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The thermal and electrical efficiency of a custom-designed PV/T panel cooled by forced air circulation was investigated by
experimental and computational fluid dynamics (CFD) analysis. Experiments were carried out with four different array
configurations, under constant irradiation of 1100W/m2 and 3 different air velocities (3.3m/s, 3.9m/s, and 4.5m/s). The heat
transfer surface area and forced air circulation are known to positively affect the total heat transfer, and therefore, it is
foreseeable that an increased number of fins and higher air velocities will help maintain the electrical efficiency of the panel at
higher levels. The main objective of this study is to determine the critical threshold for the abovementioned parameters as well
as to show how important parameters, such as fin arrangement and consequent turbulent air flows, are for satisfying the heat
removal needs. Highest efficiency was achieved with a 108 pc type 1 arrangement at 12.02% as expected. Nevertheless, while the
108 pc type 2 arrangement could maintain the electrical efficiency at 11.81%, a close level of 11.55% could be obtained
with a 54 pc type 2 arrangement. Experimental results are compared with ANSYS Fluent program, and the effect of the number
and arrangement of the fins on the efficiency of the panel has been shown.

1. Introduction

A photovoltaic/thermal (PV/T) collector is considered to be a
solar collector combined with a photovoltaic module and
produces electricity and heat at the same time. Different
kinds of solar energy systems are used in various engineering
fields [1]. There are mainly two types of PV/T collectors
depending on the medium used to collect the thermal energy,
air-based and water-based. PV/T air collectors are signifi-
cantly advantageous than are PV/T water collectors, which
require a variety of thermal collection materials depending
on PV modules. One of the most important components of
a solar energy system is the collector. The various applica-
tions of the solar energy collectors have been well recorded
[2]. Solar collectors can be used in various areas especially
for drying, floor heating, and solar desalination and so on
Conventional solar air collectors have inherent disadvantages
in lower thermal efficiency. Ekechukwu and Norton [3]
conducted experiments to demonstrate a typical 40% to
50% efficiency of the conventional solar air collector. For a
PV/T air collector with a ventilated system, the heat losses

from PV to air flow are generally not very good, so the losses
in the environment are large and the average thermal effi-
ciency is around 10% to 20% [4]. Wijeysundera et al. [5] also
investigated the thermal performance of single-glazed and
double-glazed multipass solar air heaters. Choudhury et al.
[6] found that the single-plated double-pass air heater was
the most cost effective compared to the other design. Joshi
et al. [7] performed a new optimum efficiency of a hybrid
PV/T system. To investigate the performance in New Delhi
meteorological conditions, they investigated two types of
PV modules (glass-to-plastic and glass-to-glass) and the
results show that the overall performance of the hybrid
thermal collector with a glass-to-glass PV module is better
than with a glass-to-plastic module.

In addition, Choudhury et al. [8] studied theoretical
models for single- and double-ended three-pass solar air
heaters. Ho et al. [9] studied the improvement of device per-
formance of external recirculating multipass solar air heaters
under counter flow conditions. Fudholi et al. [10] stated that
they had achieved efficiencies as high as 70% of multipass
solar collectors with an increased heat transfer surface.
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The different pathways leading to significant improve-
ments in collector efficiency are, for example, corrugated
surfaces [11–13], matrix-type absorbers [14], composite hon-
eycomb aggregators [15], box-type absorbers [16], porous
media [17], and finned absorbers [18–20].

This study shows that the heat transfer coefficient
increases with increasing Reynolds number. The thermal
efficiency of the PV module increases with increasing flow
rate. In this study, investigating the effect of active cooling
with different configurations, such as the fin number,
arrangement, and air velocity, on the electrical efficiency
of the PV module is aimed. Moreover, a CFD model
has been used to validate the results of the experiments.
The main objective was to investigate the effects of fin
arrangement and subsequent formation of turbulent air
rather than the heat transfer surface area (the number of
fins in this case) and air velocity on the total heat drawn
from the PV panel. As the highest insolation on the
earth’s surface is 1100W/m2, this figure was chosen for
the experiments.

The fins used in this study are cheap and easy to
manufacture. Besides, on the contrary to other heat transfer
elements used in other studies, it is the first time that they
are being used in PV/T systems. Another reason to choose
them is that they are easy to install and offer a quite low
friction loss during the air circulation and hence does not
require a high fan power.

2. Material and Methodology

A test setup was designed to investigate the thermal and
electrical performance of the PV/T air system. This system
was studied in the Renewable Energy Resources Laboratory
in Ataturk University. A general view of the experimental
setup and a schematic diagram is shown in Figures 1 and
2(a), respectively. A fan with 10W of power has been
employed to feed more air through the control volume in
order to create forced convection, and ambient air, used as
the working fluid, was sucked through the air duct of the test
setup, as shown in Figure 2. The fan is attached to the outlet
of the control volume rather than the inlet in order to prevent
the fan from heating up the feed air entering the control
volume over time.

This experimental study was designed to investigate how
temperature affects the efficiency and power output of a PV
panel during operation and by using various fin arrays.
Polycrystalline solar modules were used in the experiment
to generate electricity. The electricity generated by the solar
modules is stored in batteries. And the fan was powered by
the PV per se, and no external power supply is employed
for feeding air. In order to increase the active cooling effect,
copper fins, the specifications of which are given in Table 1
and illustrated in Figure 2(b), were fitted in different arrange-
ments as shown in Figure 3. The copper fins were glued with
thermal paste onto the back of the PV module, and the air

(a) (b)

Figure 1: (a) PV/T hybrid test setup. (b) Artificial solar radiation and the position of the photovoltaic panel.

(a) (b)

Figure 2: (a) Schematic view of the experimental setup. (b) Fin geometry.
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duct providing air passage was connected to the back of the
PV module. The inlet/outlet manifold of the duct uses
precision air pressure and velocity gauges to ensure that
the air pressure and velocity of the air have been also
measured when uniform air flow is being made. Temperature
measurements have a crucial role in this experiment and
were therefore used to calibrate T-type thermocouples. In
this experiment, the PV current, the PV voltage, the temper-
ature of the panels, the air temperatures at the inlet and outlet
manifolds, the air velocity, and the solar radiation were
measured. Also in this experiment, instead of natural
sunlight, artificial solar radiation was used. The panel size is
55 cm wide and 120 cm in length.

The copper fins are attached to the back surface of the
PV panel in two different numbers, 54 pcs and 108 pcs,
and four different arrangements, 54 pc shifted (type 1),
54 pc staggered (type 2), 108 pc double-shifted (type 1),
and 108 pc shifted (type 2). For 54 pc type 1 fins, odd
and even rows have 4 and 5 fins, respectively. The vertical
spacing between each row is set to be 10.5 cm, with a hor-
izontal spacing of 12.5 cm between fins. In the staggered
second arrangement (type 2), each row is staggered one
over another with a 5 cm vertical spacing, and spacing
between fins is again 12.5 cm. This configuration is a
grouped form of type 1, having a vertical spacing of
20 cm between the row groups. As for 108 pc copper fins,
in a double-shifted type 1 arrangement, odd and even
rows have 8 and 10 fins, respectively. The vertical spacing
of each row is 10 cm, and the horizontal spacing between
the fins is 5.5 cm. In a shifted type 2 arrangement, odd

rows and even rows have 9 and 10 fins, respectively,
except for the last two rows missing 3 fins on both sides
in order to keep the number of fins the same as in type
1. The vertical spacing between the rows is 5 cm, and the
horizontal spacing between fins is 5.5 cm. The amount of
radiation was kept constant at Qsolar = 1100 W/m2 by using
artificial solar lamps during the experiments. The intensity
of this radiation is the maximum insolation level which
can be measured on earth.

As shown in Figure 4, the test setup is mainly composed
of two basic sections, namely, the test section and the control
section, and 17 parts or auxiliary elements named in Table 2.

The law of conservation of mass (also referred to as the
first law), the most basic law of thermodynamics, applies to
all thermodynamic calculations. Before performing the
thermodynamic analysis of the photovoltaic thermal (PVT)
system, which is the subject of this study, it should be noted
that the system is a control volume with continuous flow
(an open system). A control volume is the general name for
systems with a mass flow within their boundaries. Both mass
and energy can be transferred through the boundaries of the
control volume [21–24].

The mass transfer from any system to the control volume
or from the control volume to the system in a Δt time interval
is equal to the change of mass in the control volume at that
time interval [25, 26].

minlet −moutlet = Δcv
kg
s 1

Table 1: Physical properties of copper cylindrical fins.

Specific weight
(kg/dm3)

Thermal conductivity
(W/m·K)

Melting
point (°C)

Specific heat capacity
(kcal/kg·K)

Resistivity
(μΩ)

Weight
(kg/m)

Outer/inner
diameter (mm)

Length
(mm)

8.9 336 1065–1085 0.092 1.71 0.70 12/10 50

Figure 3: Placement and arrangement of fin configurations.
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The energy equation for a continuous flow system, as
given by Masters [27] and Radziemska [21], is

QU =m · cp T inlet − Toutlet kW 2

The total useful solar power from the sun is the sum of
the thermal power gain and the electrical power production
(Qe = I ⋅ V) [28–31] and is given as

Qgain =m cp T inlet − Toutlet + I ⋅ V kW 3

The total electrical energy produced is obtained if the
energy drawn by the fan (W fan = I fan ⋅ V fan) is removed,
and the first-law efficiency, as given by Zagorska et al. [29]
and Zimmermann et al. [31], is

ηI =
Qu +Qe −W fan

Qsolar

=
Qgain −W fan

Qsolar

4

When there is a flow in the system, regarding the
calculations, it is important to determine whether the flow is
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Figure 4: Experimental schematic setup.

Table 2: Parts of the experimental setup.

Test section

(1) Air outlet

(2) Fan

(3) Temperature humidity transmitter

(4) Input velocity anemometer

(5) Photovoltaic panel

(6) Thermocouple

(7) Control volume

(8) Photovoltaic power transmission

(9) Artificial solar radiation

Control section

(10) Pyranometer

(11) Data logger

(12) Computer

(13) DC-AC inverter

(14) Acidic gel battery

(15) Solar charger regulator

(16) Air inlet

(17) Cooling fins
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compressible or incompressible. Whether the compressibility
effect in a flow is important or not is concluded by calculating
the Mach number. If the Mach number is less than 0.3, the
flow is considered incompressible.

Ma = V
c
, 5

where c is the speed of sound (c = 340 29m/s) and V is
the velocity of the fluid, whereby the flow is concluded
to be Newtonian.

Q = h ⋅ Apv ⋅ ΔTair − Tpv kW 6

Using (6), with the help of the energy the air has gained
within the designed control volume, the total heat transfer
coefficient for the system can be calculated. As the total heat
transfer coefficient is a function of the total heat drawn
from the system, Nusselt number calculation can be made
there from

Nu = h ⋅Dh
kair

7

Against each Reynolds value for the air acting as
the refrigerant in the system, a different Nusselt number
will correspond.

The channel friction factor can be computed along the
test section by pressure loss, ΔP, as

f = ΔP
L/Dh ⋅ ρ ⋅U2

m/2
8

In this equation, ρ is density of film temperature of the air
and Um is the average velocity of the fluid.

In the subject of strategies for heat transfer enhancement,
enough attention should be paid towards flow resistance,
friction factor value, and performance factor.

Regarding the Nu number and friction factor, the perfor-
mance factor of the fins is evaluated to have an appropriate
comparison of overall thermohydrodynamic performance
among test fins. Performance evaluation criteria, η, is written
as [32–34]

η = Nu
Nu0

f0
f

1/3
, 9

where f0 and Nu0 are the friction factor and Nusselt number
of the plain channel, respectively.

With the aim of validation, the obtained Nusselt
number (Nu) and friction factor ( f ) of the plain channel
have been compared to those correlations proposed in the
literature. The empirical correlations for the plain channel
are considered to achieve the Nusselt number and friction
factor as [35, 36]

To compare the experimental results, experiments were
performed using the identical fins in different numbers and
arrangements as shown in Figure 3.

3. Results and Discussion

The surface temperature of a noncooled photovoltaic
panel increased to about 120°C over time due to the
fact that solar cells convert only a small portion of
incident solar radiation into electricity and accumulates
the rest as waste heat in the unit unless it is recovered
and utilized through another thermal system [37]. The
ratio of generated electrical energy to total incoming
energy is called the electrical efficiency, whereas the

thermal efficiency is the ratio of net utilized thermal
energy to total incident solar energy received on the
PV panel.

The increase in cell temperature reduces the electrical
efficiency of the photovoltaic panel, which is plotted versus
the surface temperature in Figure 5.

In order to keep the electrical efficiency of the photovol-
taic panel at an appropriate level, the optimum cell tempera-
ture should be around 50–60 degrees. In order to achieve the
necessary cooling in the cell temperature, the heat transfer
surface area was increased using fins, convection heat trans-
fer was increased using forced circulation, and different fin
arrangements were tried in order to create turbulence within
the air flow.

Nu = 0 023Re0 8 Pr13: Colburn correlation for 104 ≤ Re ,
Nu = 0 023Re0,8 Prn n = 0 3–0 4 : Dittus‐Boelter correlation for 104 ≤ Re ,
f = 0 316Re−0 25: Blasius correlation Re ≤ 20000 ,
f = 0 790ln Re–1 64 −2: Petukhov correlation for 3000 ≤ Re ≤ 5 × 106
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Figure 5: Electrical efficiency-temperature of the noncooling panel.
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Consequently, the total heat drawn from the PV panel
has been increased and the cell temperature decreased to
near optimum operating temperature; hence, the electrical
efficiency could be maintained at higher levels.

The improvement in the electrical efficiency of the
photovoltaic panel is shown in Figures 6 and 7 per fin
arrangement at 4.5m/s. In the experiments, it was
observed that electrical efficiency did not change during
the first 15-minute time period, but electrical efficiency
decreased drastically in the next time period. As a result,
while the electrical efficiency of the uncooled photovoltaic
panel reduced from 12.5% to approximately 7%, thanks to
the heat transfer enhancement provided by 54 pc fin
arrangements and 108 pc fin arrangements used in active
cooling, the reduction in the electrical efficiency has been
prevented at a significant extent and could be kept at
fairly high levels. Efficiencies for type 1 and type 2
arrangements of 108 pc fins are 12.02% and 11.81%,
respectively (Figure 6). As for 54 pc fin type 1 and type 2
arrangements, these figures were 11.2% and 11.55%,
respectively (Figure 7).

The rate of change in the thermal efficiency of the PV/T
panel is shown in Figures 8 and 9 for different arrangements.
The best thermal efficiency rate increased to 74% at type 108
and to 60% at type 54. The improvement of thermal
efficiency increased the electrical efficiency as well.

The heat transfer friction factor and heat transfer
coefficient of fins used in the experiments are given
in Figures 10 and 11. As seen from Figures 10 and
11, while the rate of heat transfer increased with
increasing air velocity, the effectiveness of the friction
coefficient decreased.

Figure 12 shows the change in Reynolds number and
thermal enhancement factor (η) for all fin arrangements.
Nusselt number and friction factor values were compared
for the same Reynolds number. It is seen that all thermal
enhancement factor values are above 1. With increased
Reynolds numbers, there is generally a decrease in the
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Figure 6: Change of electrical efficiency with 108 pc fin
arrangements at 4.5m/s.
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Figure 7: Change of electrical efficiency with 54 pc fin arrangements
at 4.5m/s.
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thermal enhancement factor. The best result for the thermal
enhancement factor was 108 type 2, while 54 type 1 gave
the lowest result.

In order to validate these results obtained from the
experiments, a CFD model was prepared. The boundary
conditions used for the CFD analysis were chosen to be
those in effect in the experimental evaluation, wherein
the input air temperature is 23°C, the solar irradiance is
1100W/m2, and air velocities are 3.3, 3.9, and 4.5m/s. In
the model preparation, the most important phase prior
to the solution is the phase in which the material properties
are defined, the geometric model is established, and meshing
is performed.

A solution validation study was performed according to
the CFD verification and validation standard to evaluate the
mesh uncertainty and appropriate mesh parameters for the
mesh simulation.

For the model presented in Figure 13, nonstructural four-
sided cages were formed which were refined with prismatic
near-wall elements (inflated). Stage grating treatments with
a factor of 1.3 were applied to the edge separation bar and
bar. The ratio between the height of the last six-sided layer
and the first prism was the same for all cages. Also, different
manifold designs were modeled using the ANSYS Fluent
program, the CFD of generic calculated fluids, to provide
for the distribution of flows in channels.

The standard k-ε model solution does not require a
wall model for the solution of the problem. In the k-ε

turbulence models, “enhanced wall function” was used as
the wall model. The enhanced wall function is the most
advanced mode among the wall models. This model also
incorporates the viscous effects in the walls to provide a more
appropriate solution to the problem.

In addition, by forming a boundary layer effect on the
hulls, it was seen that the flow structure gave better results
in this study. The transfer equations, the method of calculat-
ing the turbulence viscosity, and the model constants are
different for each model. The generation of turbulence,
turbulence due to the lift force, the calculation of the effects
of compressibility, and the modeling of heat and mass trans-
fer are essentially common within each model.

In Figures 14–16 are images obtained from the
simulations showing velocity contours for three different air
velocities per configuration, along with those for the empty
control volume. It can easily be seen from these figures
that, with the contribution of forced air circulation, dead
volume zones, where there is no or very low flow circula-
tion occurs, have been significantly removed, especially in
the air outlet region.

As it is seen in Figure 16, the air flow distribution
throughout the cross section of the control volume is more
intense and temperature distribution is more homogeneous.
Moreover, it may be concluded that the air circulation is
more effective due to the turbulent air flows in the vicinity
of fins. The simulation results also suggest that all fin
arrangements, in terms of providing uniform flow distribu-
tion with no recirculation, are efficient.

No doubt, the designed system will help draw more heat
from the PV module and reduce the temperature during
operation, which in turn will help maintain the electrical effi-
ciency at higher levels. But the point is whether another sat-
isfactory configuration with less fins and lower air velocity is
possible with just changing the fin arrangement or not. Tem-
perature contours suggest that it is.

Figures 17–19 show the temperature distribution for
three different air velocities in all configuration types. As seen
in Figures 17–19, the blown air could draw almost no heat
from the panel surface at any air velocities when the
control volume has no fins installed within. Again, for this
configuration, the intensity of dead volume where the air
gets stuck and heated up is significant. For 54-piece and
108-piece type 1 arrangements, the temperature distribu-
tion is far better, and the removal of dead volume is
clearly seen in Figures 17–19.

The best temperature distribution, hence the most heat
drawing as well as minimum dead volume zones, is
achieved with a 108-piece type 2 arrangement at 4.5m/s
air velocity, which is quite foreseeable, but the most
important finding here is that the resulting 54-piece fins
in type 1 arrangement offers is very close to those of
108-piece type 1 and type 2. This shows that the arrange-
ment is as much important a parameter as the heat transfer
surface area for the total heat transfer rate. Taking into
account the cost of fins and the friction loss, and the pressure
drop, hence the increased fan power, the 54-piece type 1
arrangement can be preferred rather than any arrangement
of 108-piece fins.
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4. Conclusion

In this work, both electrical and thermal energy is produced
by the hybrid PV/T system. The electrical efficiencies of the
PV/T panels are severely reduced as the surface temperatures
increase. Cooling the surface of the panel is an effective way
to avoid this reduction in efficiency. If no cooling is used,
the operating temperature of the PV module reaches a value
as high as 120°C and the electrical efficiency drops about to
7% from 12.5%. As the efficiency of the PV panel without
active cooling decreases in relation to increasing surface

temperature when the panel is not cooled, the forced convec-
tion heat transfer zone is formed in the control volume in the
back of the PV panel. As a result, a cooling of up to 60–65
degrees at the surface temperature of 120 degrees has been
achieved, so the decrease in the electrical current is prevented
to a great extent and the efficiency could be maintained at
12.02%.

Consequent turbulent air flows occurring within the
control volume, especially in the vicinity of the fins, contrib-
utes to heat removal from the panel; therefore, with the 108
pc type 1 arrangement, the highest efficiency was achieved

(a) (b) (c) (d) (e)

Figure 13: Mesh section in the areas where there are no fins.

(54 type 1) (54 type 2) (108 type 1) (108 type 2) (Empty channel)

Velocity

m/s

Figure 14: Velocity contours at 4.5m/s.

(54 type 1) (54 type 2) (108 type 1) (108 type 2) (Empty channel)

Velocity

m/s

Figure 15: Velocity contours at 3.9m/s.
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at 12.02% as expected. Nevertheless, while the 108 pc type 2
arrangement could maintain the electrical efficiency at
11.81%, a close level of 11.55% could be obtained with the
54 pc type 2 arrangement, whereby we can see the impact

of arrangement on heat transfer and could conclude that
there is a threshold value for the heat transfer surface area
somewhere between 50 and 60 pc fins. Similar efficiency
gains can be achieved by using fewer fin elements and by

(54 type 1) (54 type 2) (108 type 1) (108 type 2) (Empty channel)

Temperature

K

Figure 17: Temperature contours at 4.5m/s.

Temperature

K

(54 type 1) (54 type 2) (108 type 1) (108 type 2) (Empty channel)

Figure 18: Temperature contours at 3.9m/s.

Velocity

m/s
(54 type 1) (54 type 2) (108 type 1) (108 type 2) (Empty channel)

Figure 16: Velocity contours at 3.3m/s.
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creating the correct turbulence model compared to the cost
of the cooling unit.

The best panel efficiency was with 108-piece type 1 at
4.5m/s air velocity, but the efficiency achieved with the 54-
piece type 2 arrangement was very close with 11.55%. This
suggests that, thanks to the turbulence effect created by the
fin arrangement, the heat transfer rate with 54 fins has been
very close to that of twice as much fins.

In addition to the heat transfer surface area and air veloc-
ity, it is seen that the fin arrangement is an important param-
eter in the heat transfer rate. It can be concluded that with
better designed fin arrangements, the required fan speed
could be lowered for any number of fins or similar results
could be obtained with fewer fins. On the other hand, since
the power required by the PV-powered fan will also decrease
with fewer fins and at lower air velocities, the total efficiency
obtained from the PV system will also increase.

Nomenclature

c: Velocity of sound (m/s)
Qe: Electrical power production (W)

Qu: Usable thermal power (W)

Qsolar: Solar radiation (W/m2)
Δmcv: Difference of mass in control volume (kg/s)
Ma: Mach number
minlet: Inlet mass of air (kg/s)
moutlet: Outlet mass of air (kg/s)
I: Direct current (A)
V: Voltage (volts)
η: Performance evaluation criteria
ρ: Density of film temperature of the air
Um: Average fluid velocity
Re: Reynolds number
Nu: Nusselt number
Pr: Prandtl number
Tinlet: Inlet air temperature (°C)
Toutlet: Outlet air temperature (°C)
v: Velocity of air (m/s)
wfan: Work of fan (W)
cp: Specific heat capacity (J/kg·K)

h: Heat transfer coefficient in air duct (W/m2·K)
Apv: Aperture area of PV module (m2)
Tair: Air temperature (°C)
Tpv: Photovoltaic cell temperature (°C)
Nu: Nusselt number
Qgain: Gained total power (W)

k: Heat transfer coefficient for conduction (W/m·K)
f: Friction factor
Dh: Effective diameter of the channel
ΔP: Pressure loss
L: Channel length.
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