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Abstract. The exploitation of renewable energy sources has proven to be a viable solution for society in reducing its
dependence on fossil fuels. As a consequence, the use of photovoltaic modules has grown strongly in recent years. It is
known that the efficiency of converting solar energy into electricity in silicon-based photovoltaic modules can be
affected by various factors, with the operating temperature of the photovoltaic cell being one of the most important.
This work aims to develop a transient thermal-electric model of a photovoltaic module that enables the simulation of
different modules under different operating conditions. The proposed modeling is based on a multi-physics perspective,
which considers both the thermal and electrical phenomena involved in the photovoltaic generation of electricity. The
adopted thermal model is one-dimensional and in transient heat transfer regime. It considers heat conduction through
the thicknesses of the different layers of the materials that make up the module, thermal generation in the photovoltaic
cells and glass, and radiative and convective heat exchanges that occur on the upper and lower surfaces of the module.
Its numerical solution occurs via the finite difference method, with an implicit time scheme. The electrical model is
based on a circuit composed of a practical diode, with a series resistance and another parallel one representing,
respectively, the leakage current and the structural losses of the photovoltaic module. The solution of the transient
thermal model is coupled with the electrical model, constituting the thermal-electrical model. The coupling between the
two models occurs through a computational algorithm performed in MATLAB software. From the resolution of the
transient thermal-electric model proposed in this work, the temperatures of the photovoltaic cell were calculated over
simulated days. These results are compared to those calculated via other models available in the literature. In fact, if
faced with an essentially thermal model of a photovoltaic module, the proposed thermal-electric model has the
advantage of taking into account both the thermophysical and geometric parameters of the module as well as its
electrical characteristics.

Keywords: photovoltaic module, thermal model, electrical model, photovoltaic efficiency.
1. INTRODUCTION

Renewable energy sources will be the main ally in order to reduce the use of fossil fuels in the future, because of
their clean and renewable characteristics. Solar energy applications can be classified in two main categories: solar
thermal systems, that use solar energy for thermal applications, and photovoltaic systems, that convert solar energy
directly into electrical power. According to IEA (2022), solar photovoltaic energy grew into 22% in the year if 2021,
accounting for 3,6% of all electricity generated in the world.

The implementation of experimental studies with solar photovoltaic modules is costly and sometimes impractical.
Therefore, the implementation of a computational model that is able to simulate the behavior of those systems become
essential (Jakhrani, 2013).

Photovoltaic modules models have two main parameters: the electrical efficiency (1) and the cell temperature (T,,;).
Such parameters are interdependent. In that sense, to accurately describe the behavior of a photovoltaic module, it is
necessary to compute both thermal and electrical parameters (Tuza e Mahieddine, 2014).
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Through literature review, different models were studied, such as the purely thermal models of Ross (1976),
Mondol et al. (2005), Risser and Fuentes (1984), the thermal-electrical model of King et al. (2004) and an adaptation of
Duffie et al. (2020). In the work of Ross (1976), the temperature of the photovoltaic cell is described as being
proportional to solar irradiance. Risser and Fuentes (1984) collected data from four different photovoltaic modules and
generated equations to estimate the cell temperature and generated power through linear regression, and their results
indicate that those parameters are determined as functions of the climatic conditions. Mondol et al. (2005) developed a
linear correlation which relates the temperature difference between module and ambient to insolation. King et al. (2004)
developed an empirical thermal-electrical model based in data that was collected over twelve years and were tested in
different laboratories. Through regression analysis, seven coefficients were calculated in order to estimate the thermal
and electrical parameters of photovoltaic modules. Duffie ef al. (2020) presents equations to predict the cell temperature
and electrical parameters of the photovoltaic module. Through the coupling of those equations, a thermal-electrical
model was adapted for comparison purposes and those results are further discussed in Section 3.

The implementation of a thermal-electrical model was opted for describing the behavior of the photovoltaic module.
With this approach, both thermal and geometrical properties of the module are accounted for, as well as its electrical
characteristics. Regarding the thermal segment of the modelling, the adopted hypothesis was that the module was a flat-
plate of longitudinal uniform temperature in a transient heat transfer regime. It was considered that the temperature
varies only along the module’s thickness, composed by five layers of different materials. According to Brano et al.
(2014), the simplification of the thermal model coming from the hypothesis of a unidimensional heat flux is justifiable,
because the ratio between the thickness of the photovoltaic module and its surface area tends to be small. The electrical
modelling developed was based on Villalva et al (2009).

The developed model was applied in simulated days and compared with other models found in literature, them being
purely thermal and thermal-electrical. Graphs were plotted with data from variations of the photovoltaic cells’
temperature (T, in K) and electrical efficiency (1, dimensionless) of the module throughout the average days of
March, June, September and December. The climatological data used as entry variables in the simulations correspond to
the geographic location of the Center of Renewable and Alternative Energy (CEAR), located at the Federal University
of Paraiba (UFPB), in Jodo Pessoa, Brazil. The results will be discussed in Section 3 of this paper.

2. MATHEMATICAL MODELLING

The execution of the thermal-electrical model of the photovoltaic module is divided in two parts, the thermal
modelling and the electrical modelling. This section describes each of these models and their coupling, aiming to obtain
a thermal-electrical model. Before, it is described how the solar irradiance is calculated from the use of average
irradiation data obtained in climatological databases, like NASA (2021).

2.1 Climatological Model

The climatological data used in the thermal-electrical model include the following parameters: the average wind
speed (1, in m/s), the surface albedo (p4, dimensionless) and the monthly average daily total irradiation on a horizontal

surface (H, em kWh/m?/day), the monthly average daily diffuse irradiation on the horizontal surface (Hy, in
kWh/m?*day) and the average air temperature (T, in K). The selected simulation location was the Center of Renewable
and Alternative Energy (CEAR), located at the Federal University of Paraiba, in Jodo Pessoa, Brazil, with latitude
¢ = —7.14° and longitude [ = -34.5°. The photovoltaic module in question was considered to be at an angle of f; =
10° in relation to the horizontal plane, and its collecting face oriented to the geographic north.

The average monthly values of the total solar irradiation and diffuse irradiation are converted into total irradiance
and diffuse irradiance via an adaptation of the methodology described in Duffie and Beckmann (2020). Equation 1
provides the total solar irradiance (in W/m?) onto the tilted surface of the photovoltaic module.

cos ,8i> W

cos B;
where Rj, is the ratio between beam solar irradiance on the tilted module (G, em W/m?) with relation to the beam
irradiance on the horizontal plane (G, in W/m?) and G (in W/m?) is the total solar irradiation over the horizontal plane.

2.2 Electrical Model

The electrical model was developed from the analysis of the circuit present in Figure 1. Said circuit represents the
equivalent circuit of the ideal photovoltaic cell e requires the knowledge of five parameters, which are: the
photogenerated current (I,,,, em A), represented by a current source; the diode reverse saturation current (I;, em A), that
is composed by the reverse saturation current (I,, em A); the series resistance (R, em (1), originated by the sum of
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various structural device resistances; the parallel resistance (R,, em (), representing the losses due to leakage in the p-n
junction and depends on the used manufacturing method. In addition, it is necessary to calculate the diode ideality
factor a, that is related to the physical constants and the n parameter, known as ideality factor that has its value equal to
1 for an ideal diode and typically 1 < n < 2 for real diodes (Villalva et al., 2009.)

practical PV device

Figure 1. Single diode model of the theoretical photovoltaic cell and the equivalent circuit of the practical photovoltaic
device.

The system described above can be represented by Equation 2 (Villalva et al., 2009).

V + Rl V + R
)-1]- @)

I=1p -1 [exp( R

ta P

The developed electrical model is based on Villalva et a/ (2009). For the calculations of voltage (V, in V) and
current (I, in A), the five unknown parameters of Eq. (2) must be determined: I,,,, Iy, Rs, R, and a. The reverse
saturation current (Iy, in A), the photogenerated current (I,,, in A) and the diode ideality factor constant (a,
dimensionless) are functions of Rs and R,,, both values given in Q. To calculate the resistances, an iterative method is
needed, in which R,, is calculated for Rg values between 0 < Ry < R nqy, until a pair {Rg, Ry} results in the equality
between the maximum power calculated by the model (P45, in W) and the maximum experimental power provided
in the photovoltaic module datasheet (B,qx ¢, in W). Both parameters are obtained at the maximum power point, where
Braxm = Vinplmp (Villalva et al., 2009). Therefore, the electrical efficiency n of the photovoltaic module can be
calculated with Eq. (3),

Pmax,m

= maxm 3
Gi : (APV,panel) ( )

U]

where Apy paner 18 the frontal area of the photovoltaic module, in m?.

After the calculations of Rg and Ry, for the STC conditions (Standard Test Conditions), it is possible to calculate the
electrical efficiency of the photovoltaic module for other conditions beyond STC, utilizing the previously found values
of Rg and R,,. The parameter V in Eq. (2) is found between 0 < V < V., where V. (in V) is the open circuit voltage. A
numerical method is needed to find a {V/,[} pair that results in the maximum electrical power produced by the
photovoltaic module (P4 1, in W).

2.3 Thermal Model

For the thermal model, a unidimensional heat transfer regime was adopted for the interior of the different layers of
the materials that compose the photovoltaic module. The adopted direction was the transverse to the surface area of the
module. The transient solution of the model was achieved via an implicit time discretization (Ozisik, 2017). In Figure 2,
the temperature of interest for the thermal-electrical model is the photovoltaic cell temperature, T,,; (in K). To calculate
this temperature, an energy balance was applied in the control volumes, accounting the energy gain through incident
radiation, G;, on the module’s upper glass layer, calculate by Eq. (1), and the portion of solar irradiation that is absorbed
in the photovoltaic cells, S (in W/m?), given by Eq. (4), in accordance to Aly et al., (2017).

1+ cosf

‘ 1 —cos ﬁ)] 4

) + (Gb + Gd)pnggr ( 2

S = (ngpv)n [RbiKb + Gde (
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where 7,dpy (dimensionless) is the product between the glass’ transmittance and the photovoltaic cell absorptivity for
solar irradiation. The dimensionless parameters Kj,, K; e K are the incident angle modifiers of direct, diffuse, and
ground-reflected irradiance.

In this paper, the internal heat generation due to solar radiation absorption occurs only in the photovoltaic cell and
glass domains. It was also considered that the layers of EVA and Tedlar do not have heat generation.

The generated heat within the photovoltaic cell (Qpy,, in W/m?) is given by Eq. (5), according to Aly et al (2017).

S- APV,cells : (1 - fl)

VPV,cells

QPV = Q)

where Apy s (in m?) is the frontal surface area of the photovoltaic cells, Vpy (o5 (in m®) is the total volume of the
cells and 7 is the module’s electrical efficiency, determined through the solution of the previously presented electrical
model.

The heat generated within the glass layer of the photovoltaic module (Qg, in W/m?) is given by Eq. (6), according
to Aly et al (2017).

Q- _ Ay - Gi : APV,panel
6= Vv (6)

g

where V; (in m?) is the volume of the glass and a, is the absorptivity of the glass to solar radiation.

The energy balance also accounts for the convective energy losses to ambient air above and below the photovoltaic
module — assumed to be at the same temperature (T, in K) — the radiative losses of the superior glass surface of the
module to surrounding sink (Tgqss—sk » Tgiass—grouna»> in K) and the radiative heat losses from the inferior surface of the
module’s Tedlar to surrounding sink (Tieqiar—skys Ttedaia  grouna» in K). The converted solar irradiance into electrical
power (B,, in W/m?) in the photovoltaic cells is indicated in Figure 2.

According to Incropera et al (2017), the heat losses are represented by their equivalent resistances. Reony,r/p (in
m2.K/W) represents the equivalent resistance due to convective heat transfer in the front surface of the upper glass layer
or the back Tedlar with the sink. Reront siy and Reront grouna are the equivalent resistances due to radiative heat transfer
in the glass surface to the sky and to the ground. R¢onq,f/p are the equivalent resistances due to conductive heat transfer
of the upper cell surface with the upper glass layer and the back cell surface with the rear Tedlar layer. Rpqcx sy and
Rpack,grouna are the equivalent resistances due to radiative heat transfer from the Tedlar’s rear surface to ground and
sky.

Tsky Ta mb Tback
Reront,sky Reonv,f S Réront,ground
B Glass
a / P,, Ttront
Front EVA
S S pvcen \ Rt:ond,f
™~ Back EVA Teel
\ Tedlar S Rcond,b
Tback
Rback,sky Rconv,b Rback,ground
Tsky Ta mb Tback

Figure 2. Photovoltaic module layers and equivalent thermal circuit.

The module is schematized in Figure 3 and it is composed by five layers, a frontal layer of glass, an upper EVA
layer, a layer of photovoltaic cells, a lower EVA layer and a Tedlar layer. Each layer of each material has a thickness of
Linqe (in mm), where the subscript mat indicates which material is being considered. The finite difference method
consists in approximating continuous functions to a series of nodal points in a mesh, converting a differential equation
into an algebraic equations system (Ozisik, 2017; Incropera et al., 2017). The unidimensional heat transfer occurs in the
y direction and is given by Eq. (7).
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pici%T(y,t) = ‘a 2T(y,t) +Q inL; <y<Lp+ Lgg, +Lev + Lg, , + Lr, fort >0 (7

where p; (in kg/m?), ¢; (in J/kg.K) and k; (in W/m.K) represent, respectively, the specific mass, the specific heat and
thermal conductivity of each material that composes the photovoltaic module. The parameter Q (in W/m®) indicates the
internal heat generator inside the glass and photovoltaic cell layers.

The radiative heat transfer coefficients on the top and bottom of the module are given by hy sp,—sink, Where the
subscript sup indicates which surface is being considered and sink indicates which heat sink is being considered, in this
case, either sky or ground, all of them in W/m?K. The coefficients related to the convection heat transfer are
represented by hg for the exchange in the upper module’s surface and h; to the lower module’s surface, both in W/m2.K.

Glass Qs L¢a y
EVA Sup _ Leu,
PV Cell Qv “va
EVA Inf “LEin .
Tedlar TLT

Figure 3. Photovoltaic module layers.

The finite difference method (Ozisik, 2017) was employed to solve the differential equations associated with each
layer of the studied photovoltaic module. The domain was discretized in a finite number of nodal points. An implicit
formulation was used to determine the evolution of the nodal temperatures over time. The thermal contact between each
layer of the photovoltaic module was assumed to be perfect.

The glass layer is divided in m; nodes, 1 < m; < N;, where N;; is the total number of nodes in the glass. The
upper EVA layer is divided into my sup nodes, N; < mg sup = Ng + Ng sup 1, where Ng sup is the total number of

nodes in the upper EVA layer. The photovoltaic cell layer is divided into mpy nodes, N; + Ng sup 1 <mpy < Ng+
Ng sup T Npy — 2, where Npy is the total number of nodes in the cell layer. The lower EVA layer is divided into mg,, P
nodes, N; + NEsup + Npy —2 < Mg < N; + NEsup + Npy + NEinf — 3, where NEinf is the total number of nodes
in the lower EVA layer. The Tedlar layer is divided into my nodes, N; + Ng sup T Npy + Ng,, P 2<m; < N;+
Ng sup T Npy + N, st Nr — 4, where Ny is the total number of nodes in the Tedlar layer. Equations 8 to 18 represent
the discretization of nodal points within the photovoltaic module.

[PGCGAJ/G] p+1 _Tp ) _ ke (Tp+1 _Tp+1) + Q'G AYG +h (T Tp+1) + hrglasssky(Tsky

mg+1

24t
p+1 p+1 (8)
T ) + Ry giass,grouna (Tgrouna — Tmg ) formg =1, top surface of the glass
PGcCGAYG p+1 p \ _ kg p+1 p+1 p+1 p+1
[ AL ](T —Tn )—Ay (TmGJr1 T, )+ The-1—Tm )+QGAyG for 2 < mg < Ng, inside ©)
of the glass
[PGCGAJ/G PEsup CESupAyEsup] ( p+1  _ p ) _ kEqyp ( p+1 _ mp+l ) kg ( p+1
2At 2At MEsup MEsup AyEsup MEgp+1 MEsup Ayg \ MEsyp~1 (10)
+1
T,ﬁEsu ) + QG 26 for m; = N, interface between the glass and the upper EVA layer
[PEsupCEsupAyEsup] (Tp+1 _TP ): KEsup ( p+1 _Tp+1 ) kEgyp ( p+1 _Tp+1 )
At MEsup MEsup AyEsup MEsup™ 1 MEsup AYEsup MEsup +1 MEsup (l 1)

N; < ME ¢ < N; + NEsup — 1, inside of the upper EVA

PEsupCEsupAYEsup ppvcpvAypy (Tp+1 _TP
2At 2At mpv mpv

)= kPV ( TP+ _Tp+1)+Ak::up (Tp+1 Tp+1)+ (12)

mpy+1 mpy mpy—1 mpy
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vazﬂ for mpy, = N; + NEsup — 1, interface between the upper EVA and the photovoltaic cell

PPVCPVAyPV p+1 _ kpy p+1 p+1 kpy p+1 p+1 :
[ ] TmPV mPV) ~ Aypy TmPV 1 Tmpv) + Aypy mPV 1 TmPV) + QpvAypy  for  Ng + (13)
NEsup —1<mpy < N; + NEsup + Npy — 2, inside of the photovoltaic cell
PGCGAyc+pEinchianyEinf (Tp+1 _ mptl )_ KEins (p+1 _pl +k_c( p+1 _
24t 2At MEinf MEing) AYE, Mg, +1 MEinf Ayg \ MEinf—1
. . 14

T,fl;rllnf) + QG Lve for mpy = N; + NEsup + Npy — 2, interface between the photovoltaic cell and the (14)
lower EVA layer
[pElnchmfAYEmf ( p+1 D ) — kEinf (Tp+1 _ Tp+1 ) kEinf ( p+1 _ pptl ) for

At MEinf MEing AYEins MEjpr—1 MEinf . A.yEinf MEjprtl MEinf (15)
N; + NEsup + Npy —2< Mg < Ng + NEsup + Npy + NEW — 3, inside of the lower EVA layer
pEinfCEianyEinf prcrAr ( p+1 D )=k_T( p+1 _Tp+1 )+ kEsup (Tp+1 p+1 )+

20t 24t MEiny MEingf Ay \ MEpptl  TMEps AyEqup \ TPV 1 TMEp, 6
oA ) 1
vazﬁ for Mp, = N; + NEsup + Npy + N, ;e 3, interface between the lower EVA layer and the (16)
Tedlar layer
prerAyr p+1 _ p+1 p+1 kr p+1 p+1
e (AR K T i (Tres = Tog ) + o (T Ly = T2") for No + Ny, + Npy + Ny, = 1)
3<my<Ng+ NEsup + NPV + NEinf + Ny — 4, 1ns1de the Tedlar layer
prerly +1 +1 +1 +1 +1
[ TzTAt T] p - Tp ) =T (Tflr 1 Tp )+ hi (T Tp )+ hr tedlar— sky(Tsky Tp )+ (18)

hr_tedlar_gmund( ground Tp+1) formy = Ng + Ng,,, + Npy + NEW + N; — 4, bottom Tedlar surface

where Ay, 4 is the distance between each node according to the selected material and At indicates the time step.
2.4 Coupling of the Thermal and Electrical Models

The first step in the coupled solution of the thermal-electric model is to input the program with the climatological
data of the location, as well as the physical (electrical and thermal) and geometric properties of the photovoltaic
module. Then, the electrical model is executed for the first time to obtain the initial value of the electrical efficiency of
the photovoltaic module, denoted as 7;,;. To calculate 7;,;, an initial average temperature is assigned to the
photovoltaic cell (T, in;). Next, the steady-state thermal calculations are performed, resulting in a temperature field
based on the previously calculated efficiency value. From this field, an average value for T, is extracted, and the
values of T and T,e; ;5; are compared. The absolute difference between them is compared to a predefined tolerance
value. If this difference is greater than or equal to the tolerance, T, ;; becomes equal to T, and the program returns
to calculate n with the new temperature values. When the difference is less than the specified tolerance, the program
determines a final value for T,,;. Once a temperature field is determined for the steady-state model, the transient model
is executed, following the same logical principle, with the additional inclusion of a loop for each time step interval of At
= 30 seconds between sunrise and sunset for each simulated day. The process described above is further detailed in the
following steps:

Step 1. Input the initial program data: climatological data of the location, along with the physical (electrical and
thermal) and geometric properties of the photovoltaic module.

Step 2. Compute the initial temperature field (T¢e; in;)-

Step 3. Calculate the properties of the air using the temperature field.

Step 4. Use the initial values of T, ;,; and G; in the electrical model, generating an output 7.

Step 5. Use the values of 7, climatological data, geometric data, and air properties in the steady-state model,
generating the cell temperature T,,;.

Step 6. If |Tcel,ini - Tcel| > tol, define T,ep ;i = Teer and repeat steps 2 to 5.

Step 7. After determining the initial temperature field of the steady-state model, set the time step for the start of the
transient solution.

Step 8. Calculate the properties of the air using the initial temperature field.
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Step 9. Use values of T, ;n; and G; from the current time step in the electrical model, generating an output 7).
Step 10. Use the values of 7, climatological data, geometrical data and air properties in the transient model,
generating the cell temperature T,;.

Step 11. If | Teopini
Step 12. If |Toeyimi

where tol is the tolerance value (in this case, tol = 10e-7).

3. RESULTS AND DISCUSSION

- Tcel| > tol, define T, in; = Tee; and repeat steps 7 to 10.
- Tcell < tol, increment the time step.
Step 13. If current time step < final time step, repeat steps 7 to 12.

In this work, the modelled photovoltaic module is the ND-220E1F, from Sharp. The thermophysical and
geometrical parameters of the photovoltaic module were adapted from the datasheet of the module’s manufacturer and
from Armstrong and Hurley (2010) and are presented in Table 1.

Table 1. Photovoltaic module properties.

SPECIFIC
THERMAL
MATERIAL | THICKNESS | onpucrivity | PENSITY HEAT
(m) (W/m.K) (kg/m?) CAPACITY
(J/kg.C)
Glass 0,003 1,8 3000 500
EVA 150 x 10~° 0,35 690 2090
PV Cells 225 x 1076 148 2330 677
Tedlar 100 x 107° 0,2 1200 1250

The calculated values with the thermal-electrical model of this paper are represented in the following graphs as TE
Author, for the arithmetic mean of the temperatures of the nodes inside the photovoltaic cells, T,,;, and for the electrical
efficiency of the photovoltaic module, . The graphs were plotted as a function of the standard time of day - from
sunrise to sunset, in 30 seconds intervals for each average day. The results were compared with other five models found
in literature, three of them being fully thermal T Ross & Smokler, T Mondol, T Risser & Fuentes (Ross (1976), Mondol
et al. (2005), Risser and Fuentes (1983)) and two thermal-electrical models TE Duffie e TE King (Duffie et al. (2013)
and King ef al. (2004)).

The evolution of the photovoltaic cell temperatures and efficiency during the average day of each selected month
are represented in Figures 4 to 7. Those average days are the ones that represent the summer and winter solstices
months, June 11 (T,= 25,61 °C, V,, = 4,44 m/s) and December 10 (T,, = 27,07 °C, V,, = 4,30 m/s), as well as the
equinox months March 16 (T, = 27,45 °C, V,, = 3.69 m/s) and September 15 (T, = 25.09 °C, }, = 4,66 m/s ), in the
southern hemisphere.

The efficiency graphs of the photovoltaic module calculated by each model, shown in Figure 4b to 7b, presented
different values for each average day, however, the shape of the model curves remained constant for all simulated days.
Similarly, the photovoltaic cell temperatures also present similar behaviors for each used model, shown in Figure 4a to
7a.
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Figure 4. Comparison graphs (a) of photovoltaic cell temperature and (b) of photovoltaic module efficiency
throughout the simulated day of 16/03, between the developed thermal-electric model (TE Author) and other models.
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Figure 5. Comparison graphs (a) of photovoltaic cell temperature and (b) of photovoltaic module efficiency
throughout the simulated day of 11/06, between the developed thermal-electric model (TE Author) and other models.
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Figure 6. Comparison graphs (a) of photovoltaic cell temperature and (b) of photovoltaic module efficiency
throughout the simulated day of 15/09, between the developed thermal-electric model (TE Author) and other models.
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Figure 7. Comparison graphs (a) of photovoltaic cell temperature and (b) of photovoltaic module efficiency
throughout the simulated day of 11/12, between the developed thermal-electric model (TE Author) and other models.

Among the four selected average days for study in this work, the average day of March (16/03) was the one that
presented higher values of photovoltaic cell temperatures (T,.;) calculated by the analyzed thermal-electric models,
shown in Figure 4a; for solar noon, at the local time of 11:48 a.m. The occurrence of these higher temperatures in the
photovoltaic cell is likely caused by the combination of higher average air temperature (T, ), lower average wind speed,
and an important solar irradiation value for the simulated month. Furthermore, among the four average days, 16/03
corresponds to the day when the apparent trajectory of the Sun in the sky is closest to the latitude where the module is
located, that is, the latitude of the site (¢p = -7.14°) is relatively close to the solar declination of 16/03 (& = -2.31°). This
favors the capture of solar energy by the module but contributes to its heating.

The average day of June (11/06) was the one that presented the lowest values of T,,;, in Figure 5a, among all the
analyzed days. This occurs due to the weak tilt of the photovoltaic module, associated with the fact that on the 16th of
June, the apparent trajectory of the Sun in the sky is far from the latitude where the module is located, meaning that the
latitude of the location is very different from the solar declination on that day (§ = +23.08°).
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In the months of June and September, all models showed the highest electrical efficiencies of the photovoltaic
module. However, the efficiencies of the purely thermal models studied in this work used generic correlations for
calculating 7 instead of employing an appropriate electrical model. As a result, the efficiency becomes predominantly
dependent on the cell temperature variation, disregarding the proper changes caused by variations in G; values, leading
to an overestimation of 7 values, which can be higher than the efficiency values reported in the datasheet of the studied
photovoltaic module.

The TE Author, TE Duffie, and TE King models showed the maximum efficiency values among the four analyzed
average days on the 15th of September, shown in Figure 5b. This occurred because this day was characterized by an
important solar radiation incidence, associated with high wind speed and low air temperature. It was observed that the
cell temperatures calculated by these three models were lower than those calculated by the same models on the average
day of 15/09, shown in Figure 6a.

According to Figure 7a, for the average day of December (11/12), the purely thermal models showed high values of
T,e; for solar noon (legal time of 11h46) when compared to the corresponding values of the average days 15/09 and
11/06, as observed in Figure 6a and Figure 5a, respectively. It is observed that the T,,; values are relatively close to
those in Figure 4a. This occurs because, despite the apparent trajectory of the Sun being far from the module’s latitude
(6 = -23.12°), the solar irradiation is the highest among the analyzed months due to the proximity to the summer
solstice date.

Table 2 presents the daily averages of the arithmetic mean photovoltaic cells temperatures. (Tge;meq, in K) of each
analyzed model for each average simulated day. The penultimate column of this table presents the arithmetic mean of

each model’s Te pmeq, for the four simulated days (Tcel,meda in K). The last column presents the difference (Afcel,meds
in K) between Tcel‘med of the models TE King, TE Duffie, T Ross & Smokler, T Mondol e T Risser & Fuentes in relation
to the model TE Author. For the four average days, the models that presented the closest Tcel,med to the one developed
in this work were TE Duffie (AT comeq = 0,50 K) and TE King (AT oy meq = 2,88 K). On the other hand, the model
that presented the highest value of Tcel,med and most distant to TE Author was the model of T Ross & Smokler.

Table 2. Mean temperatures of the photovoltaic cell (T;¢; meq), of €ach analysed model, for each simulated day.

MODELS DAY | 16/03 11/06 1509  11/12 | Tcetmea | ATcetmea
K) K)

TE Author 309.93 30540 30739 30950 | 308,05 |
TE King 312,77 30826 31025 31245 | 31093 | 2.88
TE Duffie 309.99 30635 308,00 309.88 | 30855 | 0,50
TRoss& | Teoymea | 3158] 311,11 314,04 316,02 | 31424 | 6,19
Smokler

T Mondol 31401 309,64 312,17 31415 | 31250 | 444

T Risser & 31680 31129 31249 31567 | 31406 | 6,01
Fuentes

Table 3. Maximum photovoltaic module efficiency calculated by each model, for each simulated day.

=
MODELS DAY |16/03 11/06 15/09 11/12 'z%x g,;:;x
TE Author 12,61 12,74 12,78 12,67|12,70| —
TE King 13,66 13,62 13,61 13,65|13,64| 0,93
TE Duffie 12,61 12,71 12,75 12,64 12,68 | -0,02
T Ross & Smokler | 1™ma* 16,54 16,66 16,70 16,57 |16,62| 3,92
T Mondol 16,63 16,75 16,78 16,65|16,70| 4,00
T Risser & Fuentes 16,43 16,67 16,74 16,53|16,59| 3,89

The electrical efficiency curves of the photovoltaic module, n, calculated by the analyzed models, for each
simulated days (Figure 4b to 7b), present similar shapes. All of the models start the day with 7 = 0 and reach the
maximum efficiency values within the first and last hours of the day. The purely thermal models all present values of
efficiency higher than those provided by the datasheet of the photovoltaic module. The thermal-electrical models
present more reasonable values for efficiency, because of the G; parameter higher influence when determining 1. For all
models, n decreases when nearing solar noon time, which shows the combined influence of T, and G; when
determining 7. For each simulated day, Table 3 shows the maximum values calculated of 1 by each model on each
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simulated day, the average of those values (7, ,,) and the difference between those averages of each model in relation
to the efficiency values obtained by TE Author (A7, ). The models that presented the closest i, . to the one
developed in this work were TE Duffie (An,, . = —0,02 %) and TE King (A, = 0,93 % ). On the other hand, the
model that presented the highest value of 77, .- and most distant to TE Author was the model of T Mondol.

max

4. CONCLUSION

In this paper a computational model for a photovoltaic module was developed, aiming to obtain realistic data when
referring to photovoltaic cell temperature and the module’s electrical efficiency. A thermal-electrical model was
developed based on a coupled solution of a purely thermal model, based on energy balances of thermal energy on the
module (Aly et al., 2017), and a purely electrical model presented by Villalva et al. (2009). The expanded thermal-
electrical model is advantageous because it computes the thermophysical and geometrical properties of the module with
the addition of the module’s electrical properties.

The mean photovoltaic cells temperatures calculated by the author’s model were relatively close to those calculated
with the other five analyzed models (Figure 4a to 7a). That was evident when the mean cell temperatures were
compared, showing that the developed model in this paper is adequate do estimate the temperature T,,; of photovoltaic
modules.

When there is no solar radiation, the photogenerated current I, equals to 0. This implies that the electrical
efficiency of the photovoltaic module is null (Durisch, 2007). In that sense, all the models present reasonable values of
efficiency. However, the efficiencies calculated by the thermal-electrical models where always inferior to ngre =
13,4%, as expected of photovoltaic modules in real operating conditions.
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