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Abstract- The focus of this study is to develop a computer program that simulates the thermal performance of a photovoltaic
(PV) panel. A detailed thermal model of a solar PV panel in three-dimensional using finite element approaches is established
to determine the thermal parameters. The PV cell, glass, and tedlar temperatures are predicted. The influence of air velocity,
solar flux, and ambient temperature are investigated. Simulation results indicate that whatever the value of air temperature and
solar irradiance, the solar cell component has a high temperature. The obtained results also show that the PV panel temperature
increases when the solar flux and the ambient temperature increases, consequently, the panel efficiency decreases. Finally, it is
found that the highest value of wind speed causes the cooling of solar cells leading to the decrease of the PV panel

temperature.

Keywords- Finite element approach, Photovoltaic, Thermal model, Temperature.

1. Introduction

Solar energy represents an immense and renewable
resource just waiting to be used more extensively. The
photovoltaic industry is expanding rapidly associated with
the intensive research to increase the efficiencies of the
photovoltaic conversion and reduces production costs in
order to make this energy source increasingly competitive.
The photovoltaic collector converts sunlight directly into
electrical energy. The performance of photovoltaic panels
depends directly on the PV cell temperature. Several
theoretical and experimental works have been done to
increase the thermal and electrical performance of such
collectors.

A dynamic thermal model for predicting the PV module
temperature under different atmospheric conditions has been
developed [1,2]. The previous study in modeling the
operating temperature of solar cells has focused on obtaining

correlations expressing the PV temperature as a function of
solar irradiance, ambient temperature, and wind speed [3-14].
The performance and thermal behavior of PV modules have
been discussed in the literature [15-20].

Several three-dimensional thermal models have been
carried out to simulate the thermal characteristics and
performance of PV modules [21-23]. Based on this literature
review, we have proposed in this study a detailed systematic
approach predicting the thermal behavior of PV panel; this
approximation consists of dividing the geometry and
approximating the temperatures sought. This step makes it
possible to write the problem to solve in a divided form,
which is very appropriate for a computer numerical solution.
This model will be used to study the temperature distribution
in the various components of the system. Modeling PV
module allows the optimization of this system for better
performance which means better exploitation of solar energy.


mailto:naimaboulfaf@edu.uiz.ac.ma

INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

N.Boulfaf and J. Chaoufi Vol.7, No.2, 2017

1. Methodology

The role of the photovoltaic panel is to convert solar
radiation into electrical energy. The studied PV module
consists of three material layers: the first is glass layer that is
the face exposed to the incident radiation, the second layer
containing the photovoltaic cells that convert the absorbed
solar radiation into electrical energy and the third is tedlar
back sheet that is the protective layer. Fig. 1 shows the cross-
sectional view of this panel. The temperature distribution is
evaluated using the functionT(x,y,z,t) named the
temperature function. The initial temperature distribution is
known, we will denote it Ty(x,y,z) = T,. The photovoltaic
panel receives the solar flux G and its lateral and transversal
faces are assumed to be thermally insulated.

Glass

Solar cells
and EVA

Tedlar

Fig. 1. Diagram considered for studied PV module.

2.1. Thermal Analysis

The theoretical models are used to predict the thermal
production of photovoltaic panels. These models are based
on the distribution of heat flow in the different layers of the
PV panel. Modeling is performed in steady state by imposing
particular hypothesis:

o All materials constituting the PV module are supposed
to be isotropic and independent of temperature,
o  The wind direction is parallel to the surface of the glass,

0 hfront surface — (hback surface/2 ) [24]-

2.1.1. Strong Form

The objective is to predict the temperatures in each layer
of PV panel, for that we use the principle of conservation of
energy for each system component that can be presented by
the following heat transfer equation [25,26]:

aT - 1

pc— = div(A gradT) )
ot

Where the thermal conductivity tensor 1 of isotropic material

has as matrix representation in orthonormal basis {x, y, z}:

1 0 0
[4] = A[O 1 Ol
0 0 1

Solving a thermal problem consists in searching the
temperature field T(x,y, z) at any point in PV panel such as:

aT -
peor div(1 gradT) =0

In order to calculate the temperature field of PV panel,
we must write the thermal balance for each layer, taking
account of energy loss by conduction, convection, and
radiation. The layers for which the temperature is evaluated
are glass, solar cells, and tedlar. The boundary and initial
conditions for each component of PV panel can be written as:

— Initial condition
To(x,y,2) =T,y

— Boundary conditions

e Forglass

—AggradTy. i = ayG — hy_o(Ty — T,)

—oey(T) = Tdy) (2a)
- ngg'ﬁ = ayTyG (2b)
e Forsolar cells
—A.gradT..7i = a,T,G (3a)
@ =1res[1 = Bo(Te = Tref)G (3b)
e Fortedlar
_AtedWTted'ﬁ = —htea—a(Ttea — Ta) — @

4 4
O&teq (Tted - Tground)

2.1.2.  Weak Form

The local formulation represented by Eqgs. (2), (3) and
(4) could not be used directly to solve the Eq. (1) using the
finite element method. We, therefore, formulate the problem
in a global manner that is easy to solve with finite element
method. Under these conditions, the variational formulation
often called weak form is written in each layer as follows
[26]:

e Glass
aT,
* g *
Jpgchg (¥> dv — J Ty agryGdS
Vg Sg2
- f Ty (g6 — hy-o(T, = T)
Sg1

—og,(T} — Ts4ky)) as

+ J- gradTg*(/Tg gradTg) dav =0 (®)
v
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e Solar cells

o,
f pCcCTC*< at)dV— f T (a,7,G)dS

Ve Sc1

+ f gradTC*(/TC gradTC) av

Ve

+ f Tc*(nrefﬂo TCG)dV

Ve
* 6
= [ Tenerl1 + piTrerlav =0 ©
Ve
e Tedlar
. (OTteq
f Pted Ctethed (a_:) av
Vted
+ fgrath*ed(/Tted grathed) av
Vted
- f Tt*ed (_hted—a(Tted - Ta)
Stedz 7
— O&teq (Tttd - T;round)) ds =0 )
2.1.3. Finite Element Treatment

The finite element approximation is based on the weak
form described in Egs. (5), (6), and (7). It consists of
dividing the geometry of study (PV panel) into sub-domains
named finite elements connected at nodes [26]. The
geometry of these elements is eight-node hexahedral.

2.1.3.1. Element Quantities

After calculation and simplification, Egs. (5), (6), and
(7) of the corresponding element reduces to the ordinary
differential equation [26].

[ce}{Te} + [k°HT} = {£} (®)

where [c€], {T¢}, [k¢] and {f°} represent heat capacity
matrix, nodal vector temperature, thermal conductivity
matrix and vector of nodal flow of the element, respectively.
For each component we have:

e Inglass

[c¢] = pyc, f (NI [Ne]dve (%)
Vg

[ke] = f [Be1[A,](B°1dVe

e
Vg

+ j [N°I"h,_o[N°]ds® (9b)

e
Sg1

(e} = f [N°T (g6 + hy—oTe
sgl

— 0g,(Tf = Tdy)) dS°

f (9c)
+ | [N a,T,GdS®
;S 9Tg
e Insolarcells
[Cce] = PcCc J-[Ne]T[Ne]dVe (10a)
143
[ke] = f (BT (A ) [Be1dV*
vEé
+Grby [ NeTINIave O
vE
&} = act,G j[Ne]TdSe +1rerG[1 (10c)
Sé
+BoTrer] [ NV
Va
e Intedlar
[¢teal = PteaCtea f[Ne]T[Ne]dVe (11a)
Via
[kteed] = J[Be]T[/lted][Be]dVe
Viea (11)
* f NI hyeq—q[N€]dS®
St?edz
{fiea} = IN®1T (Roq—aTs
ted Ste!dz ( ted 19

— O&teq (Tt‘}ed - T;round)) ase

2.1.3.2. Assembly and Global Quantities

To construct the equation system to solve we must be
using the assembly operation which consists of transforming
the elementary quantities in global quantities.

i. Elementary assembly

At each layer the ordinary differential system obtained can
be written as [26]:

[Clayer]{Tlayer} + [klayer]{Tlayer} = {flayer} (12)

¢, k and f are given as follows:
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e=ng

[Ctayer] = ) (AT [eT0AT) (132)

o (13b)
[fiager] = > (AT k114D

€= (13c)
(fuser} = D 1AT(£)

ii. Global assembly

The assembly of previous matrices (matrices at layers)
leads to the following equation [26]:

[C1{T} + [KI(T} = {F} (14)

The capacity and conductivity global matrices [C] and [K],
as well as the load vector {F} are obtained by assembly
operations:

[C] = Z [Player]T[Clayer] [Player]

(15a)
laye3r=1
[K] = Z [Player]T[klayer] [Player] (15b)
layer=1
3
{F} = Z [Player]T{flayer} (15C)
layer=1

Finally, the numerical resolution of the previous equation
(Eq. (14)) allows the determination of temperature evolution
in the PV module.

T:(0)

With the initial conditions: {T,} = TZEO)
Ty (0)

(16)

2.1.4. Numerical Resolution

We can calculate the convective heat transfer coefficient
using the following relation [15]:

h =582+ 4.07v (17)

We have studied the temperature distribution in the
different layer of the photovoltaic module. We have
established by numerical simulation the thermal behavior of
this module as well as the temperature cartography. The
studied geometry is a parallelepiped consisting of three
domains: glass, solar cell, and tedlar. The values of the
thermal parameters and optical proprieties of all layers are
shown in Table 1.

Table 1. Parameter values of PV module.

Tedlar

parameter Glass Silicon

Thermal conductivity 1.8 148 0.2

Density 3000 2330 1200
Specific heat Capacity 500 677 1250
Absorbtivity 0.04 0.9 0.128
Reflectivity 0.04 0.08 0.86
Transmissivity 0.92 0.02 0.012
Emissivity 0.85 - 0.9
2.1.41. Meshes

In calculation and simulation did previously, we have
adopted the mesh of Fig. 2 in which we have chosen to
generate a structured mesh with the hexahedral elements.
The thicknesses are very fine, for this we hardly differentiate
the different layers.

Y
—
Y

Fig. 2. Finite element mesh of a photovoltaic panel.

2. Results and Discussion

To determine the temperature profile of PV module,
Egs. (14) and (16) have been used for given parameters
shown in Table 1. Regular conditions considered are solar
flux G = 1000 W /m? and ambient temperature T, = 25 °C.
Fig. 3 shows the temperature profile of PV panel and Fig. 4
represents the distribution of temperature according to the
thickness of the panel. We observed that the solar cell
temperature equals to 64 °C is significantly higher than the
glass and the back surface (tedlar) temperatures. Due to
layers being very fine the temperature difference between the
three layers is not more than 1 °C. It has also observed in
each figure that the variation of tedlar temperature is more
evident than glass due to thermal heat produced by solar cells
and low thermal conductivity of tedlar material.
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Fig. 3. The three-dimensional temperature profile of PV

module.
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Fig. 4. Temperature evolutions in the PV module according
to the thickness.

Solar radiation is the most important factor influencing
the functioning of the solar system. Therefore, it would be
interesting to study its effect on the system characteristics.
To see the influences of solar intensity variations in the PV
panel temperatures, the developed model was used, and the
results are shown in Fig. 5a and b. It has been found from
Fig. 5a that when solar irradiance increases from
G=200W/m?to G=1000W/m? the PV cell
temperature also increases from T, =32.88°C to
T, = 63.98 °C as a result of absorbed solar radiations which
are not converted into electricity. From Fig. 5b it is evident
that the behavior of PV cells is greater under lower ambient
temperature. Therefore, high solar intensity leads to decrease
electrical efficiency and increase the thermal efficiency of
PV module indirectly.

Fig. 6 shows the effect of wind speed variation on PV
cell temperature. It is observed that the increase in wind
speed from v = 0 m/s to v = 10 m/s will decrease PV cell
temperature from T, = 90.68 °C to T, = 33.9 °C because the
temperature is related to the wind speed by the convective
heat transfer coefficient (Eq. (17)). The same coefficient
causes another increase in heat losses that causing a decrease
in the PV panel performance. It is also observed that there is

a significant decrease in PV cell temperature when the air
velocity is lower (v = 0 to v = 1 m/s). Consequently, high
air velocity leads to best PV panel performance.

Another important environmental parameter that affects
PV performance is the temperature ambient. Fig. 7a and b
show ambient temperature effects on the PV cell
temperature. From Fig. 7a it can be observed that increases in
room temperature from T, =0°C to T, =50°C will
increase PV cell temperature from T, =39.05°C to T, =
89.04 °C. Fig. 7b indicates that the increase in PV cell
temperature is more obvious when the solar intensity and
ambient temperature are higher.
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Fig. 5. (a) PV cell temperature variation with solar intensity
(Ta = 25 °C). (b) PV cell temperature variation with solar
intensity for different ambient temperatures.
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Fig. 6. PV panel performance variations with wind speed.
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Fig. 7. (a) PV cell temperature variation with ambient

temperature (G = 1000 W/m?). (b) PV cell temperature
variation with ambient temperature for different solar
intensity.

3. Conclusion

This work summarized a detailed 3D thermal study of a
photovoltaic module. We have studied the temperature
distribution of different layers of a photovoltaic panel. We

established by numerical simulation the thermal behavior of
PV panel as well as temperature cartography according to
initial and boundary conditions that we mentioned above.
The results obtained show that the PV cells temperature
increases when the intensity and the ambient temperature
increases, also the back surface (tedlar) has a higher
temperature than the front surface (glass). Increasing wind
speed causes a cooling effect on the exterior glass surface,
causing a significant reduction in the PV cell temperature.
Therefore, low ambient temperature and high wind speed are
two interesting parameters offering the best performance of
photovoltaic panels. Finally, this numerical simulation can
help the industrial to better control and understand this type
of system. With the created program we can put the
characteristics that we want to see what material offers the
optimum temperature.
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Nomenclature

absorptivity

transmissivity

thermal conductivity

virtual temperature field

specific heat

Stefan-Boltzmann’s constant

nodal vector temperature

air speed

ambient temperature

convective heat transfer coefficient
domain

outward unit normal at a considered point
transfer matrix (for passing from element to layer)
transfer matrix (for passing from layer to global
structure)

material density

emissivity

incident solar intensity

packing factor of solar cell

efficiency at standard test condition
ambient

glass

solar cell

tedlar

reference

elementary

ethyl vinyl acrelate

thickness

area
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