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Abstract: This paper evaluates the photovoltaic (PV) module operating temperature’s relation to
efficiency via a numerical heat transfer model. The literature reports that higher PV module operating
temperatures impact PV module efficiency. There are dozens of explicit and implicit equations used
to determine the PV module operating temperature. However, they are not universal, and for each
application, it is necessary to insert a correction coefficient based on the environment and boundary
conditions. Using a numerical method covering a more comprehensive range of PV module operation
conditions to estimate a global equation, this study considers the solar radiation flux, Gt, solar ray
direction with respect to the ground level, v, convective heat transfer coefficient, h, tilt angle, 3,
ambient temperature, Ta, PV power output, Ppv, PV panel efficiency, 11, and environmental properties.
The results match the extant empirical work and related literature. PV module efficiency is found
to have a linear relationship to the PV module operating temperature via a numerical heat transfer
model corresponding to the well-known PV module. It specifies that heat transfer convection changes
with PV module tilt angle, causing PV module operating temperature effects. It also represents the
PV module operating temperature variations with ambient temperature and solar flux, like those
reported in the literature.

Keywords: efficiency; heat transfer; computational model; photovoltaic panel; sustainable; tempera-
ture

1. Introduction
1.1. Photovoltaic (PV) Panel Operating Temperature

Solar energy technologies are becoming more pervasive worldwide. Both the cap-
ture and use of solar energy have very little impact on the environment, and this is a
significant advantage. The cost of PV cells has been greatly reduced owing to their rapid
development [1]. Solar resources are tantamount to infinite and can support the world’s
electricity needs with appropriate equipment and investment [2]. A PV module converts
solar radiation flux into electricity. However, as it absorbs the solar radiation, the PV
module operating temperature increases proportionally, as shown empirically and in the
literature [3-14]. Noticeably, higher PV module operating temperatures cause a reduction in
PV module efficiency. This issue has been well studied and has resulted in a compendium
of equations [9-22]. Most equations use both explicit and implicit approaches, in which
the PV module operating temperature is a function of solar radiation flux, Gt, ambient
temperature, Ta, and local wind speed, Vw [15-22]. However, the equations do not use
heat transfer equations to characterize the PV module operating temperature’s effect on
efficiency. The pioneering equation is based on traditional steady-state energy [16], based
on the nominal operating cell temperature (NOCT) [15] in nominal terrestrial environment
(NTE) conditions. Under these conditions, solar radiation flux (irradiation) is 800 W /m?,

Thermo 2022, 2, 39-55. https:/ /doi.org/10.3390/thermo2010004 https://www.mdpi.com/journal /thermo


https://doi.org/10.3390/thermo2010004
https://doi.org/10.3390/thermo2010004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/thermo
https://www.mdpi.com
https://orcid.org/0000-0001-5706-314X
https://orcid.org/0000-0002-6653-1600
https://orcid.org/0000-0002-1960-0263
https://doi.org/10.3390/thermo2010004
https://www.mdpi.com/journal/thermo
https://www.mdpi.com/article/10.3390/thermo2010004?type=check_update&version=1

Thermo 2022, 2

40

ambient temperature is 20 °C, average wind speed is 1 m/s with zero electrical loads
(i.e., open circuit), and the cell surface is perpendicular to the solar noon direction [23,24].
The NOCT model assumes that both sides of the PV module contact the same ambient
temperature, and therefore the temperature difference (Tc — Ta) is not a function of ambient
temperature. The NOCT equation for PV module operating temperature includes PV
electric efficiency, which is a function of the PV module operating temperature. Therefore,
the NOCT equation is an implicit approach for PV module operating temperatures, and it
is only suitable for PV modules mounted in a free-standing manner. Hence, this is largely
unrealistic [16].

Equations designed to account for various other conditions are based upon the NOCT
equation, and they all require correction coefficients based on varied situations [25].

1.2. Heat Transfer Model of Thermal Collectors and Solar Panels

Most studies have used heat transfer models designed for solar thermal collectors.
The thermal collector directly obtains heat energy and converts it to usable power. Of-
ten, thermal collectors are applied commercially to heat an air space, but their complex
installation requires a moving water supply such that the water is converted to steam to
feed a turbine connected to an electric generator. The convection heat transfer rate for
the inclined collector is based on the flat collector’s performance, as correlated in two
or three dimensionless parameters [16]: the Rayleigh number, Ra, the Nusselt number,
Nu, and the Prandtl number, Pr. The definitions for these dimensionless parameters are
provided in Section 2. The results of several reliable data investigations were reported
and published by the U.S. Home Finance Agency [16]. In a more recent experimental
study using air, the equations showed a relationship between the Nusselt number, Rayleigh
number, and tilt angle [16]. For horizontal surfaces, there is also a correlation with the
available equations [16].

Indeed, all of these works were employed on thermal collectors because they funda-
mentally work with heat transfer without generating electricity directly to a collector. It
is possible to consider the heat transfer model for PV panels because the central concept
is that energy is collected in heat form and converted to electricity. Most studies on PV
modules are performed from the electricity’s perspective, wherein the available empirical
equations determine the PV module operating temperature’s relation to ambient tempera-
ture, local airspeed, and solar flux [9-22]. Apparently, the tilt angle, solar ray direction, and
air properties surrounding the PV module also affect the PV module operating temperature,
but they are not accounted for in extant equations [15]. Although ambient temperature
is usually considered to be a constant temperature, it is well known that it varies greatly
throughout the day. It is also a factor of location. Several equations have been proposed
to account for variable ambient temperatures based on apparent sky temperature, cloudy
sky temperature, water vapor pressure, dew point temperature, dry bulb temperature, and
hours from midnight [16]. However, local wind speed could also be considered in terms of
cooling forced convection, depending on air speed.

1.3. Aim of This Study

Concerning the available equations and most solar energy applications, the lack of a
general equation that can meet universal conditions is obvious, and this is needed to inves-
tigate environmental parameters as they relate to the PV module operating temperatures
and electricity generation efficiency.

On the other hand, some variables from the traditional method can be redefined with
distinct independence. For instance, the local wind speed in a free-standing mounted PV
module can be determined via forced convection heat transfer, and the free and forced
convection can be shown to have a specific convection coefficient affected by local velocity
and PV module surface direction (tilt angle), which can increase or reduce convection.

This study determines the relationship between PV module operating temperatures,
PV module setup, and environmental variables via heat transfer concepts. This approach
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makes the proposed model more globally applicable. The proposed equations are compared
to extant literature results to evaluate the efficacy of the modification. Hence, this paper is
organized as follows. The applied theory and the methods used to define the PV module
operating temperature equation are presented in Section 2. In Section 3, the main results
are provided. Section 4 offers a detailed discussion, and the conclusions are presented in
Section 5.

2. Methods
2.1. PV Module Structure and Setup

A PV cell has a specific layered structure that receives solar flux and converts it to
electricity [5,9,11]. In this work, we consider the heat transfer properties of this structure to
model the PV module operating temperature and efficiency.

Figure 1 presents the simplified layered structure of the PV module. Each layer has
a particular thickness, and there is a material property for the coating that enhances heat
transfer conduction between layers. The solar flux during the day changes orientation.
At midday, the Sun is assumed to radiate perpendicularly to the PV module, which has a
90° exposure to ground level. For the rest of the day, the module has a greater or smaller
solar radiation intercept. Hence, the absorbed solar flux must consider the perpendicular
component of the PV module and the radiation absorbed during the daytime.

Solar flux ray

ty Transparent Glass
t; Encapsulant Material
i3 Solar Cell

ty Encapsulant Material
ty Insulating Back Sheet
Figure 1. PV module layered structure with perpendicular solar flux beams.

On the other hand, an optimal tilt angle for the PV module determines an inclination
with which to gain maximum solar flux [2,26-29]. Therefore, we cannot assume that the PV
module maintains horizontal conditions with a tilt angle of zero.

2.2. Environment Surrounding the PV Module

The PV module is mounted in open air and surrounded by airflow. In the literature,
wind speed affects PV module operating temperature and efficiency via forced convec-
tion [16,30,31]. However, as mentioned in Section 2.1, the PV module can be adjusted with
a unique tilt angle, becoming an inclined plane in the air. The inclined hot/cold plate has a
free convection heat transfer that can be formulated into an empirical equation [32-35]. Free
convection is characterized by the surrounding air, which affects the ambient temperature.
Hence, the ambient temperature is not constant throughout the day. These characterizations
should be used in an energy conservation equation to determine how they affect each other.

2.3. Theory

The inclined open-air PV module gains solar flux and generates electricity. Energy
transfer via the radiation exterior and the conduction interior affects the PV module
operating temperature and efficiency. A cooling system is applied to many models to reduce
the PV module operating temperature and increase efficiency. There are distinct cooling
techniques for PV modules which are known as passive and active. Cooling technologies
have developed towards more sophisticate approaches, such as heat sinks, microchannels,
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heat exchangers, phase-change materials (PCMs), nano-fluids, thermoelectric generators
(TEGs), or combinations with other systems. Forced convective heat transfer via wind
speed is one of the traditional methods. This study considers a PV module without a
cooling system. However, our trial uses constant cooling when evaluating the proposed
model.

Using the traditional steady-state [33,36] PV module, we describe the energy balance
in Equation (1) with heat transfer on an inclined or horizontal plate [31,33]:

Ein - Eout =0 (1)

Figure 2 illustrates an inclined PV module absorbing solar radiation, and it assumes
fundamental radiation concepts [33]:
Gs — RPV ~Yeon — PPV =0 )
where Gg is gained solar flux, Rpy is radiation heat transfer, q., is convection heat transfer,
and Ppy is the electric power generated and output.

Ts ky

PV module

Figure 2. Schematic representation of energy gained and generated by the PV module.

2.3.1. Solar Flux on the PV Module

The solar flux component gained from the PV module has a specific direction. The
solar flux radiation is Gt, and the earned amount related to &y solar absorptivity of the PV
module, Gg, is calculated by Equation (3):

Gs = apyGysin(y + 0) 3)

where vy is the complement angle of the solar radiation ray angle with vertical axis, y, and 6
is the PV modules’ tilt angle. This equation represents the received solar flux corresponding
to the solar ray direction and the module tilt angle. A PV module with a greater o,y induces
more flux absorption.

2.3.2. Radiation to/from the PV Module

It is well known that PV modules generate heat transfer radiation. Indeed, there is
radiation absorption from the sky and the PV module. Net radiation is the difference
between emission and absorption in the PV module. Equation (4) defines the radiation
energy of the PV module, where o is the Stefan-Boltzmann constant, «gyy is sky emission,
and ¢, is the PV absorber surface emissivity. The sky emission absorbed on the PV module
vs. the sky emission can be assumed to be equal to ¢. = ¢, the PV absorber surface of
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emissivity. T. is the PV module temperature, and Tsky is the sky temperature, which is
assumed to be equal to the ambient temperature, T, [15,16,31]:

RpV = G(SCTC4 - (XskyTsky4> = 0¢ (TC4 - Ta4> 4)

2.3.3. PV Module Output

The electricity power output of the PV module corresponds to the PV module ef-
ficiency [31], which is determined using a linear function of the PV module operating
temperature with empirical considerations [30,31]. The basic concept for PV power output
is defined in Equation (5):

_ AG
n

where P is the electricity output in W, A is the PV module surface in m?, and 7 is the PV
module efficiency.

P

Q)

2.3.4. Wind Speed Effect on the PV Module

The wind effect on a PV module is usually considered to be a forced cooling effect, as
it is well known that when reducing the PV module temperature, the PV module efficiency
could increase [16,32-34,37].

The forced convection of wind over a flat PV module involves a large number of
variables, such as wind speed, wind direction, time-dependent fluctuation, module surface
characteristics, tilt angle, and wind interference from terrain and structures [37]. In general,
the correlation is complicated. However, a particular case of parallel flow has been well
investigated [16,23,37,38]. For steady-state airflow over a parallel plate, the following
simple formula was found to give good correlations to experimental measurements [37]:

Hy, =38V, ; Vyw<5m/s ©)
Hy =717V,%8 . V, >5m/s

where H,, is the forced convective coefficient of heat transfer in W/m?2-°C and V,, is the
free stream wind velocity parallel to the module near the surface in m/s.

The literature has reported that the effect of wind cooling on PV modules is governed
by wind speed, wind direction, and the location of wind measurement [37]. The empirical
studies mentioned that are related to the situation studied in this paper are located in
sites with low wind speed, and the wind does not affect the PV modules’ operations and
efficiency [23,37,39]. Those studies show that an average convective heat transfer coefficient
can approximate the wind effect; however, this average coefficient is not able to involve
wind direction and the height of the measurement [23,37].

However, a long-term field test with a linear regression analysis of data indicates
that the PV module temperature has a very weak sensitivity to change in wind speed [37].
The reports dictate that considering PV module energy production without considering
wind effects can create long-term predictions with less than a 2% deviation [37,40]. Those
studies also show that in an environment with wind speed Vw < 5 m/s, its effect is
insignificant [37,40]. It is well known that at the location of the PV module installation,
wind has less speed than that.

In the current study, the proposed equation does not consider the wind speed effect
because: (a) it is not a universal effect, (b) it is considered for cooling and efficiency
improvement, and can be added by known correlations [37-40], and (c) this study is a
steady-state analysis without forced cooling effect investigations [16,32-34,37].

2.3.5. Heat Transfer Convection in the PV Module

The inclined PV module experiences heat transfer via convection. In the literature,
convection is usually considered to be constant [31]. In an environment with significant
wind speed (Vw > 5 m/s), the force convection is also regarded. On the other hand, an
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inclined plate (e.g., the PV module) has free convection heat transfer, which has an empir-
ical equation that is a function of gravity, tilt angle, airflow properties, and temperature
difference between the plate and the environment. The free convection equations have
categories based on the Rayleigh number, which specifies the thermal boundary layer
laminar and turbulence states. The equation is considered to be specific when the PV
module is horizontal with a tilt angle of zero. There are also equations for the inclined plate
at other tilt angles. In this study, we employ these equations to define the numerical model.

This study considers only free convection, and it assumes that there is no forced
convection (cooling system). We employ the Nusselt number, Nu, which implies relativity
between convection and conduction heat transfer [16,33]:

Nu P L

@)
where h is the convective heat transfer coefficient, k is the effective thermal conductivity,
and L is the PV module length. For vertical and inclined panels, L is the panel length,
but for horizontal panels, L = As/Ps, where A is a panel surface and Ps is the panel
perimeter [33].

Evaluating the Rayleigh number in Equation (8) is necessary to choose the correct Nus-
selt equation for the inclined or horizontal PV module. The Rayleigh number evaluation is
mentioned in the results section, assuming a regular PV module application and free convec-
tion, with Ra < 2 x 10? and Ra < 101, respectively, for inclined and flat PV modules [32-35].
In Equation (8), g must convert to gsin0 [33], and the Nusselt number for inclined and
horizontal PV modules are defined with Equations (9) and (10), respectively [33]

gB(Tc - Ta)L3

R =
ar, = (8)
1
4
Nu = 0.68 + 267 < (Rar) )
[ (o 492) )°
1+ (=5 ]
Nu = 0.15(Ray )3 - (HorizontalPV), (10)

where g is gravity (9.98 m/s?), B is the volumetric thermal expansion coefficient, & is
thermal diffusivity, v is kinematic viscosity, 0 is tilt angle, and Pr is the Prandtl number.
2.3.6. PV Module Heat Transfer Model

From the previous subsections, when Equations (3)—(5) and (7)—(10) are substituted in

Equation (2):

. Nuk Ao,y Gesin(y + 6
APVGt sm(y + 9) — 0¢ (TC4 - Ta4> - T(TC — Ta) - Pyt = ( )

=0 (11

Equation (11) presents the functionality of the PV module operation temperature and
these characterizations:

- Solar flux.

- Solar beam orientation.

- PV module tilt angle.

- Airflow properties, most of which function as ambient temperature.

- PV module operating temperature related to ambient temperature.

- PV module temperature is a function of the PV module area.

- There is a functionality between the PV module operating temperature and the PV
module efficiency.
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Equation (11) is shown in a detailed form for the horizontal and inclined PV modules
in Equations (12) and (13), with specified Nusselt numbers, respectively:

1
1 k (gpL®)’
(1 - n> oy GrAsin(y + 8) — oA (TC4 - Ta4) —0.15A¢ (gfw ) (Te—Ta)3 =0 (12)
1
ko (8B . 0%
1 k 0.67AF X sin 0
(1 - n) oty GeAsin(y + ) — oeA (TC4 - Ta4> — 0.68AF (Te —Ta) - = ( X ) (Te—T)i=0 (13)

4
979
0.492 \ 16
|:1+( Pr ) :|
2.3.7. Numerical Solution

Equations (12) and (13) are solved using Newton’s iterative numerical approach, with
an initial guess equal to Ta since it is a steady-state condition, to evaluate the relationships
among PV module temperature, PV module efficiency, and environmental characterizations.
In the numerical solution, the input values and boundary conditions are applied from [1]
to specify the coefficients in the nonlinear equation. In addition, both equations, after
substituting the inputs, could be rearranged, and are solved as an efficiency function of
PV module temperature. Therefore, the results are compared to previous studies with a
similar state, such as [1]. Table 1 mentions the applied input.

Table 1. Variables and constants taken from [1] used in the numerical solution.

Description Character Unit Value
PV solar absorptivity Apy - 1
PV module surface A m? 1
Stefan—Boltzmann constant o W/m2K* 5.67 x 1078
PV surface emissivity € - 0.855
Ambient temperature Ta °C 25
Air effective thermal conductivity k W/mK 0.026
PV module length L m 1
Gravity acceleration g m/s? 9.81
Volumetric the%‘n'lal expansion B K-1 335 x 10-3
coefficient
Air thermal diffusivity o4 m2/s 224 x 107
Air kinematic viscosity v m2/s 15.7 x 10~°
Air Prandtl number Pr - 0.7

When the PV module is adjusted in the horizontal state, 6 = 0°. For the inclined PV
module, 0 is various. Equation (9) for an inclined PV module is valid within 30° < 6 < 80°;
therefore, the changes will be in this range [33]. This 6 identifies the tilt angle setup.
Variable v is the solar ray angle with respect to the horizontal level, and it is assumed to be
varied within 30° <y < 90°. The vy specifies the Sun direction flux during the daytime,
and it changes hourly; at midday, it is at about 90° with maximum G [16].

The solar flux, G¢, changes depending on the weather, pollutants, and other environ-
mental conditions [16]. In this study, we consider G; to exist particularly without named
effects. The results are obtained from the numerical solution and are presented in Section 3.

3. Results
3.1. Rayleigh Number Evaluation

Figure 3 illustrates the flat PV module temperature change with the Rayleigh number.
In this figure, the module has a tilt angle 8 = 0°, and sunrays at y = 90°. The Rayleigh
number function of ambient temperature, T,, difference per module operating temperature
is UT = T, — T,. In this figure, the ambient temperature is assumed to be constant; therefore,
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the airflow properties are stable [16,33]. The Rayleigh number increased logarithmically as
the operating module temperature increased. When the module operating temperature was
under 50 °C, the Rayleigh number increased slowly; however, after 50 °C, it gained a sharp
curve slope. This figure presents the PV module operating temperature at 300 °C. However,
the operating temperature in the application has a peak efficiency for PV modules at 15 to
35 °C, and the maximum measured PV module temperature is 65 °C [30,41]. The Rayleigh
number is seen in this domain as less than 10!, validating Equation (10) for the application
of a flat PV module.

350

300 -

250 -

200 -

150

100 -

a1
=3
T

PV Module Operating Temperature [°C]

10® 10° 1010

Rayleigh Number, Ra

Figure 3. Rayleigh number variation at horizontal 0 = 0° against PV module operating temperature

with various solar flux at y = 90°.

In Figure 4, the inclined PV module temperature is presented in terms of a logarithmi-
cally changing Rayleigh number. The angle of solar incidence is assumed to be y = 90°.
The PV module tilt angle is varied within 30° < 0 < 80°. This figure shows that when the
operating temperature is under 50 °C, the Rayleigh number moderately increases for all tilt
angles. However, for PV module temperatures higher than 50 °C, the Rayleigh number
increases dramatically. According to the literature, the maximum PV module temperature
is 65 °C [30,41].

350 :
?L: 3251 ;
@ 300 = Tilt Angle 30° JA
_E 275 - = “Tilt Angle 40° ! 4
I
‘g 250 —Tilt Angle 50°
5 225 -—-Tilt Angle 60°
= 200 —Tilt Angle 70°
[=1o]
,‘E 175 —Tilt Angle 80° -
s 1501 i
2. 125
o}
] 100 _
A
Eo 50 e
> 25
&,
0 1 |

Rayleigh Number, Ra
Figure 4. Rayleigh number variation on inclined PV module operating temperature, with various

solar fluxes aty = 90° and 30° < 6 < 80°.

In Figure 4, the Rayleigh numbers for this temperature, Ra < 2 x 10%, and Equation (9)
are suggested for use in engineering applications. Ra < 10? [33] covers our study domain.
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It is well known that a higher Ra reflects turbulence conditions in the boundary layer and is
expected to have more desirable convective heat transfer than a smaller Ra [32-35]. Figure 4
indicates a tilt angle of 30° with a Rayleigh number higher than that of the other tilt angles.
This reflects the larger tilt angle, causing a lower Ra and less convective heat transfer.

3.2. Convection Heat Transfer Coefficient on the PV Module

Figure 5 represents the convection heat transfer coefficient, h, for a PV panel with various
operating temperatures. Based on the relationship obtained in Equations (12) and (13) for flat
and inclined panels, this figure shows that the flat PV module convection coefficient is
more extensive than all inclined PV modules with any tilt angle in this study.

—
¥

——Horizontal PV
--==Inclined PV 30"

Inclined PV 40°
= Tnclined PV 507
——Tnclined PV 60"
— Inclined PV 70"
-~ Inclined PV 80°

=
(=]

[+

0 L 1 1 L L L 1 1 L
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350

PV Module Operating Temperature [°c1

Heat Transfer Convection Coefficient [W/mzk]
(=2}

Figure 5. Heat transfer free convection coefficient vs. PV module operating temperature.

For a flat PV panel whose hot surface faces upward in a cooler environment, the
heated airflow rises freely, inducing natural solid (free) convection currents and effective
heat transfer [32-35]. For an inclined PV panel in which the hot surface faces upward, the
net force (the difference between buoyancy and gravity) acts on the unit volume of the
airflow in the boundary layer and is always in the vertical direction. On the other hand, on
an inclined panel, the airflow has a parallel motion along the plate, and these two forces’
directions break up the boundary layer and form plumes [32]. As a result, the thickness
of the boundary layer and the resistance to heat transfer decrease, and the rate of the heat
transfer increases relative to the vertical orientation panel [32,42-61]. For inclined panels
beyond a specified temperature, h does not have an effective change and keeps constant.

The figure clarifies the significant distinction regarding convection heat transfer on
an inclined panel and a flat panel. This figure illustrates how the horizontal PV module
has more convection heat transfer. It causes the PV module not to gain the maximum solar
flux and means that it will have a lower operating temperature. Moreover, this behavior
explains why the literature looks for an optimal tilt angle for a PV module which, with that
angle, could receive significant solar flux and generate higher temperatures [2,26-29,62-67].

3.3. PV Module Efficiency and Temperature

Figure 6 explains the PV module efficiency relationship with the operating temperature.
The result from the proposed equation shows that the efficiency has a linear relationship to
the operating temperature. This concept matches previous experimental studies [16,31].

PV modules with a higher G; have better efficiency. In the literature, efficiency is a
function of the PV module operating temperature and solar flux [3,31]. Nevertheless, there
is no significant investigation of efficiency and solar flux correlations [31]. Figure 6 dictates
an analogous flat PV panel with different solar flux, and each curve has a unique efficiency
compared to the corresponding inclined PV module with similar solar flux.
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Figure 6. PV module efficiency vs. PV module operating temperature with specified solar flux at
v = 90° on the horizontal module and inclined PV module with 6 = 30°.

Figure 7 presents the empirical model from the literature that mentioned the linear
relation between the PV cell efficiency and operating temperature. All suggested models
specify unique PV cell properties and working conditions. As evident in Figure 7, there
were no similarities between the models because the models did not cover all the effective
parameters from the environment and PV cell setup [67].

0.25 : ; ;
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0.2 ., eh =
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Figure 7. PV cell efficiency vs. PV cell operating temperature with specified conditions from [3,31].
The suggested models in previous studies mentioned that efficiency and temperature have a
linear relation.

Figure 8 shows the operating temperature change vs. the tilt angle for an inclined PV
module with a specified efficiency: solar flux is G = 1000 W/m? at y = 90°. This shows
that an increasing tilt angle leads to a colder PV module, resulting in less energy gain. For
all efficiency curves, a tilt angle of 0 = 30° has the best efficiency at this setup. This figure
illustrates that a hotter operating temperature causes less efficiency.
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Figure 8. PV module operating temperature vs. tilt angle with specified solar flux at y = 90° on an
inclined PV module. The tilt angle is 30° < 6 < 80° and the solar flux is Gt = 1000 W/ m2.

3.4. PV Module Tilt Angle and Temperature

The results in Figure 9 represent the PV module temperature variation vs. the solar
flux gained. It is well known that when a PV module receives intensive solar fluxes, the
operating temperature increases. This figure shows that the flat PV module has a smaller
increase in temperature than the inclined PV module. On the other hand, between the
diagonal PV panels with various tilt angles, a PV panel with a tilt angle of 6 = 30° has
a sharper increase in temperature than different tilt angles. In the literature, for solar
fluxes perpendicular to a flat PV module, the optimum tilt angle ranges between 28 and
32° [2,26-29], which matches this 8 = 30° at a hotter temperature. Hence, there is a higher
absorbed energy.
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Figure 9. PV module operating temperature vs. solar flux with y = 90°, horizontal PV module and
an inclined PV module at n = 12%, without a cooling system.

3.5. PV Module Temperature and Cooling Systems

The spate of studies consider a cooling system to control the PV panel operating
temperature to maintain optimum efficiency [31]. Cooling system effects are added to
the proposed equation to evaluate the model and to observe the operating temperature
variation. Figure 10 illustrates that a higher cooling system will keep the PV module
temperature constant for a wide range of solar flux and will provide appropriate efficiency.
On the other hand, this model’s result significantly matches the literature of experimental
studies’ cooling systems and represents a similar curve [31].
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Figure 10. PV module operating temperature vs. solar flux with y = 90°, a horizontal PV module
and an inclined PV module with a tilt angle of 8 = 30°, 1 = 12% for various values of Ry, Km?/W.
The cooling system results from [31] are presented in this figure (which has an ellipse mark on the
curve) to compare the proposed model output with the literature.

Additionally, in Figure 10, the inclined PV module increases the temperature more
dramatically than does the horizontal PV panel [31].

3.6. Solar Orientation and PV Module Temperature

As mentioned in Section 2.3, the Sun’s orientation changes during the daytime, re-
sulting in different solar fluxes gained by the PV panel. Figure 11 represents the PV panel
temperature vs. solar ray orientation with the following assumptions: a constant solar flux,
Gt = 1000 W/m?2, 1 = 12%, an inclined PV module with a tilt angle 6 = 30°, and a flat
PV panel. This flat PV module assumes a solar angle of incidence changing from 30° to
150° with respect to ground level. The PV module temperature increases to the maximum
temperature at noon and then drops. The curve is symmetric to the noon assumed angle,
v = 90°, because, in this assessment, the ambient temperature is constant, and cloudy skies,
pollutants, and humidity are not considered.
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Figure 11. PV module operating temperature vs. solar ray orientation vy, horizontal PV module, and
inclined PV module, 1 = 12%; solar flux is constant at G¢ = 1000 W/m?2.

From the inclined PV module curve, two issues are considered. First, the PV tilt angle
is 0 = 30° and, at y = 60°, the solar angle of incidence will be perpendicular; therefore,
maximum solar flux is gained. Second, because of the tilt angle at 6 = 30° and vy = 60°, the
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Sun’s rays will pass the PV module’s front face and radiate the solar flux on the back face,
which is isolated and does not gain flux. Hence, after y = 150°, the PV module temperature
is equal to ambient temperature because it does not receive any solar flux. On the other
hand, in most of the daytime, the inclined panel becomes hotter than the flat PV panel, and
only after y = 135° does it become colder than a flat PV module.

To assess the solar ray orientation from the equation, we employed recorded data for
solar flux on a horizontal PV module installed at Tehran’s meteorological station. Data
from 4 days’ recordings of PV module temperature and solar flux gained by the PV panel
were obtained from 7 a.m. to 7 p.m. daily, as presented in Figure 12. For recorded data in
open air, we must account for parameters not considered in our proposed model:

- The ambient temperature is not constant, and it changes during the daytime.

- The sky can sometimes be cloudy, causing changes to the solar flux.

- Humidity changes cause differences in temperature.

- For wind speeds > 5 m/s, forced convection can occur, affecting PV module temperature.
- Air pollution can affect heat transfer.
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Figure 12. PV module operating temperature vs. daytime hours from 7 am. to 7 p.m. from
experimentally recorded data over 4 days, 15 April, 15 May, 11 June, and 17 July, at Tehran’s
meteorological station in 2012.

Note that the ambient temperature and solar flux in our solution differ from the
recorded data. Notably, we did not expect to see similar PV module temperatures. However,
Figure 12 shows that the curves of PV module temperatures during the daytime for all
4 days have similar patterns as the proposed model. From the morning until noon, the
temperature increased; then, the temperature dropped in the afternoon. The proposed
model has a uniform curve, but for the recorded data, because there were additional
parameters not accounted for in our numerical model, the real data were not completely
uniform and had sharp changes. The reason for the sharp changes has not been fully
resolved, but could be caused by a few measurement data points (e.g., the interval of
measurement points was large).

Figure 13 represents the recorded data comparison to the output that has been calcu-
lated with the proposed model for similar conditions. Mamun et al. [67] have reported the
experiment for the PV module. This study used the PV module properties and condition
information as the input in the proposed model to see how the model can predict the PV
module temperature and evaluate the model. It must be noticed that the air properties
change with the ambient temperature. Additionally, the panel efficiency is reduced when
the module temperature is increased. There was no information about the wind and how
it could affect the temperature. Therefore, in the model calculation, the parameters listed
here and previously for Figure 12 have been assumed to be constant, and they could be the
main reasons for the distinction between the model calculation and the recorded data.
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Figure 13. PV module operating temperature vs. daytime hours from 8:10 a.m. to 3:15 p.m. The filled
red color circle curve is experimentally recorded data from [67]. The filled black color square curve
has been calculated based on the input from [67] to compare the proposed model and empirical result.

4. Discussion

Many studies have considered the PV panel operating temperature’s relationship to
the PV module efficiency via empirical approaches and specific conditions with correction
coefficients. Among many proposed equations in the literature, there is no universal equa-
tion for PV modules using the heat transfer concept to investigate PV module performance,
including the consideration of environmental parameters and PV module setup simulta-
neously. This study has employed heat transfer fundamentals in the steady-state energy
balance equation for the PV module, considering the relationship between PV module
operation impact and environmental parameters to determine their relationships.

The proposed equation employs free convective heat transfer, h, defined for two
categories: an inclined flat PV module and a horizontal flat PV module (Figures 3-5). The
explained convective heat transfer meets the Rayleigh number condition [2,26-29,62-67]
and, analytically, appears to be the reason for increased energy loss by the horizontal
panel compared to a diagonal panel. Secondly, the equation determines the PV module
temperature and efficiency correlation linearly (Figures 6 and 7), which corresponds to the
empirical reports [3,16,31,67]. It is well known that there is no unique linear relationship
for PV module efficiency and temperature because it is a function of the environmental
characterizations and PV module setup, the relation of which is shown in the suggested
equations. Moreover, the efficiency depends upon the PV module material properties. The
proposed equations indicate the efficiency correlation with solar flux (Figures 6 and 9),
which is a significant analytical consequence, and this effect has been reported in the
literature [9-22].

The tilt angle effects, such as PV module setup, are considered in the equations, and
the represented results correspond to the literature (Figures 8 and 9). It clearly displays
the optimal tilt angle concept in heat transfer and how it increases energy absorption and
efficiency [2,26-29,67].

The suggested equation was evaluated with an analogous cooling system added from
the literature [1]. It significantly matches the previous studies obtained from empirical
works (Figure 10).

Solar ray direction, which changes during daytime and causes a direct effect on the
PV module temperature, is considered in the equation. The daytime changing pattern
for PV module temperature via the equation significantly matches the recorded site data
concerning the daytime hours shown in Figures 11-13.
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5. Conclusions

This study aimed to determine PV module temperature and its relationship to environ-
mental parameters and PV properties via heat transfer concepts. The proposed equation
is provided in an implicit numerical scheme. Its evaluation shows strength and reliability
according to previous empirical studies. This equation can be used to estimate a wide
range of operating conditions. The results of this new equation can be listed as follows:

- The proposed equation has an implicit scheme that determines the environmental and
operational characterizations of PV modules.

- PV module efficiency is a linear function of PV module temperature, and it depends
on the solar flux.

- The PV panel temperature changes with tilt angle.

- The PV module temperature depends on the solar angle of incidence.

- Theinclined PV module becomes hotter than a flat PV panel owing to convection heat
transfer, assuming no forced convection and no conduction vis-a-vis a cooling system
with a non-isolated backside PV module.

- The optimum operating condition is available with an inclined PV module, and the
flat panel has minimum energy generation.
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