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Abstract: This study proposes a computational model to define the wind velocity of the environment
on the photovoltaic (PV) module via heat transfer concepts. The effect of the wind velocity and
PV module is mostly considered a cooling effect. However, cooling and controlling the PV module
temperature leads to the capability to optimize the PV module efficiency. The present study applied a
nominal operating cell temperature (NOCT) condition of the PV module as a reference condition to
determine the wind velocity and PV module temperature. The obtained model has been examined
in contrast to the experimental heat transfer equation and outdoor PV module performance. The
results display a remarkable matching of the model with experiments. The model’s novelty defines
the PV module temperature in relation to the wind speed, PV module size, and various ambient
temperatures that were not included in previous studies. The suggested model could be used in PV
module test specification and provide analytical evaluation.

Keywords: PV module; solar; wind; heat transfer; sustainable energy; numerical

1. Introduction

The conversion of solar energy into electricity within a photovoltaic (PV) panel de-
pends on various factors related to the module’s properties and its surrounding environ-
ment [1,2]. A significant portion of the incoming solar energy is dissipated within the
panel as heat. This heat results from the release of photons within the semiconductor
materials during internal processes. Consequently, traditional heat transfer mechanisms,
such as convection and radiation, must be considered when assessing the energy balance
of solar panels.

In a specific scenario involving the installation of photovoltaic panels, effective heat
transfer mechanisms to the environment play a crucial role and contribute to enhancing
the overall efficiency of the photovoltaic module. In a stable operating state, the primary
means of heat dissipation from the panel’s surface to the surrounding environment are
radiation and convection [3,4]. To accurately determine the surface temperature of a
photovoltaic module in a steady-state energy balance [1,5], the following essential data
must be considered:

• Physical and thermal properties of photovoltaic cells: Detailed information regarding
the physical and thermal characteristics of the photovoltaic cells themselves is cru-
cial. This includes properties like material composition, thermal conductivity, and
heat capacity.

• Solar radiation and meteorological information: Accurate data on solar radiation
levels and meteorological conditions are indispensable. These factors include solar
irradiance, ambient temperature, wind speed, and humidity.

• Heat transfer coefficients for convection and radiation: Understanding the heat trans-
fer coefficients for both convection and radiation is essential. These coefficients

Fluids 2024, 9, 17. https://doi.org/10.3390/fluids9010017 https://www.mdpi.com/journal/fluids

https://doi.org/10.3390/fluids9010017
https://doi.org/10.3390/fluids9010017
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0000-0001-5706-314X
https://orcid.org/0000-0003-0669-2979
https://orcid.org/0000-0003-1810-9330
https://doi.org/10.3390/fluids9010017
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids9010017?type=check_update&version=2


Fluids 2024, 9, 17 2 of 13

determine how heat is exchanged between the photovoltaic module’s surface and
its surroundings.

Gathering and appropriately utilizing these data points are vital steps in predicting the
surface temperature of a photovoltaic module in a state of steady energy equilibrium. In
the realm of heat transfer coefficients, various empirical relationships have been suggested
to characterize heat transfer due to wind, offering satisfactory outcomes under specific
circumstances [1,6]. In this context, TC represents the temperature utilized for forecasting
the electrical performance of the module. However, it is worth noting that this TC may
exceed the surface temperature behind the module, denoted as Tb.

The temperature of PV modules is significantly influenced by environmental factors,
and wind speed plays a crucial role in heat transfer through convection [1,3,6]. Typically,
wind speed is assumed to have a cooling effect [1]. Bayrak et al. explored the impact of
different fin parameters on the temperature of photovoltaic panels and the convection
induced by wind speed [7]. In an experimental investigation, Mehdi et al. found that wind
speed acts as a natural cooling system, substantially improving efficiency and controlling
PV module temperature [8]. The study conducted by Hudisteanu et al. delved into the
examination of wind direction and velocity effects on both PV module temperature and
efficiency [9].

Numerical modeling was employed by Aly et al. to study the heat transfer of PV
modules under various boundary conditions [10]. Utilizing a finite difference model, the
calculation of PV module temperature was performed based on a heat transfer model
with specified boundary conditions [11]. Bevilacqua et al. proposed a thermal model to
simulate temperature distribution across the thickness of PV modules [12]. Another thermal
model, examining the heat transfer effects and estimating power and temperature profiles
across PV module thickness, was proposed and investigated [13]. The wind exhibits a
turbulent nature [14] with considerable variations [15], especially during daytime. Some of
the literature suggests employing deep learning approaches for simulating and predicting
wind speed [16–18]. This capability opens up the opportunity to investigate the impact of
wind on PV modules in diverse scenarios.

While it is well established in the literature that controlling PV module temperature
enhances efficiency [1,3], there is currently no universally accepted mathematical model
that precisely defines the influence of wind speed on PV module temperature [1,3].

The temperature difference between the front and back sides of the module hinges
on the material composition of the module itself and the intensity of the incoming solar
radiation. This relationship between these two temperatures is precisely defined by the
following Equation [3]:

TC = Tb +
GT

Gre f
∆TGre f , (1)

In the equation provided, several key variables are defined as follows:
Gre f : The reference solar flux with a standardized value of 1000 W/m2. GT : The

actual simultaneous solar flux measured in W/m2. Tb: Represents the temperature of the
backside of the module in degrees Celsius (◦C). TC: Denotes the PV surface temperature in
degrees Celsius (◦C). ∆TGre f : Signifies the temperature difference between the front and
back sides of the module under reference conditions, measured in degrees Celsius (◦C) [3,4].
In the context of this study, the method used to determine TC relies on an energy balance
within the solar cell or module. this approach necessitates the utilization of the nominal
operating cell temperature (NOCT), which sets the device’s temperature under specific
nominal conditions. These conditions include solar radiation of 800 W/m2, an ambient
temperature of 20◦, an average wind speed of 1 m/s, an open circuit, and the module’s title
angle of 45 degrees and assumed gain perpendicular irradiance [3,19].

NOCT = (TC − Ta) + 20 ◦C, (2)
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The NOCT method assumes that the ambient temperature (Ta) remains consistent on
both sides of the module. The temperature difference (TC − Ta) is specifically influenced by
Ta and demonstrates a linear relationship with the solar radiation flux [3,20]. It is important
to note that the overall heat loss coefficient (UL) is treated as approximately constant in
the NOCT method, determined through empirical testing under specific conditions [3].
However, this approximation does not account for the potential impacts of variables like
wind speed, humidity, and temperature on UL, which can indeed have a substantial effect
on it. The energy balance in stable conditions can be expressed as follows: Electric power
generated by the photovoltaic panel equals lost power minus absorbed solar power. In
mathematical terms, this relationship can be presented as:

ηCGT = (τα)GT − UL(TC − Ta), (3)

In the provided equations: ηC represents the module’s efficiency in converting solar ra-
diation into electrical energy. It ranges from zero to the maximum module efficiency,
depending on how closely the module operates to its optimal point. τα signifies the
transmittance-absorption multiplier, indicating the absorbed energy multiplied by the solar
radiation. The efficiency ηC can vary within the range mentioned based on the module’s
operating point. Notably, the loss coefficient UL encompasses losses due to convection and
radiation from both upper and lower surfaces, as well as losses through conduction. All
these losses occur at the ambient temperature Ta.

When applying the nominal operating cell temperature (NOCT) condition to the PV
cell, the efficiency ηC equals zero. It is essential to recognize that the method of installation
significantly affects the NOCT. If the cells are not installed in a manner consistent with the
defined conditions, caution is advised when utilizing the NOCT.

By simplifying the equations mathematically and substituting Equation (3) into
Equation (1) [3,4], we can derive further insights.

TC = Ta + (
GT

GNOCT
)(

UL,NOCT

UL
)(TNOCT − Ta,NOCT)[1 −

ηC
τα

], (4)

Equation (4) lacks consideration of variations in PV cell temperature due to changes
in wind speed unless the ratio between the two loss coefficients is known. The objective of
this study is to use wind-induced convective heat transfer to update the NOCT equation,
considering wind speed’s impact. Most existing models are limited to specific conditions
and assume a constant ambient temperature. The novelty of the present study model is the
definition of the PV module temperature in relation to wind speed, ambient temperature,
and PV module length. The suggested model was examined and compared to outdoor
measured data and experimental equation. The achieved model displays a considerable
match to the measurements and provides the capability to examine the wind speed effect
on the PV module temperature analytically. The structure of the work is outlined as follows:
it delves into the theory in Section 2, presents the results in Section 3, and concludes in
Section 4.

2. Theory

This section presents an available model of the PV model temperature and follows
with a novel proposed model based on the heat transfer concepts to have a comparison.

2.1. PV Module Temperature and Wind Speed

In order to determine the wind speed effect on the PV module temperature, Skoplaki
et al. [21] suggested a linear model based on the thermal loss coefficient, describing the
wind effect. Hasan et al. [22] developed a model based on the work of Skoplaki et al. [21],
which led to:

TC = Ta + (
0.32

8.91 + 2Vf
)GT ; Vf > 1 m/s, (5)
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where Vf is the wind speed.
Indeed, Hasan et al. [22] discussed how to choose the melting point of a solar panel

combined with a phase change material (PCM) which is called PV-PCM. They based
this decision on the average summer nighttime temperature and the solar panel’s aver-
age temperature during winter days [22,23]. Equation (5) derived the following with
certain assumptions:

• Assuming steady-state conditions [22];
• Assuming a linear relationship between the PV module temperature TC and ambient

temperature Ta and solar irradiance GT without any load, with the introduction of the
Ross coefficient K (its definition: KGT = TC − Ta [21]) that is usually falling between
0.02 and 0.04 ◦C m2/W [3,24,25];

• The ratio ( ηC
τα ) mentioned in Equation (4) remains much smaller than one, in order to

Equation (5) stay accurate [6,24];
• Demonstrating that Equation (5) shows a linear connection between TC and GT , al-

though with a minor error of about 2 to 3 ◦C when estimating the temperature of the
solar panel. This error becomes noticeable when the sunlight intensity is at 600 W/m2,
τα is 0.9, and ηC is assumed to be zero due to the absence of a load condition [3,6].

The above-mentioned items specify the limit of the equations, and it is essential to
have a model with much more detail of the environmentally effective parameters and the
heat transfer concept. One of the major issues is the convective heat transfer coefficient,
which explains the relation between wind speed and heat transfer because of the forced
convection [3,26,27].

2.2. Convection Because of Wind Speed

The convection heat transfer on the PV module can be assumed to be the same as
the studies on the flat plate [1]. The heat transfer via convection is composed of natural
and forced categories [28]. The wind speed is falling into the forced convection [29]. Since
the PV module is mounted in different sets, the tilt angle and buoyancy have a relation to
natural convection. In the literature, there were efforts to examine and suggest a convection
heat transfer related to wind speed. McAdams has reported a convective heat transfer
coefficient equation for wind speed for a 0.5 m2 as follows [3,30]:

hw = 5.7 + 3.8Vf ; 1 < Vf < 5 m/s, (6)

where hw is the convective heat transfer coefficient because of the wind speed and first time
proposed by Jurges [31]. It seems the effects of the free convection and radiation have been
included in Equation (6) [3]. For this reason, Watmuff et al. reported Equation (7) [32]:

hw = 2.8 + 3.0Vf ; 1 < Vf < 7 m/s, (7)

Equations (6) and (7) yield to hw is 16 W/m2 K and 18 W/m2 K, respectively, for
ambient temperature 25 ◦C and wind speed 5 m/s. This calculation is based on a plate
with a length of 0.5 m, and it is not reasonable that this equation covers other sizes of flat
plates [3]. The forced convection heat transfer due to wind flow over a flat solar panel
involves considering many variables such as wind speed, wind direction, tilt angle, module
surface characteristics, time-dependent fluctuation, and wind interference from terrain and
structures [33]. Generally, figuring out how these factors connect is a complex task. For a
consistent airflow over a flat surface, a relatively correlated formula has been reported that
matches well with what has been observed in experiments [33]:

hw = 3.8Vf ; Vf ≤ 5 m/s,

hw = 7.17V0.78
f ; Vf > 5 m/s,

(8)
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In contrast to Equations (6) and (7), which include radiation and free convection,
Equation (8) only covers the heat transfer caused by wind speed which has focused on the
experiment [33].

2.3. NOCT Condition and Convection Model of Wind Speed

In order to dictate a broad model of PV module temperature and its relation to
environmental characteristics, it is essential to investigate an implicit equation that shows
these dependencies. For PV modules, the nominal operating cell temperature (NOCT) is
defined as the temperature reached by open-circuited cells in a module under the conditions
as follows: irradiance on the cell surface is 800 W/m2, ambient temperature is 20 ◦C and
wind velocity is 1 m/s. Hassanian et al. [1] proposed an implicit equation that explored
the dependency of the environment parameters, efficiency, and PV module temperature. It
investigated the PV module in horizontal and various tilt angles without considering the
cooling of the wind velocity defined as below [1]:

AGTαpv(1 − ηC)sin(γ + θ)− σA(ϵpvT4
C − ϵamT4

a )−
0.68kc

L
A(TC − Ta)

−
0.68kc

L A( gβL3

αν sinθ)
1
4

[1 + ( 0.492
Pr )

9
16 ]

4
9

(TC − Ta)
5
4 = 0,

(9)

where A is the PV module surface in m2, αpv is PV solar absorptivity, γ is the complement
angle of the solar radiation ray angle with vertical axis, θ is tilt angle, σ is Stefan–Boltzmann
constant 5.67 × 10−8 W/m2 K−4, ϵpv is PV surface emissivity, ϵam is ambient emissivity
(includes ground and sky emissivity [34]) and it could be assumed equal as ϵ as emissiv-
ity [27], GT is solar irradiance in W/m2, ηc is the PV module efficiency, TC is PV module
temperature, Ta is that ambient temperature, kc is air effective thermal conductivity in
W/m K, L is the PV module length in m, g is the gravity acceleration which is 9.8 m/s2, β
is volumetric thermal expansion coefficient in K−1, α is air thermal diffusivity in m2/s, ν is
air kinematic viscosity in m2/s and Pr is air Prandtl number. The current study employs
Equation (9) and adds the forced convection of the wind speed into it, which turns to
Equation (10)

AGTαpv(1 − ηC)sin(γ + θ)− σϵA(T4
C − T4

a )− (
0.68kc

L
+ hw)A(TC − Ta)−

0.68kc
L A( gβL3

αν sinθ)
1
4

[1 + ( 0.492
Pr )

9
16 ]

4
9

(TC − Ta)
5
4 = 0,

(10)

As it can be seen, Equation (10) determines the environmental characteristics and
the PV module geometries and its temperature and efficiency. Since the convection heat
transfer of the wind speed is added to this equation, it provides transparent insight to
observe the wind speed effect. In Equation (10), the term σϵA(T4

C − T4
a ) represents heat

transfer loss due to the reflection of radiation from the surface of the PV module [3]. When
the glass surface is untreated, the reflectance is 8% of the absorbed solar irradiation [3].
However, a surface treatment to reduce ϵ, such as dipping the glass in a silica-saturated
fluosilic acid solution, can reduce the reflection losses to 2%. A double-layer coating can
further decrease it to 1%, as demonstrated by Mar et al. [35]. Since this term causes only
1–2% heat transfer losses of the entire absorbed solar irradiance, its impact is deemed
negligible in the current study compared to other terms. Therefore, the proposed model
excludes this nonlinear term for simplicity and is able to investigate other effective heat
transfer terms on the PV module.

Moreover, the present study aims to propose a model that includes a demonstration
of the environmental and physical properties of the PV module in relation to TC − Ta. In
Equation (10) term (TC − Ta)

5
4 is causing nonlinearity to calculate the TC − Ta. Therefore,
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first-order Taylor series expansion has been applied for this term to replace it with a linear
term. Hence, Equation (11) defined as follows:

TC − Ta =

αpv(1 − ηC)GTsin(γ + θ) + ( 0.68kc
L + hw)Ta −

0.68kc(
gβ
αν sinθ)

1
4

[1+( 0.492
Pr )

9
16 ]

4
9

L
−1
4 T

5
4

a

( 0.68kc
L + hw) +

0.68kc(
gβ
αν sinθ)

1
4

[1+( 0.492
Pr )

9
16 ]

4
9

L
−1
4 T

1
4

a

(11)

Moreover, this study investigates the NOCT condition, which is an inclined PV
module with θ = 45◦ and perpendicular irradiance which in this study assumed an av-
erage of 90◦ ≤ γ ≤120◦. NOCT condition assumed the ambient temperature is 20 ◦C
and the air properties inserted to Equation (11) based on this condition included αpv = 1,
kc = 0.026 W/mK, β = 3.35 × 10−3 K−1, ϵ = 0.855, α = 22.4 × 10−6 m2/s, ν = 15.7 × 10−6 m2/s
and Pr = 0.7 [1]. Under NOCT conditions, the wind speed is 1 m/s, and Equation (8) is
used to affect the wind speed in the model. The efficiency ηC for a silicon PV module is
12% [3,25]. Thus, the NOCT condition inserted into the equation led to:

TC − Ta =
0.25(1 − ηC)GT + ( 0.017

L + 3.8Vf )Ta − 1.34L
−1
4 T

5
4

a

( 0.017
L + 3.8Vf ) + 1.34L

−1
4 T

1
4

a

, (12)

Equation (12) determines PV module temperature for NOCT condition. The supe-
riority of this equation is displaying how PV module efficiency, irradiance, PV module
length, wind velocity, and ambient temperature are related to the PV module tempera-
ture. In contrast to previous studies, the current proposed equation provides a broader

application. Furthermore, the term of ( 0.017
L + 3.8Vf ) + 1.34L

−1
4 T

1
4

a in the proposed model,
include the total heat transfer convection included the free and forced terms. For a wind
speed of 5 m/s with a length of 0.5 m and ambient temperature 25 ◦C, the suggested
model yields 23 W/m K in contrast to available convective heat transfer coefficient of
Equations (6) and (7) that where led to 24 W/m K and 18 W/m K, respectively. Calculating
the NOCT temperature according to Equations (2) and (12) with an assumption of L = 1 m
display TC,NOCT = 28.53 + 20 = 48.53 ◦C which remarkably matches the experimental report
for NOCT Tempearure with 45 ± 5 [19,36].

2.4. Ambient Temperature Variation in PV Module Condition

The ambient temperature is a variable that directly affects the PV module temperature,
and many scenarios could be investigated. In one assumption that only looks at the
irradiance and ambient temperature and hides other players, fundamentally, when the
solar radiation increases, it is expected to increase the ambient temperature. However, other
players, such as weather, humidity, clouds, and wind speed, may change this impact. In
another scenario that assumes the irradiance is constant, the wind speed could make heat
transfer between the PV module surface and ambient temperature depend on Tc is larger
than Ta or not. It is clear that weather conditions, including wind speed, cloud, humidity,
and solar radiation, vary during the day and also depend on the zone area. All of the items
mentioned above make Ta a complex parameter to show the changes in the heat transfer
model with the equation. Thus, Ta assumes constant in PV module studies. However, it
does not.

3. Results and Discussion

The current study proposes a model that explains the wind velocity effects on the solar
PV module temperature, with the application of NOCT conditions, which in specification
to measure the PV module performance. The PV module temperature is a key player
in controlling the PV module’s efficiency [1]. In this section, a result and contrast to
experimental studies are displayed to assess the suggested model.
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3.1. PV Module Heat Transfer Coefficient and Wind Velocity

Some implicit equations were extracted based on experiment measurement and de-
fined the heat transfer coefficient on the PV module. Those equations are limited for a
specific size of PV module with length 0.5 m and proposed by McAdams [30,31] and
Watmuff et al. [32] with wind velocity range 1–5 m/s and 1–7 m/s, respectively. In order to
observe the range of the current study model, the geometry of length 0.5 m and boundary
conditions of the McAdams and Wutmuff et al. have been calculated in the model. Figure 1
compares the proposed model to the experimental equations, and it is placed between
the two equations mentioned above. Figure 1 shows the model remarkably matches the
experimental heat transfer coefficients. The proposed model’s superiority over matching
the experimental equation is that it includes the effects of ambient temperature and PV
module length, in addition to the wind velocity, which has not been defined in the available
experimental equations. Moreover, in the experimental equations, the ambient temperature
assumed fixed Ta = 25 ◦C [3,30,32], and they do not cover other ambient temperatures.
Since the ambient temperature is not a constant variable, defining its impact on the heat
transfer coefficient is essential, and it is covered in the present study model.

Figure 1. Illustrates the proposed model’s heat transfer coefficient compared to the available exper-
imental equations with limited PV module size [30,32]. The proposed model includes calculating
ambient temperature and the PV module size.

Moreover, it is well known that PV module temperature impacts efficiency, and the
capability to control its temperature will lead to optimized efficiency [1,3]. Figure 2 shows
the TC − Ta evaluation of the proposed model with various wind velocities. Based on
Equation (12) and Figure 1, the higher wind speed causes greater heat transfer and cools
the PV module. This performance leads to better PV module efficiency, which is displayed
in Figure 2. At a particular wind velocity, a PV module with higher efficiency is located in
the lower TC − Ta [3]. Moreover, for a PV module with specific efficiency, the increase in
the wind velocity that makes more heat transfer leads to lower TC − Ta [3].

3.2. NOCT Model with Various Irradiance and Wind-Heat Transfer

The current study model of wind velocity and PV module temperature determines the
relation between the environment and PV module performance. Kurnik et al. [34] have
reported a measurement of the PV module via experiment with different module models.
an a-Si VHF module (Sunslick 7 W, Pmax = 6.75 W) and Sanyo HIT module (HIP-210NHE1,
Pmax = 210 W) [34]. Applying the technical properties of the measured module in this
study model presented the results of Figure 3. Figure 3 shows a linear relation between the
irradiance and TC − Ta [3,6]. The increase in the irradiance causes higher TC − Ta. However,
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the data have different slopes and behaviors since two different PV module models have
been investigated in Kurnik et al. [34]. The evaluation of the current study model displays
a highlighted pattern that matches the experimental report. However, it must be noted the
ambient temperature is not constant, as was discussed in the theory section. Therefore, the
difference between the model curve and experimental data could be related to the ambient
temperature that was assumed constant in the calculation and was not reported in the
experiment measurement [34].

Figure 2. A presentation of the PV module temperature difference with ambient temperature TC − Ta

with various wind speeds for distinct PV module efficiencies.

Figure 3. The suggested model evaluation compared to the outdoor experiment measurement of two
different PV module models [34] on the irradiance and TC − Ta relation.

In another aspect, the wind velocity relation to the TC − Ta has been compared to
Kurnik et al. [34]. Figure 4 represents the proposed model capability to determine the wind
speed effects and its relation to TC − Ta. The results show that for two different models,
higher wind speed caused a decrease in the TC − Ta, which could be related to the cooling
effect. In contrast to the measurement of Kurnik et al. [34], the model presents an analog
trend, however, it must be noted the TC − Ta, also related to Ta, which is not constant and
in the model calculation assumed fixed value based on the NOCT conditions. Moreover,
Figure 4 depicts the variation in TC − Ta for two distinct types of PV modules, namely
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HIT and VHF, in response to changes in wind speed. Remarkably, these trends closely
resemble those shown in Figure 2 indicating that as wind speed increases, the TC − Ta of
modules with varying efficiency tends to converge. This convergence is observable in both
the proposed model and the experimental results.

Figure 4. The suggested model evaluation compared to the outdoor experiment measurement of two
different PV module models [34] on the wind velocity and TC − Ta relation.

3.3. Ambient Temperature Effectiveness in Heat Transfer of PV Module

The ambient temperature causes a direct impact on the PV module temperature [1].
Ambient temperature is commonly perceived as a fixed value, yet it fluctuates significantly
throughout the day and is influenced by geographical location. Multiple equations have
been developed to address these variations in ambient temperature, considering factors
such as apparent sky temperature, cloudy sky temperature, water vapor pressure, dew
point temperature, dry bulb temperature, and the time elapsed since midnight [5]. Addi-
tionally, the humidity, wind speed, and solar radiation cause an increase or reduction in
ambient heat transfer to the PV module [1,3]. Since there is no known determination to
put the ambient temperature variation in the available heat transfer module, it is mostly
assumed constant, leading to the difference between the model calculation and experiment
of TC − Ta value.

Figure 5 displays a linear estimation of the ambient temperature and wind velocity re-
lation from previous studies of the meteorological data [37]. The linear estimation displays
the ambient temperature increase because of the higher wind velocity; however, different
ambient temperatures can be seen in the experimental measurements for a particular wind
velocity. This behavior uncovered that other parameters such as irradiance, humidity, and
cloud could change the ambient temperature. Thus, there is no certain equation that only
determines the wind velocity and ambient temperature.

Figure 6 shows a linear estimation of the ambient temperature and irradiance based
on the meteorological data [37]. The linear estimation represents an increased ambi-
ent temperature with severe irradiance, which could be expected. Nevertheless, the
experimental measurement illustrates a recording with similar irradiance and different
ambient temperatures.

This observation uncover other influential variables, as mentioned above.
Figures 5 and 6 display partial effects of the wind velocity and irradiance on the ambient
temperature, and they do not cover all effective parameters on the ambient temperature.
As was discussed in the theory section, because the ambient temperature is a variable
that varies during the daytime because of many weather parameters, it is not constant.
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Assuming its fixed value in the calculation leads to differences between the experimental
values and the proposed model of this study that can be seen for Figures 3 and 4; however,
the trend and behavior are a remarkable match.

Figure 5. Linear estimation of ambient temperature and wind speed based on the meteorological
data [37].

Figure 6. Linear estimation of ambient temperature and irradiance based on the meteorological
data [37].

4. Conclusions

The current study proposes a model of heat transfer caused by the wind velocity
over a photovoltaic module in solar energy applications to determine its effects on the
PV temperature. In the literature, the wind velocity effect on the PV module has no
known universal implicit model. In most works, the equations are suggested based on
the experiment to define the wind velocity on the convective heat transfer coefficients for
specific PV module size, limited range of wind speed, and without ambient temperature
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variation. Moreover, the wind velocity effects in solar energy are mostly considered as a
cooling system to increase the module efficiency [1,3].

The model of this study employs an implicit equation of the heat transfer model
from previous authors’ work [1] that defined environment parameter relation to the PV
module performance without considering the wind velocity effects. In order to evaluate
the model, NOCT conditions are assumed as a reference condition with an irradiance
of 800 W/m2, wind speed 1 m/s, and ambient temperature 20 ◦C. The model assumed
negligible radiation heat transfer items in contrast to other items in the implicate equation.
The first-order Taylor series expansion has been applied to convert the nonlinearity of
the equation to a linear term. The achieved equation represents the relation of the PV
module temperature, ambient temperature, irradiance, PV module efficiency, PV module
length, and wind velocity. Furthermore, the obtained model includes a term that defines
the heat transfer coefficient as a function of the wind speed, PV module length, and
ambient temperature.

The equation is assessed in contrast to experimental equations. Heat transfer coeffi-
cients of the proposed model considerably match McAdams [30] and Watmuff et al. [32]
with a specific range of the velocity and ambient temperature. Additionally, the model
covers the ambient temperature variation and PV module size that were not included in
the previous experimental equations. The current study model displays an appropriate
relationship between PV module temperature and its efficiency.

In order to examine the proposed model in constant to outdoor measured data, the
relation of the PV module temperature irradiance and wind speed has been investigated.
The assessment displays highlighted achievements that match the pattern of experiment
data. Furthermore, it has been observed that because the ambient temperature is a variable
that is not constant during the daytime, and because the weather parameters have no known
arithmetic definition, the model calculation assumed a variable with a fixed value, and this
assumption causes a tiny distinction to the experiment measurement. The proposed heat
transfer model for a PV module in relation to wind speed in the present study provides
a considerable ability to measure and observe the wind speed effects on the PV module
performance and could be applied in the PV module production and test specification. The
authors have planned future studies to develop the model and investigate its limits and
required corrections based on broader experiment data.
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