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Article Info. Abstract

The performance of the photovoltaic (PV) module is greatly affected by ambient conditions such as solar irradiance and
air temperature. Increasing the ambient temperature plays a major role in raising the PV temperature and then reducing
its performance by reducing its voltage. In this work, an experimental investigation was carried out to enhance the
performance of the PV module by using the thermal-photovoltaic (PVT) technique. The PVT was prepared by
integrating the PV module with an air duct. The air was forced by an electrical centrifugal fan with variable speeds (1.5,
2.5, and 3.5 m/s). The analysis of the obtained results showed that the PVT technique can lower the PV temperature
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1. Introduction

The performance of the photovoltaic (PV) module is greatly affected by ambient conditions such as solar radiation, temperature, and wind
speed [1, 2]. Increasing the ambient temperature plays a major role in raising the temperature of the PV cells and thus reducing their
performance [3, 4]. Where increasing the cell temperature by 1°C leads to a decrease in its efficiency by 0.5% [5-9]. To overcome this
problem, several techniques have been used by researchers in the last few years to reduce the PV cell temperature. These techniques are
classified as active and passive cooling techniques [10]. The active technique means using pumps to circulate the water [11] or fans to force
the air [12] to remove the heat from the PV module. On the contrary, the passive technique means dispensing any electrical unit and replacing
it by using heat sink materials such as fins and channels [13]. Most of the previous studies focused on the use of air or water to cool the PV
module. For example, Mazon-Hernandez et al. [14] investigated an experimental study to enhance the output characteristics of PV modules
using two scenarios of air convection: natural and forced convection. The results showed that the electrical power of the PV module was
improved up to 15% in the case of forced convection due to the reduction of PV module temperature by 16 °C. A comparison between active
and non-active conditions was used by Mazon-Hernandez et al. [15] to improve the electrical characteristics of the PV modules. The results of
non-active conditions showed that the module efficiency was not exceeded 8% to 9%, while, the efficiency of active conditions was reached
between 12% to 4%. In addition, Ameri et al. [16] used the natural and forced convection techniques to enhance the output characteristics of
the PV module. The forced convection was tested with two, four, and eight fans to subtract the hot air. In general, the results showed that the
increase in airflow rate lead to improve the electrical efficiency of the PV module. Othman et al. [17] investigated an indoor experimental
study to analyze the performance of photovoltaic/thermal (PVT) systems as integral to water and air heating systems. The best results from
the experiments under the conditions of (irradiance of 800 W/m?, airflow rate of 0.05 kg/s, and water flow rate of 0.02 kg/s) showed that the
average electrical power, electrical efficiency, and thermal efficiency of the PVT were recorded at 145 W, 17% and 76%, respectively. The
main objective of this study was to carry out an experimental investigation to enhance the performance of PV modules by using the thermal-
photovoltaic (PVT) technique. The PVT was prepared by integrating the PV module with an air duct. The air was forced by an electrical
centrifugal fan with variable speeds (1.5, 2.5, and 3.5 m/s).
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Nomenclature

PV  photovoltaic A PV module area m?
SC SolarCert FF Fill factor %
Pm  maximum power G Solar irradiance wim?
Vmp maximum power point voltage Imp Maximum power point current A
Symbols Isc Short circuit current A
Vip Maximum power point voltage V Pmax maximum electrical power w
Voo Open circuit voltage V TPV PV panel temperature °C

2. Experimental setup
2.1. Preparation of PV and PVT modules

Two polycrystalline PV modules of the same type (FRS-165 W) were selected and installed on a steel frame. The PV modules are fixed with
an inclination angle of 33" towards the south which is equal to the latitude of the site as shown in Fig. 1. The technical data of the PV modules
are presented in Table 1. One of these modules was selected as a reference case (PV) and the second one was integrated with a forced-air
duct as a PVT. The air duct of PVT was fabricated from a steel plate with a thickness of 0.125 cm and designed as a rectangular cross-section
with a length of 149 cm, a width of 67 cm, and a depth of 15 cm. In addition, the outlet of the duct was modified as a converge section with a
length of 30 cm, a straight section of 10 cm, and diverge section of 20 cm to fix the air fan. The duct is thermally isolated using a thermal
insulator consisting of two layers with a total thickness of 2 cm (1cm fiberglass and 1 cm cork). A centrifugal fan type VMAS30C4S with a
maximum volumetric flow rate of 760 m*h was selected to pull the air in the duct. It was modified to operate at three speeds (1.5, 2.5, and
3.5) m/s with corresponding to air volume flow rate (335, 540, and 760) m*/h.

Table 1 Technical data of the PV module

PV Characteristics Specifications
Module type Protonix Fotuner India FRS-165 W

Module dimensions 149x67 cm
Maximum power (Pmax) 165 W

Short circuit (ls) 9.81A

Open circuit voltage (Vo) 22.05V

Maximum current (Inp) 9.17A
Maximum voltage (Vimp) 18V

Fig 1. Photographs of PV and PVT modules

2.2. Measurements and instrumentations

The I-V tracer (SEAWARD PV200) was used to measure the output characteristics of the PV including open circuit voltage (Vo), short
circuit current (ls;), maximum power point voltage (V ), maximum power point current (1), maximum power (P,), and fill factor (FF). The
technical data of SEAWARD PV200 were described in Table 2. The PV200 is an accurate and easy-to-use electronic device that tracks the I-
V curve, making it an effective and versatile tester for photovoltaic systems. A 999 data set can be stored on the device to analyze and
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simulate and compare them with the standard test conditions data. In addition, a Solar survey (SS200R) unit was used to measure the solar
irradiance, ambient temperature, and PV temperature which is connected and synchronized with the |-V tracer as shown in Fig. 1. All
measured data were transferred from the I-V tracer to the computer and displayed by SolarCert (SC) software. Furthermore, eight
thermocouples (Type-K) were used and distributed as shown in Fig. 2. Three thermocouples were installed along the reference PV module to
measure the below temperature of the module. In addition, five thermocouples were used in the PVT technique and distributed as three
couples along the duct and two couples were supported at the inlet and outlet of the duct.

Table 2 Technical specifications of I-V tracer (SEAWARD PV200)

Open circuit voltage Short circuit current

Display Range 0.0 VDC -1000 VDC Display Range 0.0 ADC -15 ADC
Measuring Range 5 VDC -1000VDC Measuring Range 0.5ADC -15 ADC
Resolution 0.1 VDC maximum Maximum Power 10 kW
Accuracy * (0.5 % + 2 digits) Resolution 0.0LADC maximum
Enunciators DC voltage polarity correct or reversed Accuracy + (1% + 2 digits)

Sensor ,; Sensor Sensor
| E ° () [ ]
TS Tz T‘I
a) Reference PV
) Fan Air inlet
AH‘: outlet - / Sensor Sensor Sensor py
< ><: | Tour . : . . . . T‘-

\J h

/ TJ Tz TI

b) PVT

Fig 2. Sketch diagram of distributing the thermocouples

2. Weather Data

In this test, the weather data for seven days (1st, 5th, 10th, 15th, 20th, 25th, and 30" of July 2021) were recorded and represented as an
average value in Fig. 3 and 4 between 7:00 AM to 6:00 PM. As shown in Figure 3, the average solar irradiance was recorded at a maximum
value of about 980 W/m2 at 12:00 PM. At the same time, the maximum average ambient temperature was recorded 48 °C between 2:00 PM
and 3:00 PM as shown in Fig. 4.
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Fig 3. Variation of solar radiation with local time during July
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Fig 4. Variation of ambient temperature local time during July
4. Results and Discussion

The active technique includes a forced-air cooling (PVT) at three air speeds (1.5, 2.5, and 3.5 m/s) with corresponding air volume flow rates
(335, 540, and 760 m*/h). Generally, the figures were indicated in four cases: (ref) indicates the PV reference module, forcel indicates PVT
at a volume flow rate of 335 m%/h, force2 indicates PVT at a volume flow rate of 540 m%h and force3 indicates PVT at a volume flow rate
760 m*/h. The evolutions for all the four cases of PV modules were measured directly in terms of module temperature (Tc), open-circuit
voltage (Voc) which means the voltage of the PV module at the open circuit with no load, short circuit current (Isc) that means the current of
the PV module at the short circuit with no load, maximum power point voltage (Vmp), maximum power point current (Imp). In addition, the
maximum power (Pm) and electrical efficiency (nele) were calculated according to the:

The maximum output power of the PV module can be expressed as [18]:

P = Vinp X Iy 1)
The efficiency of the PV module can be represented as [19]:

P
Nete = ¢34 2

Where: G is the incident solar irradiance on the module (W/m?) and A is the area of the module (m?).
4.1. PV modules temperature

Physically, the temperature of the PV module increased due to the thermal energy falling on its surface. Increasing the temperature of the PV
module leads to losses in its efficiency due to the sharp drop in its voltage. The back temperature of the PV modules for the four cases is
represented in Fig. 5. As shown in the figure, the maximum back temperature of the reference PV module was reached at about 69 °C at 2:00
PM. Whereas, after turning the fan to force the air in the duct of PVT, the back temperature of the PV module dropped significantly to (64,
60, and 53 °C) at forcel, force2, and force3 respectively. In other words, the PVT can decrease the PV module temperature from (5 to 16) °C.

80

—+—Tcref —=—Tc-forcel

Tcforce2 —=—Tc-force3

Cell Temperature Te (°C)

30 1

20 T - r . r .
o = « o o & & &
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A% @ o o i o v A

Local time (hr)
Fig 5. Variation of the back temperature of the PV module during the test period
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4.2. Maximum power point characteristics

In this section, the influence of active cooling on the maximum Imp, Vmp, Pm, and 7. of the module is presented in Figures (6-9). As shown
in Fig. 6, the Imp increases as the PV module temperature increase until 12:00 PM. After the temperature drops, the current gradually
decreases. In the case of the reference PV module, the Imp has recorded a maximum value of about 8.7 A at 12:00 PM at a high temperature
of about 69 °C and a minimum value of about 2.9 A at 7:00 AM at a low temperature of 35 °C. In the case of PVT, the current drops a little
whenever increasing the air flow rate. So that the reduction of the PV module temperature to 64 °C leads to reduce the Imp to 8.52 A at
airflow rate of 0.093 kg/s. While increasing the air flow rate to 0.155 kg/s leads to a drop in the current up to 8.45 A at the PV module
temperature of 60 °C. With more increase in the airflow rate to 0.22 kg/s, the temperature drops to 53 °C causing the drop in current to 8.36A.
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Fig 6. Variation of the current I, with time

As shown in Fig. 7, the Vmp of the reference PV module reached the maximum value of about 16.7 V at 7:00 AM and then sharply dropped
to 14.2 V. As compared with the PVT technique, the PVT was kept slightly dropped in the Vmp until 2:00 PM. Where the reduction begins
from 16.8 V to 15.1 V at an airflow rate of 0.093 kg/s. In the same manner, the reduction begins from 16.9 V to 15.3 V and 17.1 V to 15.45V
at an airflow rate of 0.155 and 0.22 kg/s respectively.
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Fig. 7 Variation of the voltage V,, with time

The enhancement of the Vmp in PVT was directly reflected in increasing the maximum power of the modules. The enhancement of the power
was clarified in Fig. 8. As shown in the figure, the highest enhancement of PVT power was reached at 8.2% at an airflow rate of 0.22 kg/s and
the lowest value was recorded at about 5.8% at an airflow rate of 0.093 kg/s. Furthermore, the reference PV module records a maximum
electrical efficiency of about 17.3% at 7:00 AM and then dropped to 12.8% at 2:00 PM. While, the range of electrical efficiency of the PVT
was achieved between (17.5-13.4) %, (17.7-13.5)%, and (17.9-13.6)% at flow rate 0.093, 0.155, and 0.22 kg/s respectively as shown in Fig. 9.
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4.3. Generated power

The experimental results obtained by the 1-V tracer (SEAWARD PV200) are collected and plotted by Solar Cert software as 1-V and P-V
curves with variable solar irradiance and ambient temperature as shown in Fig. (10-13). In this section, four graphs were selected to represent
the I-V and P-V curves for each case. The graphs were selected according to the convergence between the values of solar irradiance and
ambient temperature. Furthermore, each graph contains seven strings to cover the ranges of solar irradiance between (300 to 1000 W/m?) and
ambient temperature between (30 to 45°C). As shown in the Figures, the discrepancy between the values of solar irradiance for all the cases
does not exceed 1.3% at a minimum and 1.7% at a maximum. While the discrepancy of ambient temperature did not exceed 15.8% at
minimum ambient temperature and 13% at maximum ambient temperature. Generally, the minimum power of all cases was recorded between
(44 to 55 W) with lower ambient temperature and solar radiation. But, the maximum power was increased from 120 W in the reference PV
module to (126-131 W) in the case of PVT. In the other words, the enhancement percentage of power was recorded as a maximum value of
about 9% in the case of PVT.
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4.4. Comparison with published results in the literature

The performance of the active cooling technique in the present study is compared with the results of Almuwailhi and Zeitoun [20] as
presented in Table 1. The comparison is based on some of the similar factors between the experimental work of reference [20] and this
current experimental work including the Type of the modules (polycrystalline), the similar environment between the current study (Iraq) and
the previous study (Saudi Arabia), and the same type of the PVT technique. As presented in Table 2, the performance of the cooling
techniques of the PV module in the present study is better than in the reference [20] for all the air speeds. In the reference [20], it is observed
that the maximum drop of PV module temperature was recorded at 11.3 °C in the case of PVT at airs peed 3 m/s leading to an increase in the
electrical efficiency of the PV module of about 4%. While in the present study, it was recorded a maximum drop in PV module temperature
about 16 °C at an air speed of 3.5 m/s with an increase in the electrical efficiency of the PV module of about 6.2%

Table 2 Comparison of the present results with results of reference [20]

Forced convection

Reference Airspeed (m/s) Reduction of the PV temperature AT Increasing electrical
(°C) efficiency 1 (%)

1.0 2.2 0.6

[20] 2.0 7.6 2.4

3.0 11.3 4.0

15 5.0 4.7

Present study 25 9.0 54
35 16.0 6.2

5. Conclusion

This work presents an experimental investigation under real outdoor weather conditions to enhance the performance of the PV module using
the forced air cooling technique. According to the obtained results, the following conclusions can be summarized:

The PVT can lower the module temperature by (AT=5 to 16) °C.

The maximum power voltage of the reference PV module was dropped to 14.2 V at a maximum PV module temperature of about 69 °C.
The PVT recorded a voltage higher than 15.1 V as compared with the reference PV module.

The enhancement percentage of the PV electrical efficiency was recorded between (4.7% to 6.2%) in the case of PVT at different
volume flow rates (335, 540, and 760) m*/h.
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