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Abstract: This paper examines the thermal properties of free-standing, ground-installed, south-facing
crystalline and amorphous silicon photovoltaic modules, the remaining energy and the energy
generation of the modules, in ideal and actual summer weather conditions. This work studies
the algorithms in other studies used to describe the thermal processes occurring on the surface
of photovoltaic modules. Using accurate devices and real, measured data, the deviations and the
inaccuracies of theoretical approaches are investigated. The emphasis of the present study is to
improve the simulation accuracy of the total emitted long-wave radiation at the module surface
and to show the appropriate overall convection coefficient values for ground-mounted south-facing
photovoltaic technologies. The innovative aspect of the present paper is an improved model resulting
from an improved convective heat transfer and net long-wave radiation calculation. As a result of
this research, algorithms describing the energy fluxes were developed. These algorithms have a 1–3%
better accuracy of the net long-wave radiation calculations at the module surface. The rate of net
energy exchange by convection at the module surface could be improved by 10–12% compared to the
previous literature.

Keywords: solar energy; PV model; heat transfer; energy analysis; efficiency

1. Introduction

Solar energy forms the basis of most natural processes, and provides plentiful, clean energy,
which is available everywhere, even over the coming billions of years [1]. Photovoltaic solar energy uses
a photovoltaic cell that transforms solar energy into electricity [2]. The rapid growth of photovoltaic

Energies 2018, 11, 1114; doi:10.3390/en11051114 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-9323-7311
https://orcid.org/0000-0002-2135-4065
https://orcid.org/0000-0001-9491-7175
http://www.mdpi.com/1996-1073/11/5/1114?type=check_update&version=1
http://dx.doi.org/10.3390/en11051114
http://www.mdpi.com/journal/energies


Energies 2018, 11, 1114 2 of 18

power generation has been evident in recent years, mainly due to rapid technological development,
decreasing costs, and the state subsidies introduced in many countries. In 2016, the share of renewable
electricity production represented 24.5% of all electricity produced globally, of which photovoltaic
technology represented 1.5%. The world’s built-in photovoltaic capacity (2016) is 303 GW, with the
largest proportions being the European Union’s 106 GW (Germany 41.3 GW), China’s 77.4 GW, Japan’s
42.8 GW, and the USA’s 40.9 GW [3,4].

It can be stated that the investment costs of photovoltaic (PV) technology are now approaching the
lowest cost level, whose further reduction can only be achieved by discovering new and cheaper raw
materials or by developing manufacturing technology [5]. The levelized cost of electricity (LCOE) of PV
panels from a 1 kW to 6 kW plant size, under Italian conditions, was calculated to be between 0.10 and
0.11 €/kWh, which is considered to be competitive compared to other green electricity technologies [6].
As regards the energy return ratio of photovoltaic technology, Leccisi et al. [7] calculated that both
single-crystalline Si and multi-crystalline Si systems are able to provide a >90% net-to-gross energy
return ratio, even when deployed in less-than-optimal locations.

The amount of electricity that can be produced by PV modules depends primarily on the
composition and type of the module, the combined effect of the installation, and the prevailing
natural factors. Thus, losses in photovoltaic modules are influenced by, for example, reflection from the
surface of the module, the recombination of charging devices, the photoelectrically inactive absorption
of the photons, and when photons reach the back electrodes without producing electrons and holes.
The polycrystalline and monocrystalline photovoltaic modules can reach 21.9% and 25.6% efficiency,
respectively. Due to their good reliability, the current market share of crystalline solar modules is
85–90% [1,8–16]. One type of thin film PV technology is amorphous silicon photovoltaic technology,
which has 10.5% efficiency. Their market share is unknown, but the share of all thin-film solar modules
is around 10–15% [1,10–12,16,17]. A special type of the thin-film technology, called dye-sensitized
solar cells, have an important role in renewable energy-related research activity due to their features
and low-cost manufacturing processes [18]. Research projects in Hungary were conducted with
silicon-based thin film and crystalline photovoltaic technologies which have been rapidly expanding,
are relatively inexpensive, and have a growing market share.

An important factor in the photovoltaic modules is temperature fluctuation due to changes in
temperature and solar irradiance. At the study site of the present study which is situated in Keszthely
in Hungary, the photovoltaic modules can reach up to 60–65 ◦C on warmer days. Due to the heating of
the photovoltaic module, its energy production decreases, affecting the total energy production of the
PV system [19–22].

Zsiborács et al. [1] and Chandrasekar et al. [19] have shown that, in crystalline solar modules,
a 1 ◦C increase in temperature typically results in a 0.5% reduction in efficiency, which also confirms
the results (0.5%/◦C) of Radziemska and Klugmann [23]. According to Skoplaki and Palyvos [20,21],
it can be stated that due to the relationship between efficiency and temperature, crystalline modules
have a 0.3–0.5% efficiency loss when the temperature increases by 1 ◦C. According to Krauter [24]
and Abdolzadeh and Ameri [25], the energy change-temperature relationship is 0.4–0.5%/◦C for the
same technology.

For the sake of completeness it should be noted that in the case of an unglazed
photovoltaic/thermal (PVT) solar collector, the decrease in the electrical efficiency is linear and equal
to 0.015 when the temperature was between 25 ◦C and 34 ◦C, and solar radiation increased from 100 to
1000 W/m2 [26].

According to Zsiborács et al. [16], with new and 11 year-old amorphous silicon photovoltaic
modules with optimum environmental conditions, orientation, and average power, using either
non-networking or networking a-Si panels or string modules, a 1 ◦C decrease in temperature results in
an average unit increase in the efficiency of energy production of 0.27%. These results are similar to
those of Chandrasekar et al. [16] (0.21%/◦C) and confirm the results of Skoplaki and Palyvos [20,21]
(0.2–0.3%/◦C).
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For crystalline and amorphous silicon photovoltaic modules, there is a linear change in the level
of temperature efficiency and the temperature energy change (from −48 ◦C to +85 ◦C) [20,21,27].
The change in the incoming solar irradiance is closely related to temperature change. The energy
production of PV modules in shade-free, clear conditions is predominantly influenced by two factors,
namely, incoming solar irradiance and temperature [20,21].

In the present study extensive measurements for the determination of the various energy fluxes
were performed.

2. Materials and Methods

2.1. Thermal Dynamics for Photovoltaic Modules

In this study, the tilt angle-orientation of the crystalline and amorphous silicon solar modules and
their dual-axis tracking characteristics and energy production were investigated in summer, in real
and ideal weather conditions near to the summer solstice, compared to simulated data. The aim
was to clarify the total emitted long-wave radiation at the module surface (Qlw,total) and to show the
appropriate overall convection coefficient (hconv) values for ground-mounted south-facing photovoltaic
technologies. The innovative aspect of the present paper consists of an improved model including more
accurate algorithms for convective heat transfer and net long wave radiation calculation. This work
focuses primarily on physical relationships and the physical description of the energetic processes.
The thermal processes of PV modules have been subject to a number of analyses [28–33]. However,
all algorithms differ one from another, regardless of the installation structure and produce different end
results. The most striking difference is found for the emitted long-wave radiation at the module surface
and for the convective heat transfer on the PV module surface. There is, therefore, a need for additional
experiments under real outdoor conditions to improve the characterization and better determine the
thermal characteristics of PV module systems. The main component of the heat balance of PV modules
is the solar radiation which, in turn, influences convective heat exchanges, radiative heat exchanges,
and the output power of the PV module, while the significance of conduction is minimal, i.e., it can
easily be neglected [28–30].

The heat balance of the solar module is given by Jones and Underwood, Tsai and Tsai, and Tsai [28,30,31]:

mpvCpv
.
Tpv = Qsw − Qlw,total − Qconv − Ppv, (1)

or the relationship can also be interpreted as follows: Zsiborács et al. [33]:

Qrem = Qsw − Qlw,total − Qconv − Ppv, (2)

where mpv, Cpv, and
.
Tpv are the mass, heat capacity, and temperature of the PV module. The Qlw,total

is the total emitted long-wave radiation at the module surface (which is the sum of the net longwave
radiation of the top and the bottom sides of the PV modules), the Qsw is the effective irradiation on the
PV module, the Qconv is the convective heat transfer on the PV module, and Ppv is the output power
by the module. Qrem is the remaining heat of the PV module.

To determine the amount of heat absorbed from the heat arriving at the PV module from solar
radiation per unit of surface area in each unit of time, the PV module surface area (Apv), the PV module
absorptivity (α) and incoming solar irradiance (G) must be known [28–32]:

Qsw = α G APV. (3)

The absorption values for crystalline PV modules are reported by van Helden et al. [34] as 0.78,
by Jones and Underwood [28] as 0.77, while Tsai and Tsai [30] reports a wider distribution of 0.70–0.80.
Santbergen and van Zolingen [35] records a value of 0.81 for amorphous silicon photovoltaic modules.
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There are several approaches to determine the emitted long-wave radiation at the top of the
module surface (Qlw,up).

According to Jones and Underwood [28], at the PV module surface this relationship may be
described as follows:

Qlw, up = APVσ (
(1 + cosβsurface)

2
εskyT4

sky +
(1 − cosβsurface)

2
εgroundT4

ground − εmoduleT4
module). (4)

According to Yang et al. [29], the whole relationship requires that we take into account the PV
absorptivity of the given PV technology, and the difference between the upper and lower parts of the
PV module, and ignore the (1+cosβsurface)

2 , (1−cosβsurface)
2 relationships:

Qlw, total = α APVσ (εskyT4
sky + εgroundT4

ground − 2 εmoduleT4
module). (5)

According to Tsai and Tsai [30] and Xu et al. [32], the correlation can be more simply described by
overwriting the (1+cosβsurface)

2 , (1−cosβsurface)
2 relationships and ignoring α, and by simplifying T and ε

values:
Qlw, total = APVσ εmodule (T

2
amb + T2

module)(Tamb + Tmodule). (6)

A tilted surface with an inclination β from the horizontal has a view factor of (1+cosβsurface)
2 for the

sky and (1−cosβsurface)
2 for the horizontal ground [28,36]. Regarding the emission (ε) values, Jones and

Underwood [28], Yang et al. [29], and Schott [37] offer a more detailed reference:

• εsky = 0.95 for clear conditions; 1.0 for overcast conditions;

• εground = 0.95; and

• εmodule = 0.8–0.9 in the case of crystalline PV modules [28–30]; 0.83–0.96 for amorphous silicon
photovoltaic modules [38].

According to Jones and Underwood [28], Tsky = (Tamb − δT) for clear sky conditions in which
δT = 20 K, and Tsky = Tamb for overcast conditions. According to Tsai and Tsai [30], Tsai [31],
and Xu et al. [32], Tsky = Tamb, since during the energy exchange the direct surrounding space of the PV
module is important. This is reinforced by work by Hodges [39], which calculates the air temperature
experienced at a height of 2 m. The σmark is the Stefan-Boltzmann’s constant.

In the case of the convective heat transfer at the module, the main relationship is uniform [28–31]:

Qconv = APV hconv (Tmodule − Tamb), (7)

where hconv is the overall convection coefficient. The determination of the hconv value is possible with
the following equation [28–30]:

hconv = hForce + hFree, (8)

hFree, and hforce are the forced and the free convection coefficients, respectively. According to Tsai and
Tsai [30], Yang et al. [29] and Holman [40], hFree can be calculated by:

hFree = 1.31 3
√

Tmodule − Tamb. (9)

When analyzing hForce, we encounter several empirical approaches, since the circumstances are
different in each case. According to Jones and Underwood [28] at a wind speed of 1 m/s, the various
values reported are 1.2 W/(m2K) [41], 5.8 W/(m2K) [42], 9.1 W/(m2K) [37], and 9.6 W/(m2K) [43].
Tsai and Tsai [30] and Palyvos [44] analyze the relationship in the following way:

hForce = 5.6212 + 3.9252 vWind, if vWind < 4.88 m/s (10)

hForce = (3.290 vWind)0.78, if 4.88 ≤ vWind < 30.48 m/s (11)
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According to Yang et al. [29], the relationship should be amended as follows:

hForce = (0.5 vWind). (12)

Regarding generally-constructed PV modules, Haber and his colleagues [45–49] have determined
a number of overall convection coefficients, depending on wind speed and wind direction, and different
installation modes. In all cases, the overall convection coefficients of the photovoltaic modules were
tested for five different wind speeds, in the order of vWind = m/s, based on the most common wind
speeds in Hungary. CFD (computational fluid dynamics) simulations were validated by wind tunnel
measurements, where the coefficients of pressure factors showed the simulation efficiency or reliability.
The overall convection coefficient values are shown in Table 1. We think these data are the most reliable
because of the many years of complex investigations; on the other hand, hconv data in other literature
are not properly detailed, so the accuracy of the theoretical calculations can be uncertain. Therefore,
these values were applied for these calculations.

Table 1. Overall convection coefficient values in different installation characteristics of PV modules.

PV Module Installation Characteristics Context Wind Direction Ref.

PV modules installed on facades
hconv = 3.26+ 1.75 vWind north

[48,49]hconv = 2.46+ 0.96 vWind south

PV modules installed on angled roofs hconv = 2.93+ 1.85 vWind north
[46,47,49]hconv = 2.93+ 3.62 vWind south

PV modules installed on flat roofs
hconv = 2.90 + 2.3 vWind north

[49]hconv = 2.90+ 2.17 vWind south

Free standing PV modules hconv = 2.90+ 4.19 vWind north
[45,49]hconv = 2.90+ 3.13 vWind south

All installation modes hconv = 2.92 + 3.26vWind cross-wind [49]

This study deals with freestanding, south-facing photovoltaic modules. The contours of the
velocity magnitudes and velocity vectors colored according to velocity magnitudes experienced in
this installation are shown in Figure 1. The Figure show the contours of the velocity magnitude near
the modules. It can be seen (Figure 1) that on the front side of the first module (the first to face the
wind direction), at 3 m s−1 wind inflow rate, the flow velocity is very low (>0.45 m s−1). This leads to
a lower heat transfer coefficient, compared to the other two modules where the flow is higher at the
front surface [45].
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There are various state-of-the-art methods for the optimization of performance [50–55] and for
the estimation of energy system properties [56–58]. However, most of them are not suitable for solar
energetic systems. A powerful technique for nonlinear fitting is machine learning, which is able to
support accurately the acquisition of the values of coefficients of thermal performance when certain
easily-measured independent variables are known. Machine learning techniques with appropriate
algorithms based on a large database can perform precise predictions and learn from the numerical
correlations hidden in the dataset via a nonlinear fitting process. With such a technique, it is not
necessary to establish the exact physical model for each coefficient of thermal performance, and a
precise prediction can be acquired directly with a well-developed predictive model [59].

Many recent studies have shown that compared with physical or empirical models, machine
learning could be a better model to help to reproduce and predict precise thermal properties, based
on experimentally-measured databases. The machine learning approaches need, however, for each
system and location, a new training set. One machine learning technique set up for one location may
not perform appropriately for another location. Physical models may, on the contrary, be used for any
location. This work focuses primarily on physical-based model and on the physical description of the
heat transfer.

2.2. System Description

The thermal properties of crystalline and amorphous silicon photovoltaic modules were studied
in our work, and the remaining energy (Qrem,E) and energy production (Wpv) of the modules was
tested in ideal and actual summer weather conditions.

The data collection for the research work was carried out in Hungary, in the town of Keszthely
(Hungary) (latitude: 46.76750◦, longitude: 17.26609◦) on eight different days: 7 July 2016, 19 July
2016, 22 July 2016, 7 August 2016, 8 August 2016, 6 July 2017, 10 July 2017, and 18 July 2017.
The study was performed with a dual-axis tracking system using amorphous silicon, polycrystalline,
and monocrystalline photovoltaic technology, under real meteorological conditions, at the same
measuring point. In Hungary, in the case of south-facing systems, the ideal yearly angle of inclination
is 35◦ [60], so this setting is tested in this work (Table 2, Figure 2).

Table 2. Electrical and mechanical characteristics of the solar modules examined.

Characteristics Polycrystalline Solar
Module

Monocrystalline Solar
Module

Amorphous Silicon
Solar Module

Manufacturer/Distributer Energiesolaire100 Prevent GmbH Kaneka
Country of origin Italy Germany Japan

Model SL50TU-18P SM636-50 G-EA050
Nominal performance (Pm) (W) 50 50 50

Performance tolerance (%) ±3% ±3% ±10%
MPP current (Imp) (A) 2.62 2.8 0.75
MPP voltage (Vmp) (V) 19.12 18.18 67

Short circuit current (Isc) (A) 2.80 3.08 1.19
Open circuit voltage (Voc) (V) 22.68 23.17 91.8

Module size (mm):
(width × height × depth) 545 × 668 × 28 510 × 680 × 35 960 × 990 × 40
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Figure 2. The measuring station of the sun-tracking system used for the present study. * (upper
left, amorphous silicon; lower left, CPV; upper right, polycrystalline; lower right monocrystalline
technology) (1, 10, EMS 11 Silicon photovoltaic detector; 2, SN-500 four-component net radiometer;
3, photosensors; 4, Eppley Black and White pyranometer; 5, JL-FS2 aluminium device with 3 spoons;
6, HYTE-ANA-1735 humidity content of air meter; 7, DS-2 Sonic anemometer; 8, 9, Hukseflux
LP02 pyranometer.

In the course of the experiments, the collection meteorological and PV modules data were carried
out using four measuring data acquisition systems (Figures 3 and 4):

• One PicoLog 1012 data acquisition system (Pico Technology, St Neots, UK);
• One PicoLog 1216 data acquisition system; (Pico Technology, St Neots, UK);
• One CR1000 measurement and control datalogger (Campbell Scientific, Inc., Logan,

UT, USA);
• One GB HOBO four-channel analog data logger (Onset Computer Corporation, Bourne,

MA, USA).

The Voltcraft VC607 (Conrad Electronic SE, Wernberg-Köblitz, Germany) (independent measuring
device) professional multimeter was used to calibrate the voltages and currents (measuring point
A, Figure 3), and was checked before the measurements with an LT1021voltage reference (Linear
Technology Corporation, Milpitas, CA, USA, 10.000 V ± 5 mV).

Pt 100 sensors (Conrad Electronic SE, Wernberg-Köblitz, Germany) were used to measure
the photovoltaic module and air temperature. A digital LM 35 (B+B Thermo-Technik GmbH,
Donaueschingen, Germany)-based precision thermometer (independent measuring device) was used
to calibrate the entire measuring circuit (measuring point A, Figure 3), and the LM 35 precision
thermometer has a +10.0 mV/◦C change in signal leading to 0.1 V at 1 ◦C and 1 V at 100 ◦C. Its accuracy
is stated as ±0.25 ◦C at room temperature and ±0.75 ◦C between −55 ◦C and +150 ◦C. The temperature
of photovoltaic modules was measured at a point on the back part (marked with a blue dot, Figure 2).
Air temperature was also determined by a DS-2 sonic anemometer (Figure 4).

The humidity of the air was measured by a HYTE-ANA-1735 meter (B+B Thermo-Technik GmbH,
Donaueschingen, Germany, ±3% accuracy), while the wind velocity was determined by a JL-FS2,
three-channel aluminum meter (Alex NLD, Tiberias, Israel, ±3% accuracy) and a sonic anemometer
DS-2. The wind direction was also determined by the DS-2 sonic anemometer (METER Group, Inc.
München, Germany, ±3% accuracy).
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The incoming solar irradiance was measured with an Eppley Black and White Model 4–48
pyranometer (The Eppley Laboratory, Inc., Newport, RI, USA, ±3–5% uncertainty), an EMS 11 silicon
photovoltaic detector (Energy XPRT, Brno, Czech Republic, ±7–10% uncertainty), two Hukseflux LP02
pyranometers (Hukseflux Thermal Sensors B.V., Delft, The Netherlands, ±1–3% uncertainty), and the
global horizontal irradiation by an EMS 11 Silicon photovoltaic detector (Figures 2–4).

A SN-500 four-component net radiometer (Apogee Instruments, Inc., Logan, UT, USA,
±5% uncertainty), an upward- and a downward-looking pyranometer, and an upward- and a
downward-looking pyrgeometer provide separate measurements of the four components of net
radiation (Figures 2–4).

For the solar modules, the maximum power point was maintained using true maximum point
seeking (TMPS), operating on an oscillating principle. By keeping the multiplier of the voltage and
current power (i.e., of the maximum performance at that moment) at the highest value, the solar
modules operated at the maximum power point. With the help of these devices it is possible to
manually check the maximum power point of the PV modules, thus allowing the correct measurement
accuracy (Figure 3).
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During our investigations in 2016, only the measuring station ‘A’ (Figure 3) was used. In 2017,
measuring stations ‘A’ and ‘B’ were used at the same places and times (Figures 3 and 4).

To determine the emission value of photovoltaic modules, a FLIR E60BX infrared camera
(FLIR Commercial Systems Inc., Nashua, NH, USA) was used. For modules installed outdoor,
reflections of radiation coming from the surroundings may lead to problems for the determination of
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the true emission value. For this reason, the experiment control was performed in a closed space with
the same photovoltaic modules using the FLIR E60BX infrared camera with a manual Voltcraft K204
datalogger coupled with a k-type TP-K-02 thermometer (Conrad Electronic SE, Wernberg-Köblitz,
Germany tolerance, ±0.75%). To analyze, evaluate, and manage the data, PicoScope (Pico Technology,
St Neots, UK), Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) and SPSS Statistics 24
software (SPSS, Chicago, IL, USA).

For each measurement case continuous second (station ‘A’) and average minute (station ‘B’)
measurements were performed. The station ‘A’ results were averaged for every minute.

Since the systematic mistakes do not increase the deviation of the measurements, it is difficult to
detect them, but the given measuring accuracy and calibration (which should be independent of the
measuring system) of the measuring devices can help to solve this problem.

3. Results and Discussion

3.1. Recommended Thermal Relationship for South-Facing Photovoltaic Modules

Several methods have been observed for thermodynamic processes related to PV modules
(see the ‘Thermal Dynamics for Photovoltaic Modules’ section). On the measurement site in Keszthely
(Hungary), two shady periods occurred in the early morning and in the late afternoon, which could
have distorted the results. Therefore, for the net long-wave radiation, continuous second and average
minute measurements were performed from 09:00 to 17:40 on 6 July 2017, 10 July 2017, and 18 July 2017
with the SN-500 four-component net radiometer verifying the correctness of the theoretical formulas.
The proposed empirical method (Table 3) of Jones and Underwood [28] may be used regarding the
net long-wave radiation at the top of the module surface (Qlw,up,E), but no solution is suggested
for the calculation of the net long wave radiation at the bottom of the module surface (Qlw,down,E).
Yang et al.’s [29] approach to the PV absorptivity value (α) renders the results inaccurate, but
ignoring this and the (1+cosβsurface)

2 , (1−cosβsurface)
2 relationships, we obtain the same result. Therefore,

Yang et al.’s [29] correlation can be compared to the approach we propose.
The overall convection coefficient values recorded by Haber and Farkas [45] and Haber [49] were

used in the case of south-facing free-standing PV modules, with respect to the rate of net energy
exchange at the module by convection (Qconv,E). These data (Table 1) seemed to be the most reliable
since they are based on many years of complex investigations. These values developed for free standing
PV modules were used for the present calculations. The proposed complete empirical equations with
the recommended emitted long-wave radiation and the convective heat transfer on the PV module,
based on the wind direction, are shown in the Table 3 below.

Table 3. Recommended approach to thermal calculations for ground-installed, south-facing PV modules.

Description Context

Remaining heat on PV
module (Qrem, [W])

Qrem = Qsw − Qlw,total − Qconv − Ppv

Effective irradiation on PV
module (Qsw, [W]) Qsw = α G APV

* Emitted long-wave
radiation (Qlw, [W])

Qlw, up =

APVσ ( (
1+cosβsurface)

2 εskyT4
sky +

(1−cosβsurface)
2 εgroundT4

ground − εmoduleT4
module)

Qlw, down =

APVσ ( (
1+cosβsurface)

2 εgroundT4
ground + (1−cosβsurface)

2 εskyT4
sky − εmoduleT4

module)

Qlw, total = Qlw,up + Qlw, down

APVσ ( (
1+cosβsurface)

2 εskyT4
sky +

(1−cosβsurface)
2 εgroundT4

ground +
(1+cosβsurface)

2 εgroundT4
ground + (1−cosβsurface)

2 εskyT4
sky − 2 εmoduleT4

module)



Energies 2018, 11, 1114 10 of 18

Table 3. Cont.

Description Context

Convective heat transfer on
PV module (Qconv, [W]) Qconv = APV hconv (Tmodule − Tamb)

Overall convective heat
transfer (W/(m2K))

hconv = 2.90 + 4.188 vWind, north wind direction

hconv = 2.90 + 3.128 vWind south wind direction

hconv = 2.92 + 3.26 vWind, cross-wind

* Authors’ own results based on SN-500 four-component net radiometer.

3.2. Experimental Results and Discussion

Thermal processes of PV Modules were carried out during the eight days. Continuous second and
average minute measurements were performed from 09:00 to 17:40 since, at this time, the environmental
and experimental conditions were the most favorable for the test. This represents a total of
31, 200 (second-based) and 520 (minute-based) measurements/measurement days. During the
examinations in 2016, only measuring station ‘A’ (Figure 3) was used while, in 2017, both (Figures 3
and 4) measuring stations ‘A’ and ‘B’ were used at the same places and times. Instead of using Joules,
the use of Ws notation was preferred because the thermal processes of PV modules were examined in
Ws or Wh in the studies we consulted.

Figures 5 and 6 illustrate the real global tilted irradiation (35◦), the temperature characteristics,
and the real energetic characteristics of the m-Si, p-Si, and a-Si modules during daylight hours on 18
July 2017, as shown below. These figures are provided to facilitate an understanding of our calculations
and measurements, i.e., heat components and the transformation of the net short-wave radiation in the
other heat components.
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Figure 5. lllustrating the real global tilted irradiation (35◦) and the temperature characteristics of the
m-Si, p-Si, and a-Si modules from 09:00 to 17:40 on 18 July 2017.
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Figure 6. lllustrating the real energetic characteristics of the m-Si, p-Si, and a-Si modules from 09:00 to
17:40 on 18 July 2017.

For the calculations of the heat transfer and components of the PV module (Qrem,E = Qsw,E −
Qlw,total,E − Qconv,E − Wpv), simulations as a function of time were performed using algorithms for
south-facing PV modules mentioned above. The use of Qrem,E is more appropriate under real weather
conditions, as an accurate determination of

.
Tmodule is not possible due to the constant changes in

environmental conditions.
The Tsky = Tamb formula was taken into account since during the heat exchanges the surrounding

space of the PV module is important [39].
The precise determination of the emission values of the PV modules was achieved in a closed

space using photovoltaic modules of the same type. For this experiment, a handheld Voltcraft K204
datalogger and a k-type TP-K-02 thermometer, as well as a FLIR E60BX infrared camera were used.
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An emission coefficient of 0.9 was obtained for all three solar module technologies. This value is
confirmed by Jones and Underwood [28], Tsai and Tsai [30], and Acciani et al. [38].

The absorption value was 0.77 for crystalline PV modules [28], and 0.81 for amorphous silicon
photovoltaic modules [61].

For thermal studies, the relationship between the average remaining heat energy-temperature
change and the relative standard deviation during the warming period is determined from the daily
data. The relative standard deviation (CV%) was applied because the deviation only shows variability,
while the average and the spread of data are also important factors. According to Szűcs, a relative
standard deviation between 0 and 10% shows homogeneous conditions, the relative standard deviation
between 10.1% and 20% shows a medium variability, and the standard deviation between 20.1% and
30% shows a strong variability. Values above 30.1% show strongly heterogeneous conditions [62].
In our study, a medium variation may be considered as acceptable due to the constant changes of the
environmental conditions.

It is only possible to compare Yang et al.’s [29] correlation to the present modelling approach
because of the similarity of the simulated components. For this reason, only a comparison of our model
with Yang et al.’s [29] is shown in the following section. The work was tailored to PV measurements.
In 2016, we were not able to measure the SN-500 four-component net radiometer. For this reason,
we first compared the average deviation over eight days between our and Yang et al.’s [29] models.
The results were calculated per second. By means of experiments, the average energy needs to
set up a temperature change of 1 ◦C in the PV modules for photovoltaic modules with optimum
placement, orientation and average power at the typical air temperature range of 23–40 ◦C and module
temperature range of 29–64 ◦C were determined by measurements (Figure 7).

The average deviations of our model compared to Yang et al.’s [29] formula were as follows:

• m-Si modules: −13%,
• p-Si modules: −4.2%,
• a-Si modules: −12.2%.

The average CV% deviations of the two models based on eight days were homogeneous:

• m-Si modules, our model: 3.1%;
• m-Si modules, Yang et al.’s [29]: 4.1%;
• p-Si modules, our model: 6.7%;
• p-Si modules, Yang et al.’s [29]: 6.3%;
• a-Si modules, our model: 4.9%; and
• a-Si modules, Yang et al.’s [29]: 6.9%.

For the measurements in 2017, SN-500 four-component net radiometer were additionally used,
so the accuracy of the models could be checked. The data were measured on three days: 6 July 2017,
10 July 2017 and 18 July 2017 from 09:00 to 17:40. The results were averaged for every minute.
The relative standard deviation showed homogeneity in all three cases (measured, our model
calculation and Yang et al.’s model solution) (Table 4).

The average deviations from the measured data were the following: (Table 4):

• for monocrystalline modules (m-Si modules), our model: −4.2%;
• for monocrystalline modules (m-Si modules), Yang et al.’s [29] model: −12.5%;
• for polycrystalline modules (p-Si modules), our model: −3.7%;
• for polycrystalline modules (p-Si modules), Yang et al.’s [29] model: −11.1%;
• for amorphous silicon solar modules (a-Si modules), our model: −4.2%;
• for amorphous silicon solar modules (a-Si modules), Yang et al.’s [29] model: −15.3%.
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Figure 7. The average of results of the two models over eight days (calculated heat energy required for
a 1 ◦C change in temperature of the photovoltaic modules).

Table 4. The comparison of Yang et al.’s [29] and our model with the measured heat energy required
for a 1 ◦C change in temperature of the photovoltaic module.

Description
m-Si (Ws) p-Si (Ws) a-Si (Ws)

Ws Relation
(%) CV% Ws Relation

(%) CV% Ws Relation
(%) CV%

Three-day average, measured (Ws) 2.4 100 2 2.7 100 1.9 7.2 100 0
Three-day average, our model

calculation (Ws) 2.3 95.8 0 2.6 96.3 0 6.9 95.8 3.4

Three-day average, Yang et al.’s [29]
model solution (Ws) 2.1 87.5 2.3 2.4 88.9 2.0 6.1 84.7 6.3

The heat exchange values of the crystalline and amorphous silicon PV modules are related to the
differences in the surface, type and weight of the modules.

During the analysis of the heat transfer of PV modules during the period from 09:00 to 17:40
on 6 July 2017, 10 July 2017, and 18 July 2017, the three-day average, the daily relationships of the
remaining heat energy (Qrem,E), the electricity energy output by the PV module (Wpv), the total net
long-wave radiation at the module surface (Qlw,total,E) and the rate of net energy exchange at module by
convection (Qconv,E) were performed for all three photovoltaic technologies, based on measurements
and models. During the measurement periods, the main part of incident solar energy was converted
in heat energy remaining in the PV modules (Qrem,E), thus increasing the temperature of the modules.
The electricity production illustrates the efficiency of the photovoltaic modules very well. Measured
data correspond to 100% because this is the reality; in turn, the two models were compared to the
measured values. The combined values of the total net long-wave radiation at the module surface and
the rate of net energy exchange at the module by convection are 27% for the m-Si module, 25% for
the p-Si module, and 31% for the a-Si module based on real data. During the measurement period,
the m-Si module transformed 16% of the incoming total energy into electricity, the p-Si module 13%,
and the a-Si module 7%. The real total net long-wave radiation at the module surface data differ from
our calculations by 1–2%, while Yang et al.’s [29] model shows a 3% deviation. The main deviation
was 10–12% of net energy exchange at the module by convection, so it is essential to choose the right
value based on the different installation modes. The determination uncertainty of convective heat
transfer leads to uncertainties in the simulated Qrem value. This shows the importance of an accurate
determination of the convective energy component to obtain a correct description of PV module
(Qconv) heat transfer (Table 5). In Figure 8 the real and modelled daily energy distribution for m-Si
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technology is illustrated for 6 July 2017. This illustration—which facilitates understanding of daily
energy distribution—shows the daily energy distribution of the two models and our measured data.
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Figure 8. Daily energy distribution for the monocrystalline (m-Si) solar module (6 July 2017 09:00–17:40).

Table 5. Daily energy distribution for the monocrystalline (m-Si), polycrystalline (p-Si), and amorphous
silicon (a-Si) solar modules (6, 10, and 18 July 2017, 09:00–17:40).

Description
m-si p-Si a-Si

Qrem Qlw,total Qconv Wpv Qrem Qlw,total Qconv Wpv Qrem Qlw,total Qconv Wpv

Three day average, measured (%) 58 16 10 16 62 16 9 13 62 21 10 7
Three day average, our model
solution (%) 56 18 10 16 61 17 9 13 61 22 10 7

Three day average, Yang et al.’
model solution (%) 50 14 20 16 54 14 19 13 54 17 22 7

Average deviation from our model
calculation (%)

−2 +2 0 0 −1 +1 0 0 −1 +1 0 0

Average deviation from Yang et al.’s
[29] model solution (%)

−8 −2 +10 0 −8 −2 +10 0 −8 −4 +12 0

4. Conclusions

In the case of photovoltaic cells and photovoltaic modules, the temperature fluctuation due to
changes in solar irradiance is an important factor. For crystalline PV modules, a temperature increase
of 1 ◦C typically results in a 0.5% reduction in efficiency, while with amorphous silicon photovoltaic
modules this figure is, on average, 0.27%.

The thermal processes of the PV modules have been studied by a number of scientific publications,
but all test methods differ from one another regardless of the installation method, and so produce
different results. As a result of our research, we suggested a new algorithm for the heat transfer
model for the calculation of heat transfer of ground-installed, south-facing PV systems. Using these
new modelling approaches the net long-wave radiation and the rate of net energy exchange by
convection at the module surface can be more accurately calculated than is currently the case in
the literature. Under clear-sky conditions, the real measured total net long-wave radiation at the
module surface data differ from our calculations by 1–2%, while Yang et al.’s [29] approach shows a
2–4% deviation. The main deviation for the net energy exchange at the module by convection was
10–12%. This showed that it is essential to choose the right value based on the different installation
modes. The overall convection coefficients of the photovoltaic modules were tested with the help of
the newest measurements based on the most common wind speeds in Hungary. CFD (computational
fluid dynamics) simulations were validated by wind tunnel measurements, where the coefficients of
pressure factors showed the simulation efficiency or reliability. In this way a more accurate overall
coefficient to be used for the different photovoltaic modules taking into account the methods of
installation could be obtained.
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This allows a more accurate determination of the remaining heat energy on the PV module (Qrem,E),
which is necessary for the complete energy analysis of the PV module. Further, these findings are
crucial for establishing comprehensive economic studies involving photovoltaic modules. Our results
also allow us to calculate the thermal technology relationships of PV modules mounted on façades,
on sloping roofs, and on flat roofs.
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Nomenclature

Nomenclature
Apv PV module surface area (m2)
Cpv Module heat capacity (J/(kgK))
G Incoming solar irradiance (W/m2)
hconv Overall convection coefficient (W/(m2K))
hForce Forced convection coefficient (W/(m2K))
hFree Free convection coefficient (W/(m2K3/2))
mpv Mass of PV module (kg)
PPV PV output power (W)
Qconv Convective heat transfer on PV module (W)
Qconv,E Convective energy exchange for the PV module (Ws)
Qlw,down Emitted long-wave radiation at the bottom of the module surface (W)
Qlw,down,E Net long-wave radiation at the bottom of the module surface (Ws)
Qlw,total Total emitted long-wave radiation at the module surface (W)
Qlw,total,E Total net long-wave radiation at the module surface (Ws)
Qlw,up Emitted long-wave radiation at the top of the module surface (W)
Qlw,up,E Net long-wave radiation at the top of the module surface (Ws)
Qrem Remaining heat on PV module (W)
Qrem,E Remaining heat energy on PV module (Ws)
Qsw Effective irradiation on PV module (W)
Qsw,E Net rate short-wave energy exchange at module (Ws)
Tamb Ambient (air) temperature (K)
Tground Ground temperature (K)
Tmodule PV module temperature (K)
Tsky Sky temperature (K)
vwind Wind speed (m/s)
Wpv PV energy output (Ws)
Greek letters
α PV module absorptivity (-)
εground Emissivity of surface of ground (-)
εmodule Emissivity of the PV module (-)
εsky Emissivity of the sky dome (-)
σ Stefan–Boltzmann’s constant (=5.669 × 10−8 W/(m2 K4))
Subscripts
Levelized cost of electricity LCOE (-)
PV Photovoltaic (-)
TMPS True Maximum Point Seeking (-)
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62. Szűcs, I. Applied Statistics; Agroinform Publishing Office: Budapest, Hungary, 2002.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1556/Pollack.7.2012.1.11
http://dx.doi.org/10.1016/j.rser.2015.09.003
http://dx.doi.org/10.1016/j.applthermaleng.2017.01.067
http://dx.doi.org/10.1016/j.enconman.2015.05.009
http://dx.doi.org/10.1177/1045389X16642302
http://dx.doi.org/10.1016/j.sna.2015.09.026
http://dx.doi.org/10.1088/0964-1726/21/6/065017
http://dx.doi.org/10.1016/j.apenergy.2016.03.103
http://dx.doi.org/10.1016/j.jpowsour.2016.09.123
http://dx.doi.org/10.1016/j.jpowsour.2017.01.102
http://dx.doi.org/10.1155/2017/4194251
http://dx.doi.org/10.1016/j.solener.2010.02.014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Thermal Dynamics for Photovoltaic Modules 
	System Description 

	Results and Discussion 
	Recommended Thermal Relationship for South-Facing Photovoltaic Modules 
	Experimental Results and Discussion 

	Conclusions 
	References

