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Nomenclature

PV absorptivity (-)

QRad

Apv

PV surface area (m2)

QRem

I

incoming solar irradiance (W/m2)

Qsolar

hforce

hfree

hconv

Qconv

QPV
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forced

convection

coefficient

(W/(m2K))
free

convection

coefficient

(W/(m2K))
overall

convection

heat

transfer

(W/(m2K))
convective heat transfer on PV
module (W)
PV output power (W)

long-wave radiation heat exchange
(W)
remaining heat on PV module (W)
effective irradiation on PV module
(W)

TPV

PV module temperature (K or °C)

TAmb

Ambient temperature (K or °C)

vwind

wind speed (m/s)

PV emissivity (-)
Stefan-Boltzmann’s
5,6697 x

10-8

(W/m2

constant,
K4)

Introduction
Renewable energies have an increasing role in the process of energy production (Szabó et al., 2015, Horváth et
al., 2015). Besides numerous other benefits, energy production based on solar performances can significantly
contribute to sustainable energy management. By a one-time investment in solar PV technology, it is possible to
produce CO2-free, green energy for free without producing any waste for several decades (Hosenuzzaman et al.,
2015, Aman et al., 2015, Zsiborács et al., 2016a).
The efficiency of solar energy utilization on Earth can be influenced by several factors. Silicium based crystalline
solar modules are the most widespread worldwide. Under Hungarian climatic conditions, the temperature of
crystalline solar modules can reach 60–70 °C on warm days. Due to its high temperature, the energy production
of crystalline solar modules decreases. In the case of silicium based crystalline solar modules, efficiency decreases
by 0.5% with 1 °C of temperature increase (Radziemska-Klugmann, 2002; Chandrasekar et al., 2015; Skoplaki et
al., 2009, Zsiborács et al., 2016a, b, c, d, e).
We examined in this study a polycrystalline (p-Si) solar module (SL50TU-18P, 50W) under real climatic
conditions on July 19th (09:00 am – 17:40 pm), installed on dual axis solar tracking system in Hungary,
Keszthely. We determined by the help of this module the components of heat transfer.

Heat balance of polycrystalline solar module

The components of heat transfer are conduction, convection, and radiation. Only long-wave radiative (QRad) and
convective (QConv) heat exchanges are considered for crystalline PV modules. Energy exchange in the form of
electricity output by the PV module (QPV) is also considered. The solar radiation (QSolar) is collected by PV front
surface. The difference between these four components (QSolar –QRad –QConv –QPV) gives the remaining heat
energy (QRem) of PV module (Tsai, 2014; Tsai-Tsai, 2012; Xu et al., 2009; Zsiboracs et al., 2016e).
The output power (QPV) was a measured value in this work. The net solar irradiation on polycrystalline solar
module is given by (Tsai, 2014; Tsai-Tsai, 2012; Xu et al., 2009):
.

(1)

The long-wave radiation heat exchange in the equivalent background environment (sky, ground, and
surroundings) is given by (Tsai, 2014):
.

(2)
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The forced convection from the front surface is considered and is given by (Tsai, 2014; Agrawal-Tiwari,(2011):
.

(3)

.

(4)

On typical days, the overall convective heat transfer is the sum of the forced convection from the front surface
and the free convection from the rear surface (Jones-Underwood, 2000; Tsai-Tsai, 2012; Tsai, 2014):

(5)
(6)
.

(7)

Measurement site

The polycrystalline solar module was facing South with a tilt angle of 35° (table 1).

Table 1. Parameters of the p-Si solar module examined
Characteristics
Country of origin
Manufacturer/Distributer
Model
Nominal performance (Pm) (W)
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Polycrystalline solar module
Italy
Energiesolaire100
SL50TU-18P
50

Performance tolerance (%)

±3%

Nominal tension (Vmp) (V)

19.12

Nominal current (Imp) (A)

2.62

Idling tension (Voc) (V)

22.68

Idling current (Isc) (A)
Module

size

2.80
(mm):

(width x height x depth)

545x668x28

(Source: Data sheet from the manufacturer)
For the measurements two PicoLog data acquisition systems were used, one with 12 and one with 16 input
channels. These instruments allowed second-based, continuous data recording by a PC (Zsiborács et al., 2015).
Additionally, the following technical-environmental parameters were determined:

 A Voltcraft VC607 professional multimeter, which was checked by an LT1021 device (10,000V
+- 5mV), was used for the calibration of the voltage and the current.
 The global radiation was measured by a pyranometer (OMSZ-certified. Eppley Black and White
Model 4-48).
 The wind speed was measured by a JL-FS2, 4-20 mA, 3-spoon aluminium device.


For measuring the temperatures, Pt 100 sensor was used with the help of the PicoLog devices. The
calibration of the whole temperature measurement system was done using an LM 35 digital thermometer
with a lineal voltage change (+ 10.0 mV/°C, 0.1 V = 1 °C, 1 V = 100 °C) and an accuracy of ± 1/4 °C
at room temperature and that of ± 3/4 °C between –55 and + 150°C (Zsiborács et al., 2015; Zsiborács
et al., 2016a, b, c, d).



A True Maximum Point Seeking (TMPS) device, which maintained the maximum power point (MPP)
was used for the measurements (Figs. 1 and 2).

The schematic diagram of the measurement point is shown in Figure 3.
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Figure 1. The measuring station of the photovoltaic system in Keszthely

Figure 2. The wind speed sensor anemometer. (Zsiborács et al., 2016a)
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Figure 3. Schematic illustration of solar module measuring station

Results of the thermal measurement of the polycrystalline solar module

We carried out the thermal analysis of the p-Si module from 09:00 to 17:40 on 19th July, since at that time the
environmental and experimental conditions were the most favourable for the test. In calculating the results the
time factor was also taken into account. So we have interpreted the values as energy (Wh). The values of the
thermal energy of p-Si solar module is related to the differences in the areas of the modules, their specific heat
and mass. During the nearly 9 hour measurement period, the great majority of the solar radiation appeared as
remaining heat energy (QRem) in the structure of the p-Si solar modules 38%, thus increasing the temperature of
the modules. According to our measurements the percentage of daily energies were the following: QRem : 38%,
QRad : 19%, QConv : 29% and QPV : 14%. Clearly visible that the QRem was the highest value which caused the high
PV module temperature (Figure 4).
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Figure 4 Daily energy distribution at the p-Si module (July 19th from 09:00 am to 17:40 pm)

Conclusion

We examined in this study a polycrystalline solar module (SL50TU-18P, 50W) under real climatic conditions on
July 19th (09:00 am – 17:40 pm), installed on dual axis solar tracking system in Hungary, Keszthely. We
determined by the help of this module the components of heat transfer. During the nearly 9 hour measurement
period, the great majority of the solar radiation appeared as remaining heat energy (QRem) in the structure of the
p-Si solar modules 38%, thus increasing the temperature of the modules. Due to its high temperature, the energy
production of solar modules decreases, however, this could be solved by various cooling technologies like air
based, water based, heat exchanger / coolant based and heat based categories.
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