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Junction temperature of PV modules is one of the key parameters on which the performance of PV modules depends. In the
present work, an experimental investigation was carried out to analyze the effects of air velocity on the performance of two PV
modules, that is, monocrystalline silicon and polycrystalline silicon under the controlled conditions of a wind tunnel in the
presence of an artificial solar simulator. The parameters investigated include the surface temperature variation, power output,
and efficiency of PV modules under varying air velocity from near zero (indoor lab. conditions) to 15m/s. Additionally, the
results were also determined at two different module angular positions: at 0° angle, that is, parallel to air direction and at 10°

angle with the direction of coming air to consider the effects of tilt angles. Afterwards, the thermal analysis of the modules
was performed using Ansys-Fluent in which junction temperature and heat flux of modules were determined by applying
appropriate boundary conditions, such as air velocity, heat flux, and solar radiation. Finally, the numerical results are
compared with the experiment in terms of junction temperatures of modules and good agreement was found. Additionally,
the results showed that the maximum module temperature drops by 17.2°C and the module efficiency and power output
increased from 10 to 12% with increasing air velocity.

1. Introduction

With the increasing demand of energy, attention of
researchers is titillating towards the renewable energy sector.
PV cells have gained much attention in past couple of years.
The total PV capacity of all major countries increased from
about 40GW to 100GW during 2010–2012 [1]. With the
rising demand of energy and environmental effects of other
energy sources, an efficient utilization of solar energy is con-
sidered to be the best way for power generation [2, 3].

Although PV system allows direct electrification of solar
energy, however, it faces severe limitations when the surface
temperature of the module increases. Generally, high solar
irradiance comes with higher ambient temperatures
especially in climatic zones such as Pakistan. For such zones,

energy utilization efficiency of PV systems can be improved
through different methods for instances: multijunction cells
[4], optical frequency shifting [5], multiple generation cells
[6], hot carrier cells [7], and concentration photovoltaic sys-
tem [8]. However, such methods have not been yet commer-
cialized because of their complexity and high cost. Therefore,
cheap and simple methods to improve the efficiency of PV
systems become the basic need of this technology especially
in those areas where high temperatures are experienced.

The standard test conditions of typical photovoltaic
modules consist of global irradiance of 1000W/m2, module
temperature of 25°C, and air mass 1.5 (according to IEC
61215/IEC 61646 tests) in which certified measurement was
performed by TÜV immissionsschutz und Energiesysteme
GmbH (Cologne, Germany) [9]. However, these values may
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not comply with the measurements in actual operating
conditions because of variations in several environmental
parameters [10]. Therefore, the predicted module perfor-
mance deviates under real climate conditions. PV panels
absorb around 80% of the incident solar irradiation but their
maximum theoretical conversion efficiency is not more than
30% due to various losses [11, 12]. A major cause of these
losses is the heat generation during absorption of photons that
results in high junction temperature causing thermalization
that decreases output power and efficiency of PV cells. In
order to gain the maximum efficiency from PV cells, their
junction temperature is required to be kept low, that is,
around 25°C.

Several studies have been conducted to study the
dependence of module performance on its junction
temperature. In a reported work, it was investigated that
with the increase in the junction temperature, the reverse
saturation current increases which causes a decrease in
the open circuit voltage (Voc); thus, the efficiency of mod-
ules decreases [13].

In another similar study, it was observed that the effi-
ciency of PV modules depends upon many environmental
parameters out of which temperature plays a vital role on
the performance of modules. The investigation carried out
at high irradiance showed that the module working temper-
ature will be high resulting in lower efficiency of modules
[14]. In one of the research work, an active cooling system
for solar panels was proposed and investigated showing that
when there is no active cooling, the efficiency of panels was
about 9%, and with active cooling, the temperature of the
panel decreases appreciably with their efficiency increased
up to 12-13% [15].

In a study, the effects of other environmental variables
such as dust, humidity, and air velocity on the efficiency of
solar panels were investigated. Accumulation of dust on
panel surface and increase in relative humidity causes a
decrease in the efficiency of panels. When air flows on
the surface of panels it is expected to blow away dust
particles and remove the heat from the panel surface, pri-
marily through convection. This decreases the temperature
of panels and also results in the decrease of local relative
humidity, and the overall result is increased efficiency of
the panels [16]. To reduce the cell temperature, a research
was carried out to investigate the effects of microchannel
cooling of PV cells on their efficiency. This approach
resulted in a 14% increase in power output with a temper-
ature drop of up to 15°C. This temperature drop was
caused by water flow in microchannels on the back surface
of cells at the rate of 3 LPM [17].

The body of cited literature suggests that a number of
studies have been carried out to study the influence of var-
ious external parameters and mechanisms on performance
of PV modules. From the commercial point of view, wind
blowing over the installed PV modules whether on small
scale or large scale provides a simple and economical solu-
tion. However, such solution requires investigation and
quantification in a controlled situation. Until now no
appropriate quantificational assessment on the airflow over
PV module has not been studied in detail. In order to

ascertain the influence of airflow, in a parametric fashion,
a controlled experimental setup is required for testing.
Here, a controlled set of conditions is established by
placing the PV panel in a wind tunnel with exact quanti-
fication of airflow and its direction. The real-time perfor-
mance of the PV module is assessed in presence of an
artificial solar simulator. This experiment is designed to
quantify the influence of air velocity on the performance
of PV module. As the solar panels are installed at a spe-
cific tilt, the effect of tilt angle is also studied so that the
results can be utilized, with confidence, while designing
cooling mechanisms for PV modules.

2. Methodology

Maximum power of the PV module is the product of maxi-
mum current and maximum voltage as determined by

Pmax = EmaxImax 1

Module efficiency is determined by

η
m
=
Pmax

IrrA
, 2

where Irr is the amount of solar radiation in W/m2 and A is
the active area of cells on which the radiation is focused.
The heat flux on the surface of cell is measured by

Q = hA T s − Ta , 3

where h is the convective heat transfer coefficient, Ts is the
junction temperature of panel, and Ta is the temperature of
incoming air. The relationship as expressed through 4 is used
to determine the convective heat transfer coefficient, primar-
ily for laminar flow [18].

h = 3 83V0 5L−0 5
, 4

where V is the upstream air velocity and L is the characteris-
tic length of the module.

2.1. Experimental Setup and Procedure. Experiments were
conducted to estimate the behavior of different types of
PV modules under controlled conditions. PV modules
were placed on a moveable stand placed inside the wind
tunnel test section (dimension: 0.13× 0.093 ft2) made with
Perspex glass. There were four K-type thermocouples
attached to the backside of PV module. The test box was
mounted with a low subsonic wind tunnel (model number
HM 170) with a maximum airspeed of 25m/s. The plat-
form was placed at the center of the wind tunnel test sec-
tion. The test section was placed under an artificial solar
simulator (model number TRM-PD) having a maximum
electrical power of 3 kW. The platform with PV cells was
placed right beneath the solar simulator so that maximum
radiations directly fall on the module. The actual experi-
mental setup is shown in Figure 1. The rated specifications
of the PV modules (manufactured by Polysun Energy) are
given in Table 1.

Air velocity inside the wind tunnel was controlled using a
calibrated inclined manometer. The intensity of incident
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radiations was measured through solar power meter (model
number (Amprobe Solar-100)). For temperature measure-
ment on the surface of the PV panel, four K-type thermocou-
ples were installed on the backside of panels with the help of a
heat-conducting adhesive. The temperature of panel surface
with air approaching and leaving the module was measured
through these thermocouple probes.

Initial performance of the PV panels was noted at
zero wind conditions (static wind tunnel fan) under the
solar simulator only. The temperature and relevant param-
eters of the modules were recorded until the average
surface temperature of the panel reached 40°C. Afterwards,
similar measurements were made at different airflow
velocities at fixed incident radiations. A similar procedure
was repeated for PV panels tilted at an angle of 10° with
the horizontal. The set of measurements include the inci-
dent intensity of radiation, temperature of module at four
points, and current and voltage produced by the PV panel.
The measurements were made for sufficiently long dura-
tions so that time averaged steady values are noted and
these values are then used for further calculations and
comparisons. The velocity of the wind was increased
incrementally and the same procedure was adopted. The
temperatures of the module were measured only once
stable condition is achieved at a set wind speed. The same
set of experiments was repeated for both mono- and
polycrystalline modules at both 0° and 10° tilt angles. The
purpose of introducing the tilt angle was to analyze the

Table 1: Module specifications.

Module design parameters c-Si p-Si

Module dimensions (mm×mm) 342.9× 241.3 342.9× 241.3

Module area (m2) 0.0816 0.0816

Maximum power, Pmax (W) 10W± 3% 10W± 3%

Maximum current, Imax (A) 0.56 0.57

Maximum voltage, Emax (V) 18 17.5

Short circuit current, Isc (A) 0.64 0.66

Open circuit voltage, Voc (V) 21.6 21.5

(0.068 m, 0.256 m) (0.177 m, 0.256 m)

T1 T2

(0.068 m, 0.088 m) (0.177 m, 0.088 m)

T3 T4

0.
34

29
 m

0.2413 m

(0.0)

K-type thermocouples position at back side of PV module

Figure 1: Schematic description of placement of thermocouples on PV module and the actual experimental setup in the wind tunnel.
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effects of airflow over the actual installation configuration
of modules in tilted mode.

2.2. Numerical Analysis. The process of heat transfers from
the surface of modules due to varying flow speeds is analyzed
using numerical simulations. As the experiments were con-
ducted under controlled conditions, the rate of heat removal
from the surface of the module can be simulated and results
can be compared with experimental measurements. Using a
commercial CFD code (Fluent), flow over a 2D flat plate,
mimicking the module, is simulated at varying airspeeds. It
was noted that under zero wind conditions, the maximum
temperature of the modules was raised to 40°C due to radia-
tions of the solar simulator and power generation of panels.
Under zero wind speed, heat flux generated by the module
was calculated using the surface temperature measurements
and is used as a boundary condition for the simulations.
Under constant influx of radiations, it is assumed that the heat
flux generated by the panel does not change significantly.
However, the surface temperatures of themodule are expected
to vary at varying flow velocities and numerical simulations
are used to predict the surface temperature variations.

For flow over a flat plate, transition from laminar to tur-
bulent is usually taken to occur at the critical Reynolds num-
ber. The value of the critical Reynolds number for a flat plate
may vary from 5× 105 to 3× 106, depending on the surface
roughness and the turbulence level of the free stream [19].
Maximum Reynolds number for the study was calculated
3.5× 105 as given in Table 2 where density is 1.225 kgm−3,
viscosity is 0.00001789Nsm−2, and characteristic length L is
0.34m, so the flow over the flat module was assumed to
remain laminar.

Temperature of the incoming airflow was measured dur-
ing experiments and kept at Tair=293K for all simulations.
The flow at the inlet was assumed to be uniform with its mag-
nitude ranging from 5 to 15m/s. The simulated geometry
and relevant boundaries are indicated in Figure 2.

2.2.1. Governing Equations and Boundary Conditions. The
simulation involves solving balances of mass, momentum,
and energy with relevant boundary conditions. The set of

equations for incompressible, steady laminar flow of fluid
with constant physicothermal properties are as follows:

Continuity equation

∂U

∂X
+
∂V

∂Y
= 0, 5

X-momentum equation

∂ UU

∂X
+
∂ VU

∂Y
= −

∂p/∂X + ∂
2U/∂X2 + ∂

2U/∂Y2

Re
, 6

Y-momentum equation

∂ UV

∂X
+
∂ VV

∂Y
= −

∂p/∂Y + ∂
2V/∂X2 + ∂

2V/∂Y2

Re
, 7

Thermal energy equation

∂ Uθ

∂X
+
∂Vθ

∂Y
=

∂
2θ/∂X2 + ∂

2θ/∂Y2

RePr
, 8

where Reynolds and Prandtl numbers are defined as

Re =
LUρ

μ
,

Pr =
μcp
k

9

No slip condition was used over the cylinder surface with
uniform heat flux thermal boundary condition.

For uniform heat flux, the nondimensional temperature
is given as θ = T − T∞/ q

w
D/k . qw is specified heat flux, D

is characteristic length, and k is thermal conductivity.

2.2.2. Numerical Details. For the problem in consideration,
computational grid was generated using Gambit software
and the numerical calculations were accomplished using a
computational fluid dynamics (CFD) solver FLUENT
(14.0). A multiblock-structured grid was used. Figure 3
shows the grid employed for the simulations and results
reported in this paper.

In order to establish grid independence of results, a
detailed study was conducted. Computations were performed
on 3 different grids in order to get domain-independent
results. The total number of grid points was varied to select
the grid that generates accurate results with a minimum
number of nodes to save computation time. The number of
elements in grid 3 was more than grid 2 and grid 1 but the
results obtained from executing grid 3 were more accurate
and precise than the results attained from grid 1 and grid 2
as shown in Table 3. Therefore, grid 3 was selected with a total
of 38,230 cells.

Table 2: Calculation of Reynolds number.

Velocity (m/s) Reynolds number

5 116,405.8

6 139,687

7 162,968.1

8 186,249.3

9 209,530.5

10 232,811.6

11 256,092.8

12 279,374

13 302,655.1

14 325,936.3

15 349,217.4
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3. Results and Discussion

After comprehensive numerical and experimental analysis,
results are presented in terms of module power, temperature,
and efficiency.

3.1. Module Temperature Analysis

3.1.1. Experimental Variation of the Surface Temperature
of the PV Module with the Airflow Velocity. Figure 4
shows experimental results of temperature for monocrys-
talline and polycrystalline modules. Figures 4(a) and 4(b)
show the temperature results obtained from monocrystal-
line module at positions 0° and 10°, respectively, while
Figures 4(c) and 4(d) show the trends obtained from the
polycrystalline module. The temperatures at four different
points on the module are represented. Additionally, the
average temperature of module is also shown. It can be
observed that temperatures labeled as T1 and T2 are
slightly high compared to temperatures T3 and T4. This
is due to the fact that air gets heated along its flow path
from point T3 and T4 to point T1 and T2. In the presence
of a solar simulator, the temperature readings were
recorded with an average temperature of module reaching
40°C (maximum temperature considered in the current

study). At higher velocities, the temperature of the mono-
crystalline module decreases up to 16.8°C compared to zero
velocity measurement. Whereas the drop in temperature
for polycrystalline module was up to 17.2°C compared to
zero velocity measurement as shown in Figure 4. It can
be concluded that there was a significant drop in temper-
ature when the airflow velocity was at 5m/s. However, at
velocities greater than 15m/s, the temperature depression
was not significant.

3.1.2. Calculation of the Temperature Variation of the PV
Cells with Air Velocity. Figures 5(a)–5(d) show the temper-
ature results along the length of monocrystalline and poly-
crystalline PV modules at velocities of 5, 8, 12, and 15m/s.
The results show that the temperature of panel increased
along the length of the panel; this is due to the fact that
air gets heated up as it flows over the panel along the
length and heat transfer rate decreases due to decrease in
temperature difference.

A comparison of numerical simulations with experimen-
tal results is represented in Figure 6. The simulation results
near the leading tip of the module are compared with the
average temperature of points (T3, T4) as shown in
Figures 6(a), 6(c), 6(e), and 6(f). While the simulated results
at the trailing end of module were compared with the average
temperature of points (T1, T2) as shown in Figures 6(b), 6(d),
6(f), and 6(h). The comparison indicates that the results of
temperatures obtained experimentally are in good agreement
with the numerically achieved results as the trend of both
lines is almost the same and the difference between the results
was found to be around 2°C, mainly towards the leading tip.
The expected reason for the deviation is flow transition
taking place inside the wind tunnel, which could have
disturbed the leading edge flow patterns. Also, the leading
point of the boundary layer has high local heat transfer
coefficient, and deviation of around 10% at the leading edge
is quite admissible. The numerical simulations showed good
agreement with experimental findings, especially after the
leading edge as shown in Figures 6(b), 6(d), 6(f), and 6(h).
This comparison shows a reliable means to directly estimate

L = 42.6 (cm)

W
 =

 3
0 

(c
m

)
L1 = 34.2 (cm)

OutletInlet

Figure 2: Schematic diagram of unconfined flow on module.

Figure 3: Grid structure corresponding to G3 (Table 3) for the
simulation.
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surface temperatures over the complete surface of the mod-
ule. Furthermore, the numerical methods can be directly
employed in real-time scenarios and configurations.

3.2. Variation of Module Power and Efficiency with Air
Velocity. Figure 7 shows the effect of velocities on the power

of modules. Initially, at high temperature, the module power
was recorded low when the air velocity was almost negligible,
while at higher velocities, the module power increases due to
the decrease in temperature of module. Maximum power
achieved was 7.5W for monocrystalline module and 4.8W
for polycrystalline module under considered conditions.

Table 3: Details of meshes tested in grid independence.

Grid Nodes
Number
of cells

Domain size
(cm)

Step size
Δt (s)

Experimental temperature of
module (K)

Fluent temperature of
module (K)

Difference in
temperature (K)

G1 25,002 24,272 30× 42.6 0.0008 297.4 293.9 3.5

G2 36,492 35,600 30× 42.6 0.0008 297.4 295.4 2

G3 39,246 38,320 30× 42.6 0.0008 297.4 296.1 1.3

45

T1

T2

T3

T avg

T4

40

35

30

T
em

p
er

at
u

re
 (
°
C

)

25

20

15
0 1 2 3 4 5 6 7

Velocity (m/s)

8 9 10 11 12 13 14 15

(a)

T1

T2

T3

T avg

T4

45

40

35

30

T
em

p
er

at
u

re
 (
°
C

)

25

20

15
0 1 2 3 4 5 6 7

Velocity (m/s)

8 9 10 11 12 13 14 15

(b)

T1

T2

T3

T avg

T4

45

40

35

30

T
em

p
er

at
u

re
 (
°
C

)

25

20

15
0 1 2 3 4 5 6 7

Velocity (m/s)

8 9 10 11 12 13 14 15

(c)

T1

T2

T3

T avg

T4

45

40

35

30

T
em

p
er

at
u

re
 (°

C
)

25

20

15
0 1 2 3 4 5 6 7

Velocity (m/s)

8 9 10 11 12 13 14 15

(d)

Figure 4: Variation of temperature with velocity. (a) Monocrystalline at 0°, (b) monocrystalline at 10°, (c) polycrystalline at 0°, and
(d) polycrystalline at 10°.
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Figures 7(a) and 7(b) show the results for monocrystalline
and polycrystalline modules correspondingly. The variation
in angles of modules from 0° to 10° results in additional air
contact with modules, owing to which further decrease in
temperature and increase in power are observed.

Figure 8 indicates that the efficiency of photovoltaic
modules followed exactly the same trend as shown in
Figure 7. The efficiency of modules is directly proportional
to the power. The increase in power and efficiency of
monocrystalline and polycrystalline modules at position
0° with the airflow was found to be 10–15% and 5–10%,
respectively, while in the case of tilt angle of 10° with
the incoming airflow, increase in performance parameters
for both modules is found to be 11–18% and 8–12%,
respectively, at considered velocity range. Thus, it can be
concluded that the effects of airflow on the modules’ power
and efficiency at a tilt angle of 10° are better than at 0°.
Furthermore, from these results, it be can be also concluded
that the effects of airflow on monocrystalline module are

significant compared to the polycrystalline module under
the same conditions.

4. Conclusions and Future Work

The effect of blowing wind on photovoltaic modules was
studied experimentally and results are compared with
numerical simulations. It is observed that the effect of wind
on the temperature of PV module is significant, which results
in increase of power and efficiency of modules. Results
showed that at moderate velocity of air, significant change
in module temperature is observed. Further higher velocities
of air do not necessarily increase the advantage. At air
velocity range of 5 to 15m/s up to 42%, decrease in average
temperature of monocrystalline module was observed
whereas the drop in temperature for polycrystalline module
was up to 43%. This leads to increase in power and efficiency
of monocrystalline and polycrystalline modules. Moreover,
the influence of inclination angle is also significant. At tilt
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Figure 5: PV module surface temperature along length. (a) Monocrystalline at 0°, (b) monocrystalline at 10°, (c) polycrystalline at 0°, and
(d) polycrystalline at 10°.
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Figure 6: Comparison between experimental and CFD temperature results. (a) Monocrystalline at 0° initial point, (b) monocrystalline at
0° final point, (c) monocrystalline at 10° initial point, (d) monocrystalline at 10° final point, (e) polycrystalline at 0° initial point,
(f) polycrystalline at 0° final point, (g) polycrystalline at 10° initial point, and (h) polycrystalline at 10° final point.
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angle of 0° with the airflow, it was found that the efficiency of
monocrystalline module increases from 10 to 15% while for
polycrystalline module the increase was from 5 to 10%. In
case of tilt angle of 10° with the incoming airflow, increase
in performance parameters for both modules are found to
be 11 to 18% and 8 to 12%, respectively.

Nomenclature

A: Active area of cells [m2]
C-Si: Monocrystalline silicon module
h: convective heat transfer coefficient [W/m2K]
I: Current [A]
Irr: Solar irradiance [W/m2]
L: Length of panel [m]
P-Si: Polycrystalline silicon module
P: Power [W]
Q: Heat flux [W/m2]

STC: Standard testing condition
T: Temperature [°C]
E: Voltage [V]
Re: Reynolds number
Pr: Prandtl number
U: Velocity along x-axis [m/s]
V: Velocity along y-axis [m/s]
ns: Normal unit direction vector
qw: Specified heat flux
D: Characteristic length
K: Thermal conductivity.

Greek Symbols

μ: Dynamic viscosity [kg·m−1
·s−1]

η
m
: Module efficiency (%)

θ: Nondimensional temperature
ρ: Density [kg/m3].
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Figure 7: Modules power at different velocities. (a) Monocrystalline and (b) polycrystalline.
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Figure 8: Modules efficiency at different velocities. (a) Monocrystalline and (b) polycrystalline.
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Subscripts

a: Air
Max: maximum
Mea: Measured
sc: Short circuit
s: Surface of module
oc: Open circuit.
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