw, qt, gb, qn, gs are the heat transferred to the east, west, top, bottom, north and
south of the node respectively which are giving by [13]
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oT kpyA s . .
de = kaAxa = PXX X (Tpv(l’]: k) - Tpv(l +1j k)) (6)
aT kpyA .. . .
Qw = KpyAy 5 = 2 (T, (1), k) = Ty (i = 1,1K)) (7)
aT KkpvA . .
dc = KpyA, 9z %XX (Tpv(l:]' k) — Tpv(lr]' k+ 1)) 3
=k Aa—T—kPVAX(T (i, k) — T, (i, j, k — 1 9
dpb = Kpv 245, Ax pr L] ) pv(lrlv ) ( )
dn = qconv(Pv_amb) = hgy, Ay(Tpv(ivj'k) - Tamb) (10)
aT kpyA .. .
ds = kPVAyg = % (Tpv(lﬁ ) k) - Tpv(ll] -1 k)) (11)

Jeonv(PV — amb) Are the heat losses transferred by convection from PV modules to ambient [13]?
Convection is associated with external surfaces, and conduction is performed through the wall of the
PV/T collector.
hout is a coefficient of the heat transferred by convection between PV modules or glass surface and
the ambient which was given by [14]:
hout=5.7+3.8 vy (12)
Where v,, is the wind velocity.

qflux is the solar radiation absorbed by glass, which can be

calculated by [15]:

dflux = O‘va‘gAyG (13)
For the portion covered with PV panels.
And qayy = T4A,G (14)

For the portion covered with glass cover, where a ,,,, is PV modules absorptivity and equal 0.9 [16]
and T4 is the glass transmittance and equal 0.9 [17].

h out™ A . Solar radiation
: v) (i.J.k+1) Cover

A i $ o (PV.glass)
(+1.00) /f/ TS
e
a1’ (1K)
2 O

1 O ‘/ Ailr gap

'_k/ Absorber plate

Figure 3: The energy balance for the node (3) of PV modules.

The composite thermal conductivity through the PV module k,,, is determined using Eq. (20) [1A].
6tot
o0 = e Tt )
keva Kteq ksc kg
6 Is denote the thickness and k is the thermal conductivity.

Ax =Ay Az
Ay =Ax Az
Az = Ax Ay
Suppose
kpyAx kpyAz kpvA

ap=ae taw +at+ab+an+as
After substituting these terms in Eq. (5) it becomes:
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+a; T,

t p”(i,j,k+1)+ab T jk—1)Tan *

TP”(IJ,K)= [ae TP”(i+1.j,k) +aw Tpv(i—l,j.k)

Tamb+a5 T(i‘j_l‘k)+ae* dflux ]/ap (16)
The temperature of any point of PV cells can be calculated by Eq. (16)

5. Results and Discussion

The presentation and debate of experimental and numerical outcomes of hybrid photovoltaic thermal
PV/T air collectors are discussed in this section. The experiments are carried out for the two cases of
PV/T air collector, Figures 4,5 and 6 show the air, PV cell, and absorber plate temperature
respectively along with the distance of PV/T collector for case 1 at different values of flow rate and
800 w/m?solar radiation. From figures, it is observed that the temperatures increase with mass
flowrate decrease due to a small amount of heat is extracted at low flowrate. Therefore, the maximum
temperature for air, PV cell, and plate are 37 °C, 65°C and 40 °C respectively recorded at 0.0098 kg/s
flow rate. High solar radiation increases the intensity of the electric field and thus the voltage
increase, for these reasons the electric power increases as shown in Figure 7. From this figure one
can observe that the maximum output power was found 40.8W at high flowrate 0.016 kg/s and 1000
W/m2 and the minimum output power was found 10.2 W at low flowrate 0.0098 kg/s and 400 W/m?2.
For heat transfer, high fluid flowrate means low air temperature difference between inlet and outlet
but the high heat transfer rate reached 168.84 W as reveals in Figure 8.

To analyze the efficiency of PV/T fully covered with PV Figures 9 and 10 show the electrical and
thermal efficiency respectively, one can observe from these figures that rising the flow rate leads to a
positive effect on the electrical and thermal efficiencies, because of high flow rate lead to high heat
extracted by air from PV modules, this means high power generated by PV modules. Therefore, the
maximum electrical and thermal efficiency was found 10% and 34% respectively at 0.016kg/s flow
rate. In order to reach the balance in electrical and thermal output Figure 11 plots the variation of
electrical and thermal output depending on the variation of flow rate at constant irradiance and
ambient temperature. It is clear from the figure that the PV/T collector should be operated at the
moderate flowrate (0.013 kg/s) to produce high electrical and thermal output reached 22.5 W
electrical power and 32 °C the outlet air temperature. For case two, 0.33% of the PV/T area is
covered with glass at the outlet portion. Figure 12 reveals the variation of air temperature along with
the distance of the PV/T system at different values of irradiance. Figure 13 illustrates the variation of
absorber plate temperature along with the distance of the PV/T system at different values of
irradiance. Figure 14 shows the variation of (PV cell and glass) temperature along with the distance
of the PV/T system at different values of irradiance. It was observed from Figure 12 that the
maximum outlet air temperature was 44.3 °C obtained at 1000W/m? and this sharp increase in outlet
air temperature is due to the direct radiation fall into the glass at outlet portion and restricts the heat
gain in this position without making this radiation to passing parallel with PV modules. From Figure
13, one can observe that the optimum rising in absorber plate temperature reached 60 °C due to the
existence of glass above it at the outlet portion. The PV modules have higher temperatures for the
case of partially covered with glass than the case of fully covered as shown in Figure 15.
Additionally, the reduction in the area of PV cell leads to a reduction in electric power generated
also, which is depicted in Figure 15. It is observed from Figures 16 and 17 the variation of electrical
and thermal efficiencies respectively with the variation of the area covered by PV modules at a
different mass flow rate. The result reveals that thermal efficiency significantly reaches to 55% in the
area of glass increase to the half area of collector for high flow rate. Conversely, the electrical energy
decreases as the area covered by the PV module decrease, in this case, the PV module area should be
optimized to satisfy the electrical power required for DC fans. In contours Figures, the three-
dimensional plot for PV cell is plotted at an airflow of 0.013 kg/s. Figures 18 and 19 show isotherm
contours of PV cell for casel (fully-covered with PV) and case 2 (partially covered with glass at
outlet portion) respectively. The graph shows that higher temperature was obtained in case of
partially covered with glass due to receiving solar radiation from two direction, first, the irradiance
falls directly on it and second the radiation from a non-packing area with PV modules. The PV
modules, plate and air temperatures obtained by Experimental work has been compared with the
numerical results and plot in Figure 20 for the case 1 (fully covered with PV modules) and Figure 21
for case 2 (partially covered with glass at outlet portion). These figures showed strong agreement has
been achieved between the experimental and numerical outcomes.
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Figure 4: The experimental air temperature variation along with the distance of the PV/T collector in

case 1 (fully covered with PV) at different flow rate.

Irradiance = 800 (W/m2)
—— T =0.0098(kg/s)
75 | ——— N =0.013 (kg/s)
- —p— mM=0.016 (kg/s)
70
— 65 f—
< o
2 60|
=2 o
@ i ‘/4/A
o 55 -
E o
= E
__ S50 '/—"-——-—-——_-_.
E n
o -
45 -
40 f—
357 ! |0I-4| ! |0I6| ! |0I-8| ! L -I| L ! |1!2|
Distance {(m)

Figure 5: The experimental PV cell temperature variation along with the distance of the PV/T collector

in case 1(fully covered with PV) at a different flow rate
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Figure 13: Experimental absorber temperature variation along with the distance of the PV/T collector
for case 2 (partially covered with PV) at a different solar radiation.
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Figure 14: Experimentally PV cell and glass temperature variation along with the distance of the PV/T
collector for case 2 partially covered with PV) at a different Solar radiation.
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Figure 16: The variation of electrical efficiency with an area coverage rate of PV modules.
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Figure 17: The variation of thermal efficiency with an area coverage rate of PV modules.
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Figure 18: Isotherm contours of PV modules in the PV/T system for case 1 (fully covered with PV

modules).
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Figure 19: Isotherm contours of PV modules in the PV/T system for case 2 (partially covered with PV

modules).
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Figure 20: Comparison between experimental and numerical results for case 1 (fully covered with PV

modules).
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Figure 21: Comparison between experimental numerical results for case 2 (partially covered with PV

modules.
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6. Conclusions

On the basis of the study, the hybrid PV/T air collector with different configurations. The following
points have been concluded:

1. PV/T system fully covered with PV is gainful when the electrical generation is the primary
requirement. While the PV/T system partially covered with glass performs better in the thermal
generation.

ii. The effect of increasing the glass area indicates that thermal efficiency increases also reach 55%
when half of the PV/T collector covered with glass and 50%when one-third of the PV/T collector
covered with glass.

iii. Optimizing the electrical power and outlet air temperature with the mass flow rate advised to
operate the PV/T collector at a moderate flow rate (0.013 kg/s) to obtain the required hot air and
electrical power.

iv. Optimizing the outlet air temperature and electrical power with area coverage rate by PV module
conclude that, 33% of the PV/T collector covered with glass gives the best results in reaching the
balance in the electrical and thermal gain.

Symbols and units:

AX: Area in the direction of east and west, m?2.
Ay: Area in the direction of top and bottom, m?2.
Az: Area in the direction of north and south , m?.
hoyue: External heat transfer coefficient, w/m?2K.
hin: Internal heat transfer coefficient, W/m? K.
L, j, k: Positions in the (x, y, z) direction.

Kieq: Thermal conductivity of Tedlar, W/m.K.
ks.: Thermal conductivity of PV cell, W/m.K.
kg: Thermal conductivity of glass, W/m.K.

T+ Temperature of the PV cells, °C.

Tymp: Temperature of ambient air, °C.

Ve Air following velocity m/s.

V,,: Wind velocity, m/s.

T 4 : Transmissivity of glass surface.

® py - PV modules absorptivity.

Oteq: Thickness of Tedlar layer, m.

Osc: Thickness of PV cell m.

84: Thickness of glass layer, m.

Oepq: Thickness of EVA layer, m.
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