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KEYWORDS Abstract This study aims to evaluate the performance of a photovoltaic module under some
Electrical power; extreme climate conditions, and with a case study for Iraq. CFD model is developed for the analysis
Free Convection; of the photovoltaic module using the commercial CFD software of COMSOL Multiphysics v5.3a
Heat Transfer; for the transient conditions. The results are verified with the analytical solution to the one-
Numerical Analysis; dimensional non-linear energy balance equation using Matlab. The results are also compared with
Photovoltaic; measurements reported in the literature for validation. The results reveal that the free convection
PV Efficiency currents in inclined and horizontal positions of the module were weaker relative to the vertical posi-

tion. Also, the increase in the length of inclined photovoltaic module, up to 1.3 m, enhances the heat
transfer rate. However, beyond this length, the temperature of the module becomes higher, and the
convective heat transfer coefficients are reduced regardless of the inclination. In the horizontal posi-

tion, the convective heat transfer rate is lower, particularly on the bottom surface of PV system.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction

Over the past two decades, there has been significant growth in
the production of solar PV modules, with global production in

* Corresponding authors. 2018 alone at 103 GW [1]. The efficiency of PV cells is, how-
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NOMENCLATURE

Symbol Quantity Units

A Area, m?

Specific heat capacity, J- kg 'K~!

Global solar radiation, W - m—2

Heat transfer coefficient , W - m—2K ™!
Thermal conductivity, W - m~'K ™!

Power , W

Length , m

Perimeter (wetted perimeter) , m

Heat rate, W

Total insolation falling on PV surface, W - m~—2
Volumetric heat generation rate, W - m~>
Viscous dissipation, W

Temperature, K

Thickness , m

Incident solar radiation, W

Vpy Total volume of PV cells per unit length, m?
L. Characteristic length, m

Cih Heat capacity, J - K!

o0Tr Diurnal temperature range, K

]

= =

@ NIRRT N Y T I Q0

Greek symbols
G Stefan-Boltzmann constant (5.67E-8), W - m 2K ™*

p Tilt angle , rad
I Density, kgm~3
v Kinematic viscosity, m?s~!

Non-dimensional numbers

Pr Prandtl number, c,u/k

Ra Rayleigh number, gﬁf‘»’:&

€ Emissivity "
Efficiency

T Solar transmissivity

Subscripts and superscripts

amb Ambient

mpv Mean PV (temperature)
ref Reference

conv Convection

Rad Radiation

G Glass

ted Tedlar

tot Total

f Fluid

(+/-0.5%) under Standard Test Conditions (STC) where PV
cell temperature and irradiance are 25 °C and 1000 W m >
[5,6].

An important factor affecting the PV modules performing
efficiency is the actual PV cell temperature, as it is directly pro-
portional to the power output of the PV module. The module
efficiencies are usually determined at room temperature; how-
ever, the operating conditions do vary dramatically from this.
The increase in the temperature of PV module more than the
STC leads to a reduction in PV efficiency. The underlying rea-
son for this is that there is a drop in the output voltage with the
increase in temperature. This is caused by the decrease in semi-
conductor band gap with the change in temperature, despite a
slight increase in open circuit current [7]. The temperature
increase causes a change in the interatomic spacing which
results in the bandgap change. The reduced bandgap increases
photocurrent, but not as strongly as the reduction in voltage,
hence the overall reduction in conversion efficiency. For a
free-standing PV module (FSPM) (for example, crystalline
PV system), the increase in temperature is about 1.8 °C for
every 100 W m~2 of power produced. For every 1 °C temper-
ature rise, there is a decrease in power yield by about 0.5% [8].
Overheating can lead to delamination and non-homogeneous
temperatures (hot spots), and a cause of damage to adhesive
seals [9].

In this study, the emphasis on the mathematical studies is
considered. In the literature, several attempts (e.g., [10-13])
have been made to simulate the PV cell/module temperature
using explicit and implicit approaches. In the explicit
approach, the direct solution for the dependent variable can
be directly calculated using known variables. A list of explicit
methods and a wide set of correlations were reviewed by Sko-
plaki and Palyvos [11] to estimate the PV temperature. For

example, Ingersoll [14] theoretically developed an expression
to estimate module temperature under steady state conditions.
The results indicted a good agreement for a wind speed of
1 ms "' . However, a key aspect missing in that study is, that
it does not consider the heat transfer which takes place in the
various layers of PV module. Also, King et al. [15] provided
new testing approaches for characterizing the electrical perfor-
mance of PV panels and arrays. The authors utilise these tests
to estimate the cell/ module temperature, however, this corre-
lation does not capture some parameters such as the effect of
mounting configuration, wind direction, thermal radiation
and the analysis of heat transfer modes.

In the implicit method, the dependent variables are speci-
fied by involving unknown variables, on both sides of the
equations. The solution in this case needs an iterative tech-
nique, which increases complexity, but it is more accurate. A
list of implicit methods was presented by Skoplaki and Palyvos
[11]. For example, a simple energy balance on the unit area of a
PV module is used to implicitly predict the temperature of the
PV module [16]. The correlation is a function of local wind and
ambient weather including insolation and ambient tempera-
ture under real and Nominal Operating Cell Temperature
(NOCT) conditions [17]. These conditions are met for ambient
temperature of 20 °C, solar radiation of 800 W m ™2, tilt angle
of 45°, wind speed of 1 m s™! and zero electrical load [10.11].
In the design practice, the local wind speed varies and is sel-
dom known with certainty. Therefore, if the actual mounting
is not the same as the one used in the nominal operating cell
temperature test (Tnocr) , the estimates given by [18] are likely
to be inaccurate. Also, a major problem with the findings, yet,
using this kind of method is that the authors do not consider
the influence of the multiple layers of the PV module. Some
other models are based on empirical correlations [19-21].
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These correlations are functions of the ambient temperature
(Tump) , type of semiconductor material and incident solar radi-
ation (G) . For example, Lasnier and Ang [20] developed a for-
mula used for a standard polycrystalline silicon (pc-Si) PV cell.
Kalogirou and Tripanagnostopoulos [21] developed an expres-
sion for an amorphous silicon (a-Si) PV cell. It should be noted
that some parameters were not captured in those correlations,
such as the wind effect and heat loss coefficient. Similarly, a
number of studies (e.g., [22-24]) were carried out to evaluate
the PV panel performance using CFD modelling.

In contrast to previous studies, this paper aims at an
improved prediction of the PV module and thermal evaluation
under extreme weather conditions, taking into account the
comprehensive module design parameters. The effects of PV
module length, inclination and influence of the maximum pos-
sible module temperature are considered. These are examined
under the worst-case scenarios of hot climatic conditions (the
case of Iraq) and natural convection. Numerical models are
developed to adapt to the new case design and conditions,
and they are validated against experimental data. The pro-
posed models in this discourse incorporate parameters (for
example, PV module length, tilt angle, worst weather condi-
tions and influence of the maximum possible module tempera-
ture) that have not been intensively studied in the literature to
date.

2. Module description

The photovoltaic technology chosen in this work is the poly-
crystalline British Petroleum (BP) Solar BP 585 which typically
consists of five layers: the glass cover, PV cells, encapsulation
foil, a back sheet layer (Tedlar) and metal frame [25]. The
material and operating properties of this PV module is por-
trayed in Table 1 and Table 2. In Table 1, ¢ is the thickness
of PV cell (mm), p is the density (kg m ™), & is the thermal con-
ductivity (W m~! K™!) and ¢ is the specific heat capacity (J
kg~! K'). The heat capacity of the PV layer module material
(cq) refers to its ability to absorb and store heat.

The mass of the PV layers is the main parameter in deter-
mining the amount of ¢, , which can be calculated as:

Cih = pCA/n't? (1)

The electrical power generation from a PV module can be
estimated as [26,28]:
Ate gyaG
Ppy = I1,V,, = FFLV,, = NpyAsTe-EraUdey (2)
1 42%
where 7,, and V,, are voltage and current at the max power
point respectively, FF is the filling factor, /. is the short circuit

current, V,. the open circuit voltage [26] , A, is the total
exposed surface area of PV module, Vpy is the total volume
of PV cells and the product (t,_gy4Go,,) is the solar energy
absorbed by the PV laminate, where o, is the absorptivity of
the silicon and 7, gy the combined transmissivity of the
EVA layers and the glass, and #,, is the module efficiency cal-
culated as in [29]:

Npy = nrel‘[l - :Brej(Tmpv - refﬂ (3)

where 7, is reference efficiency and f,; is temperature coef-
ficient of power (K™') , which are provided by the PV manu-
facturer at STC. Equation (2) can also be used as a reference
system PV/Ref (base data/baseline) to compare with the
hybrid PV/T performance. The prediction of solar cell/panel
operating temperature (Tmpv) of FSPM is essential because it
is the dominant parameter to estimate the module efficiency.
The electric power output is the most significant to the system
performance — unlike the efficiency, which is greatly influenced
by the ambient temperature.

3. The model

A simplified CFD model is developed under steady state and
dynamic conditions using COMSOL Multiphysics® version
5.3a (a finite element method (FEM) tool). A transient solver
is used to enhance the accuracy of the model. To input mete-
orological data including ambient temperature and solar radi-
ation, an interpolation technique (built in COMSOL) of the
cubic spline function type is used. The governing equations,
assumptions boundary conditions are expressed in the follow-
ing sub-sections. A diagram of the PV module used in this
study is shown in Fig. 1.

In Fig. 1, five temperature locations were illustrated as fol-
lows: the temperature of the top/front surfaces 7 , the temper-
ature of the interface between the glass and EVA layers 75 , the
temperature of the PV cell layer (the same as the interface tem-
peratures between the upper and lower EVA layers) 7 , the
temperature of the interface between the EVA and Tedlar lay-
ers Ty , and the temperature of the bottom/rear surfaces 7T’ .

3.1. Assumptions

The short-wave radiation falling on the PV module is con-
verted into two forms, electrical and thermal waves. Some of
this radiation is dissipated to the surroundings as thermal
losses in the form of longwave radiation and by convection.

Table 1 Material properties of the PV module layers (BP 585)[26].

Layer t k @ u T t/k

PV glass 3 1.8 3000 500 0.84 0.91 1.7 x 107
EVA 0.5 0.35 960 2090 - — 1.4 x 107
PV cells 0.3 148 2330 677 0.91 2.0 x 10°
Tedlar 0.5 0.2 1200 1250 0.87 - 2.5 x 107
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Table 2 Operating properties of the PV module BP 585 [26,27].

Electrical data at STC Thermal ratings

Material data

Module maximum power 50 W Operating temperature range  —40 ~ 85 °C  Panel dimensions  0.666 m x 0.606 m

() (L w)

Voltage at maximum power 17.89 V. Temperature coefficient of —0.41%/°C  Cell type Polycrystalline

(mep) Pmam (ﬁref)

Current at maximum power 2.8 A Temperature coefficient of —0.31%/°C  Cell number 36

(- (Voc)

Open circuit voltage (V) 21.77 V. Temperature coefficient of 0.058%/°C Glass type Tempered, high transmittance,
(Isc) low iron

Short circuit current (/) 3.04 A Panel efficiencyy,,, 7, , 12.35% Encapsulant type EVA

Note: data are presented at standard conditions, AM 1.5, 1000 W m~2, 25 °C.

The remainder is converted into electrical power. The follow-
ing assumptions are made:

e 1D heat conduction has been assumed for the current study,
because the aspect ratios of the width and length of the
module to the thickness of the layers lie between 200 and
2000 [25].

e There are temperature gradients across all the layers except
for the PV layer itself. The equivalent thermal resistance ¢/k
of the PV layer is three orders of magnitude less than those
values of the other layers (see Table 1). Fig. 2 illustrates the
equivalent thermal circuit for the heat flows through the PV
laminate.

e The effect of accumulated dust, dirt and fouling factor is
insignificant [18].

e The transmissivity of the glass and the EVA is 0.91 [25,30].

e The ambient temperature is homogeneous.

| 05 (W)

| w=0.606 m

Width is normal to paper

Tground e

Stor (W)

e Ohmic heating (resistive heating) in the PV cells is regarded
as negligible, which implies that the temperature distribu-
tion along the PV module is uniform [30].

e Following [26,30], the ground and ambient temperatures
are assumed equal.

e The radiative exchange from the top/front surface is to the
sky (Tgy) , which taken to be the ambient temperature.
Similarly, the bottom/rear of the PV laminate is considered
a radiative exchange surface to the ground.

e Both outer surfaces of the PV panel are subjected to only
free convection conditions to represent the worst case sce-
nario [30].

e The PV system is completely sealed and bonded. This
means the multiple reflections and transmissions between
the components are considered negligible [22].

e The shadow effect is ignored [18].

TSky Tamb

Qconvl W)

Qradl W)

Glass = 3 mm

EVA = 0.5 mm
PV cell = 0.3 mm
EVA = 0.5 mm
Tedlar = 0.5 mm

|
I
. |
Qradz W) |

QconvZ W) Ppy (W)

Fig. 1

L=0.666m

Schematic of the main heat transfer modes taking place at various locations of the PV module.
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Tamb Tsky
Qradl (W) Qconvl W)
T,
(b)
Qtop/front—loss(w) Qtop/front—loss —
T;
Ppy
T3
T3
. Ty —
Qbottom/rear—loss [W)
T,
Ts——— Qbottom/rear—loss>—
Qradz w Qconvz (W)
Tamb \/Tground
Fig. 2 Equivalent thermal circuit of the PV module.
e Perfect bonding between the layers of the PV module is g4 = 0 (T, — T%), (4)

assumed which means that thermal contact resistance
between them is negligible [31,32].

e The thermal conductivity of the PV layers is temperature
independent.

e The PV layer material are homogeneous and isotropic.

e The physical air properties are dependent on temperature.

3.2. Basic equations

The boundary conditions are set as close as possible to real
conditions. The surface-to-surface radiation module is used
with an ‘External Radiation’ node to simulate the incoming
solar radiation (COMSOL terminology are placed in quotes
from here on). A ‘Diffuse Surface’ node is also added to model
absorption and emission from the heated surfaces to the sur-
roundings, as [33]:

where T is a surrounding temperature (K) and 7y is a sur-
face temperature (K). The transient conjugate heat transfer
equation is used, with a heat generation and translational
motion of the parts as:

D(pcT)
Dr Q)

where p is the density of PV layers (kg m™>), ¢ is the heat
capacity of PV layers at constant pressure (J kg~' K1), Kyy-
is the thermal conductivity of the PV layers (W m ' K™') x, y
and z directions and assumed isotropic (k. =k, = k.). 0, is
the volume heat source or sink. Three cases are considered in
this study as follows: In terms of PV cells where the conditions
are: 1D, steady state conditions, the generated electrical power
which can be treated as a heat sink (Q,) and a stationary PV
cells, Equation (5) reduces to:

VT =V.(ky:VT) + O,

Table 3 Optimum tracking angles f (degrees) values for Fallujah city.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
p 56 45 27 11 2 1 1 8 22 39 53 61
Day 31 28 31 30 31 9 1 1 1 1 1 1
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Fig. 3  Average PV module temperatures, insolation and ambient versus measurement time of the hottest days in each month in Fallujah
city. The worst cases (the maximal insolation and ambient temperatures in each month) were implemented into transient and free
convection CFD models.
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. GATo gy,
I'" degC‘ Sior = Ié;.bVA e (11)
‘Ag3sa v
g3 The electrical power generated in the cell at the temperature
S R R R R R R R R AR SR R SRS R SR R RARE , T; is given by the following expression:
I i 83.27
E i Ppy = 1pySior- (12)
i : The heat loss from the top/front of the cell is by conduction
Glass — | E 83.03 through the EVA and glass layers, and finally, by convection
and radiation from the glass surface and is represented by
i , the following equations:
1 g 82.8
: i - 5-T ,-T
EVA — ! : Q 1op/froni—loss = As =4
PV cell— i PN T (tpya [ a) (te/ke)
EVA —_E i 8256 = hfreelA:(Tl - Tﬂmb) + O'SgA:(T14 - Tamb4)~ (]3)
Tedlar__i—i In a similar manner, the heat loss from the bottom/rear of
"""""""" (Fallu]ahAug) 6333 the cell can be presented as follows:
’ ) T, — T, T, — Ts
v 82_822'21 Qback/rear—loss = A = 4

Fig. 4 Typical temperature profile (°C) of the standard PV
module on 1** Aug at 13:00 in Fallujah city, predicted using a free
convection and transient CFD model (time step is 1 min).

5} aT 0 oT :
(o) o (v 5) -2 ©

Concerning other PV module layers (i.e. EVA, Tedlar and
glass) in which the conditions are, 1D semi-infinite solid,
steady state conditions a stationary PV layers, Equation (5)
is simplified to:

J oT 0 orT
(o) 3 (0 5) - "

With respect to PV cell, 1D semi-infinite solid, transient

conditions where the heat generated as a heat sink, (Q,) and
a stationary PV cells, Equation (5) becomes:

OT(x,y,t) 0 (, 0T\ 9 ( 0T\ .
P00 T ox (kx ﬁx) + Oy <k'v 8y> 0, ®)

Concerning other PV layers (EVA, Tedlar and glass) the
system is 1D semi-infinite solid, transient conditions a station-
ary PV layers, the governing heat transfer equation becomes:

OT(x,y,t) 0 oT 0 oT
o —ax\Fax) Tay by ) ©)

3.3. Numerical verification

One dimensional (1D) analysis is carried out to evaluate the
electrical and thermal performance of the PV module (see
Fig. 1). This analysis is conducted, using Matlab software, to
verify the CFD results. A simple energy balance method is
used in this analysis, with the same assumptions are made
for the CFD model. The heat balance over the PV cell layer
is estimated using the following expression:

Stul =Ppy+ Qlop/front—loss + Qboltom/rear—loss? (10)

where the total incident radiation reaching the PV cell is
given as follows:

1EVA Lied
kEgva Kied
= hfreeEA.v ( TS - Tamb)

+ O—gtedA: (T54 - Tamb4) . (14)

Empirical correlations are used to estimate the free convec-
tive heat transfer coefficients on the top/front and bottom/rear
PV module surfaces for both the CFD model and numerical
analysis. These are classified based on the inclination. Church-
ill and Chu [34] have recommended the following correlation
to apply over the entire range (laminar and turbulent regions)
of Rayleigh number (Ra;,) :

2

ky 0.387 sin Ra, '/
Bivee = (J) 0.825 + sinfiRay, = (15)
L, 0926\ 216\ ¥/
+El>
Cprily

For turbulent flow, it is found that natural convection heat
transfer coefficient (Age.) iS not sensitive to the inclination
angle (). According to [34], /e in the laminar regime should
be estimated using of the following amendment to Equation
(15) for a greater accuracy:

when Ra;, < 10°,

(IS

i : 1/4
- (g) 0.68 + 0.67 sin f3 Ra?
¢ 0.492k\ T6
(1 + (222) )

where L. is the length of the PV module and f is the tilt
angle (the module angle between the horizontal and vertical
positions). The correlations are valid for 30" < <90 .

According to [34,35], the correlations for inclined walls (i.e.,
Equations (15) and (16)) are only satisfactory for the topside
(upper surface) of a cold plate or the downside (bottom sur-
face) of a hot plate. Hence, these correlations are not recom-
mended for the downside of a cold face nor for the topside
of a hot plate. Since the application of inclined PV systems
to the top and down sides of a hot plates does not match the
aforementioned literature cases, some deviations owing to this
is suggested. In this study, the tilt angles (in the range
30" —90") and the horizontal position are both studied. The
thermal effects of free convective boundary layers can change
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Fig. 5 Average PV module temperatures and electric power generation versus measurement time of the hottest days in each month in
Fallujah city. The worst cases (the maximal insolation and ambient temperatures of each month) were implemented into our transient and
free convection CFD models. The transient simulation time step is 1 min.
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Fig. 6 Temperature profiles (°C) of the standard PV module on 1** June at 13:00 in Fallujah city, predicted using the free convection and
transient CFD model for various PV module lengths (time step is 1 min).

according to the surface orientation as: inclined, vertical and
horizontal surfaces. However, correlations representing these
developing boundary layers and the equivalent variable heat
transfer coefficients are not available in the literature, except
for the vertical wall. Hence, uniform heat transfer coefficients
are considered in these studies. In the case of horizontal posi-
tion (hot surface upward, i.e. the topside hot plate), the con-
vective heat transfer coefficients are calculated for laminar
and turbulent flows, respectively, as follows [35]:

hee = (ky/L.) 0.54 Ra,,'* {for 10* < Ra;, <107, Pr > 0.7}
(17)

hee = (ky/L.) 0.15 Ra,,'*{for 10" < Ra;, < 10", all Pr}
(18)

Equations (17) is used for the case of laminar flow, while
Equation (18) is used for the case of turbulent flow. In the case
of the downside hot plate (facing downward), the following
approximation is used [33]:

hee = (ks/L.) 0.27 Ray,'* {for 10° < Ra;, < 10"} (19)

The non-linear algebraic equations are solved numerically
using fsolve, a built-in Matlab solver. For more information,
the numerical algorithm is illustrated in Appendix A. The
characteristic length is determined as [33]:

A wlL

L(r:;:

——— for a horizontal surface,
P, 2w+L)

L. = L for vertical and inclined surfaces.

The empirical correlations used to estimate the free convec-
tive heat transfer coefficients on the upper and bottom PV
module surfaces have been presented earlier (Equations (15)
to (19)). These equations are used for both CFD modelling
and 1D numerical analysis.

4. Results

The CFD simulation is carried out for the PV module based on
the experimental data obtained in Fallujah City as a case study
for validation. Fallujah is in West Iraq at 33.34° N, 43.78° E
and 47 m above sea level (MASL). This city is chosen because
it gains a relatively great amount of annual average insolation
of 5.8 kWh-m™2 day~' [36]. The thermal evaluation has been
conducted under free convection and peak incident solar radi-
ation. Under such conditions, the performance of the PV mod-
ule is evaluated under the worst-case scenario (i.e., highest
expected PV panel temperature influencing its performance).

4.1. Impacts of ambient conditions

The optimum tracking angles (the angles resulting in maxi-
mum solar radiation on an inclined surface) (f8) are presented
in Table 3 [37]. The variation of the average PV module tem-
perature of the CFD model is evaluated under the worst case
scenario (i.e. the maximum solar radiation and ambient tem-
perature for a day in each month) for each month over a year
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in Fallujah city under transient and under free convection con-
ditions (time step is one minute and L = 0.666m), as shown in
Fig. 3. It is obviously seen that the PV panel temperature
increases with an increase in the insolation and ambient
temperature.

In Fig. 3, the maximum module temperature is 83.4 °C in
August (see also Fig. 4 for temperature contour) in which
the ambient temperature is at the maximum value throughout
the year (54 °C). Referring to Fig. 4, it should be noted that the
maximum temperature is in the PV cell layer because the elec-
trical power is generated in this layer.

The impact of average PV module temperature on its mod-
ule’s power output for 12 months under free convection and
transient conditions in Fallujah is illustrated in Fig. 5. The
trends in this figure reveal that the generation of PV power fol-
lows the PV panel temperature as the PV panel temperature
and intensity of solar radiation are the main factors that influ-
ence PV power generation. Therefore, the maximum instanta-
neous (not for whole day) power generation is in January
despite the insolation in June is almost same magnitude for
the same day (see Figs. 3 and 5). This result, however, may
not be generalised for whole days in January and June, it
depends on the two aforementioned factors (ambient tempera-
ture and insolation). It can be deduced that lower ambient
temperature and higher insolation values lead to better PV per-
formance, which can be clearly seen in June, Fallujah. The
variations of PV module efficiency and electric power genera-
tion throughout the year are presented in Appendix C, Fig. C1.

4.2. Impacts of length and tilt angle

The effects of different lengths, L8,14, L2, L, 2L “and” 4L ,
of the PV module in a horizontal position on the average tem-
perature are presented in Fig. 6 for a typical hot day (1st June
at 13:00) in Fallujah. There is a slight increase in temperature
with increasing lengths up to L, but after L the temperature is
almost constant. This phenomenon is attributed to the limited
buoyancy force, which is normal to surface, and convection
currents. To justify these behaviours, for the shorter lengths,
the free convection laminar flow is developing from the
extreme lengthwise edges of the module and the path length
is relatively short before a central plume forms and flows
upwards away from the surface. The convective heat transfer
rate is greater in these shorter path lengths of developing flow
than that of the fully developed flow at later positions. Even-
tually the flow will become fully laminar, and the heat transfer
rate becomes less. Hence, the increase in the average tempera-
ture up to L/2 [38]. There is no further enhancement in heat
transfer after length (L =0.666m) and so, the laminar flow
will have reached the point of transition to turbulent flow or
flow separation.

In the bottom surface of the PV module, the PV plate
obstructs airflow, apart from the PV panel edges where the
flow is free to ascend. Due to this obstruction, the flow moves
horizontally, then it rises from the edges of the PV panel, and
the convective heat transfer rate is inefficient. Conversely, on
the top PV surface, the heated fluid moves freely, inducing
strong natural convection currents and thus, the heat transfer
rate is enhanced.

The convection currents are weak because the buoyancy
force is normal to surface. However, at the bottom surface
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Fig. 7 Tilt angle (in the range30" —90°) versus average PV
module temperature with different lengths, predicted using the
CFD model for a typical 31*" January at 13:00 in Fallujah city.

of the PV module, the flow is obstructed apart from the mod-
ule edges where the flow is free to ascend. Owing to this
obstruction, the flow moves horizontally, then it rises from
the edges of the PV panel and the overall convective heat trans-
fer rate is inefficient [39]. Conversely, on the top surface of the
PV module, the heated fluid moves freely, inducing strong nat-
ural convection currents and thus, the heat transfer rate is
enhanced compared that on the bottom surface, as illustrated
in Appendix C (Table C 1).

The impact of PV module length on its temperature is
shown in Fig. 7. The module lengths L8,1L4, L2, L, 2L, 4L,
and 6L on its temperature are studied for inclinations
30°—90" in Fallujah city on 31Ist January at 13:00. It is
expected that the convection currents are weaker and the heat
transfer rate is lower relative to the vertical position [40]. This
is particularly seen in the 30° inclination for up to L long mod-
ule, knowing that the inclination angles between 0° and 30° are
not considered in this study due to the limitation of Equations
(15) to (19). In the case of an inclined PV module, the buoy-
ancy and gravity force act vertically on a unit volume of the
fluid boundary layer. This force can be resolved into two com-
ponents, parallel and normal to the module plate. Noting that
the parallel force that drives the motion is reduced at lower tilt
angles down to 30°; that means the convection currents
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Fig. 8 Convective heat transfer coefficients at the top and bottom surfaces and the average PV module temperatures versus lengths,
predicted using the CFD model for various inclinations on 31° January at 13:00 in Fallujah city.

become weaker. For higher tilt angles, above 30°, the airflow is
motivated due to the bouncy effects; hence, reducing the mod-
ule temperature.

Also, from the data shown in Fig. 7, the PV module temper-
atures (T,,W) increase with increasing length up to L for incli-
nations 30°-90°. This is because the flow is expected to be
laminar and is thus sensitive to changes in length and inclina-
tion [34]. It can also be seen that the module temperatures in
lengths L/8 and L4 are lower than L2 and L for the same incli-
nations. This is most likely owing to the flow in small lengths
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Fig. 9 Number of mesh elements versus conducted refinement
steps for the structured and unstructured meshes of standard PV
unit. See Appendix B for more details about the mesh
specifications.

not being fully developed. Therefore, the rate of heat transfer
in the developing region is greater relative to the fully devel-
oped ones (longer lengths) [38] (see Appendix C, Table CI,
for further illustration). Following [41], one can see that the
inclination effects on 7, become insignificant for long mod-
ules (> L) due to the flow transition from laminar to turbulent.

Fig. 8 reveals the influence of the convective heat transfer
coefficients at the bottom (/ipoom) and top (/) surfaces of
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Fig. 10 Average PV module temperature and generated power
versus time (hour) in a typical hot day in July in Fallujah city. The
results are presented in comparison between the CFD model and
semi-analytical approaches.
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Fig. 11 Average PV module temperature versus time (hour),
predicted using our CFD and compared to experimental data of
[29]. The measured ambient temperature and solar radiation are
shown at the same measurement hours.

the PV module on its temperature at three typical inclination
positions (0°, 30°, 60° and 90°). In the case of the horizontal
orientation (f = 0°), Ay, is greater than /pom . This differ-
ence is attributed to the fact that the air at the bottom surface
is obstructed by the PV panel before ascending from their
edges. While at the top surface, the flow moves freely and is
driven by rising air parcels from the top surface. This is
replaced by ascending warmer air from the ambient, leading
to hlop > hbonom .

4.3. Grid independence test

Two mesh element types are used in our model, the first is sim-
ple linear free unstructured triangular mesh and the second is
quadrilateral structured mesh. The mesh test analysis is con-
ducted to obtain a proper element type and size, improve accu-
racy, and limit the overall computation time. Five criteria are
taken into account, which are physical Random-Access Mem-
ory (RAM) in Giga bytes (GB), solution time in seconds, num-
ber of elements (NOE), degrees of freedom (DOF) and
minimum element quality (MEQ).

The key features of the mesh independence test analysis for
a standard PV system using structured and unstructured mesh
elements are shown in Fig. 9 for a typical hot day on Ist July.
For details about the MEQ of structured mesh, RAM, run
time and NOE, see Appendix B. It is found that using the
structured mesh has significantly contributed to limiting the
run time and RAM, respectively, from 1357 sec and 6.73 GB
to 64 sec and 1.54 GB and will therefore be adopted.

It should be noted that the maximum percentage error (rel-
ative to the finest mesh) obtained is approximately 0.5%, even
when using high mesh density (e.g., Trial 4). This is attributed
to:

1. The model is assumed equivalent to a 1D semi-infinite
solid, because of the limitation of the software to represent

4.4. Comparison to numerical analysis

The verification is between the numerical (semi-analytical) and
developed steady-state CFD models. Fallujah weather data are
considered to evaluate the PV module temperature and electri-
cal power generated for a typical day in July. The CFD model
is semi-infinite solid domain, and the numerical analysis is a
1D domain. The two models showed a close agreement as
can be seen in Fig. 10. The following reasons are sought to
explain the results:

1. The CFD model can be assumed 1D semi-infinite solid as
justified earlier in point 1 Section 4.2 (grid independence
test).

2. The PV layer thickness is relatively small, while the thermal
conductivity is comparatively high.

3. The similarity in the representation of the heat transfer
modes. For example, the external heat transfer by free con-
vection is represented in the two models using the same
empirical equations.

4.5. Comparison to experimental data

The CFD developed model is validated with available experi-
mental results in Fallujah, Iraq [29]. With respect to the valida-
tion in Fallujah, the current numerical result is validated in
terms of average PV panel temperature, as shown in Fig. 11.
This figure displays the incident solar radiation, ambient tem-
perature and PV panel temperature versus time 08:00-15:00
hrs on 24th March 2011. The CFD model was developed under
steady state conditions. One can see that the PV panel temper-
ature increases gradually with the solar radiation and ambient
temperature from sunrise to reach a peak value at the solar
noon (12:00hr) and then reduces until sunset. The results
reveal that a good level of conformity is obtained between
the current CFD model and experiments with the maximum
temperature difference of approximately 4 °C. This difference
may be because of the following (including but not limited to)
possibilities:

e The accuracy in measuring the ambient temperature and
incident solar radiation.
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e The difficulty in estimating the wind effect/wind direction
accurately.

e Dust accumulation.

e The CFD model is simplified to a semi-infinite solid prob-
lem, whereas the physical system is 3D.

e Our model is based on quasi-steady assumption, but in real
life, the system is time-dependent.

5. Conclusions

In this work, the PV module temperature profile was predicted
and examined using 1D mathematical and semi-infinite solid
CFD models and validated against experimental data. Some
extreme weather conditions were taken into account, such as
the highest intensity of solar radiation for each calendar
month. Furthermore, detailed monthly case studies were con-
sidered based on the average daily conditions for a year. In
light of the present study, the following findings have been
concluded:

e The convection currents in inclined and horizontal surfaces
are weaker relative to the vertical surface; thus, the rate of
heat transfer is lower.

e In the case of inclined PV systems, the increase of PV
lengths (up to 2L) enhances the heat transfer rate. After
2L , the convective heat transfer coefficients decrease, and
the PV temperature increases regardless to the inclination
of PV system.

e Increasing the length of the PV panel may not be feasible or
affordable because the PV array blocks could shade further
arrays. Also, this might increase the cost of installation and
price of the base frame (in the expense of cost and difficulty
of installation).

e In the case of horizontal orientation, the convective heat
transfer rate is relatively low. This was more noticeable at
the bottom surface of the PV system.

e The effect of inclination becomes more noticeable in the
shorter length (i.e., laminar region), but this effect dissipates
in the longer (turbulent) region.

e Lower ambient temperature and higher insolation values
lead to better PV performance, and this can be seen in Fal-
lujah in January.
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Appendix A. Numerical implementation methods

The numerical algorithm is illustrated in a logic flow chart of
Fig. Al. The first step is to specify the input parameters includ-
ing ambient, operating and geometrical conditions (see step 1
and 2).Fig. BI.

Secondly, temperature of the PV layers are initially

assumed to be at (Tl, Ty, T3, Ty, T5) . In contrast to previous

studies where free convective heat transfer coefficient /.. is
assumed constant, we use empirical correlations to estimate
Ngree > determined from Correlations (17)—(19) and the convec-
tive and radiative heat losses from the top/bottom and front/
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Fig. A1  Flow chart of the algorithm for the solution of the semi analytical model.
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rear are predicted along with the electrical efficiency (1)) .
(SEE: Table BI1.)

The energy balance equations are solved using fsolve to
obtain new set of temperatures (7, T, T3, Ty, Ts) using Equa-
tions (13) and (14). The new values are compared with the old
values which is based on the error value i.e. the difference
between the old and new values to a tolerance of 1 x 107
The program is executed repeatedly until all the various tem-

peratures converge to the set tolerance. The collector tempera-
tures are then used to calculate the useful PV electrical power
by Equation (2) and the total incident radiation reaching the
PV cell from Equation (11). The subscripts 1 and 2 refer to
top/front or back/rear surfaces of PV module. N is the number

of iteration and 5",, the guess value and 7, is the calculated
value.
Appendix B. Meshing
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Fig. Bl  Structured and unstructured mesh of standard PV unit for refinement step number (4) in Table B1.

Table Bl Grid independence test using structured and unstructured mesh element types for case study in Fallujah on a typical day in

July under transient conditions.

Trial No Refinement step RAM (GB) time (s) NOE MEQ DOF Tpr(°C)
Unstructured mesh (triangular)

1 extremely coarse 6.73 1357 15,765 0.345 34,834 48.23
2 very coarse 8.45 1867 21,121 0.343 45,954 48.31
3 less coarse 8.67 1819 20,176 0.357 44,163 48.30
4 Coarse 8.40 2020 22,188 0.356 48,249 48.32
Structured mesh (quadrilateral)

1 extremely coarse 1.54 64 2142 1 10,011 48.32
2 very coarse 3.12 168 4242 1 19,409 48.20
3 less coarse 5.45 396 8127 1 36,141 48.22
4 Coarse 8.46 678 11,730 1 51,635 48.27
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Appendix C. Module efficiency and PV power generation
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Fig. C1 PV module efficiency and power generation over a year in Fallujah city, using free convection and transient CFD model (time
step is 1 min).
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Table C1 Effect of length and tilt angle on the convective heat transfer coefficients of top and bottom surfaces of PV model in
Fallujah on 31st January at 13:00.
Tilt angle L/8 L/4 L2 L 2L 4L 6L
0(hop) 7.52 6.6 5.89 5.76 5.773 5.78 5.783
O(Tpy) 54.25 56.13 57.72 58.33 58.59 58.75 58.80
0(hbottom) 3.75 3.29 2.93 2.672 2.502 2.4 2.363
30(hmp) 5.17 4.35 3.67 3.1 4.505 4.471 4.316
30(T ) 55.47 58.00 60.27 62.01 57.59 58.00 58.18
30(Abottom ) 5.14 4.32 3.65 3.08 4.471 4.34 4.283
40(/y0p) 5.47 4.59 3.89 3.286 4.505 4.471 4.316
40( Trpy) 54.72 56.90 59.52 61.32 57.59 58.00 58.18
40(Mbottom ) 5.43 4.56 3.86 3.265 4.471 4.34 4.283
50(hiop) 5.68 4.78 4.04 3.43 4.505 4.471 4.316
50(Tpy) 54.18 56.69 58.66 61.16 57.59 58.00 58.18
50(Mbottom ) 5.46 4.478 4.015 3.41 4.471 434 4.283
60(hop) 5.84 4.91 4.15 3.53 4.505 4.471 4.316
60(T ) 53.88 56.18 58.29 60.80 57.59 58.00 58.18
60 (hbottom ) 5.79 4.88 4.13 3.505 4.471 4.34 4.283
70(hiop) 5.94 5.01 4.23 3.592 4.505 4.471 4.316
T0(T i) 53.53 56.08 58.04 60.56 57.59 58.00 58.18
70(hbottom ) 5.9 4.97 4.205 3.572 4.471 4.34 4.283
80(hiop) 6.00 5.06 4.277 3.632 4.505 4.471 4.316
80(Tipy) 53.47 55.93 57.90 60.42 57.59 58.00 58.18
80 (Mbottom ) 5.96 5.03 4.25 3.61 4.471 4.34 4.283
90(hop) 6.02 5.07 4.298 3.64 4.505 4.471 4.316
90(Tipy) 53.34 55.74 58.18 60.06 57.59 58.00 58.18
90 (/pottom ) 5.98 5.04 4.27 3.616 4.471 4.34 4.283
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