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Abstract

Solar photovoltaic thermal (PV/T) systems have the capacity to become a key actor in
the world's energy transition. The design of such systems requires the implementation and
development of physical models, which can predict their thermal and electrical performances.
In this paper, some of the main models for designing PV/T systems are developed. In fact,
various configurations of equivalent-circuit models are presented to perform the electrical
behavior of PV/T systems. Further, a Quasi-Steady Thermal Model (QSTM) is developed to
forecast thermal performances. All reported models are validated based on the literature
results. The efficiency analysis of developed models demonstrates that the good choice of
equivalent-circuit model is substantial and varies according to the climatic changes.
Limitations of certain electrical models have also been outlined and discussed. This work

could be a guideline to researchers for the physical modelling of PV/T systems.
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1. Introduction

In the context of the global debate on climate change, the building has become a strategic
sector due to its high consumption of heat and electricity (Task 49 IEA, 2020; Task 60 IEA,
2020). About 50% of total energy consumption is used in the buildings in the European
Union (EU) (European Commission, 2020; The European parliament, 2018). Solar energy,
both thermal and photovoltaic, has considerable advantages to meet this challenge thanks to
its growing competitiveness (Kousksou et al., 2015). In particular, PV/T hybrid solar system
is promising with a double gain: the extraction of heat beneath the photovoltaic module
generates both a gain in electrical efficiency and a gain through the use of this heat for the
needs of the building (Jia et al., 2019; Lamnatou and Chemisana, 2017). PV/T systems can be
easily integrated into the building without any major modification and they can be combined

with other systems to supply heating and cooling depending on the season.

Most popular PV/T systems are designed with a cooling fluid flowing in an open loop
(usually air) (Yang and Athienitis, 2014); or a closed-loop (usually water) (Yu et al., 2019),
but there are also other PV/T collectors using a hybrid cooling system of air and water (Su et
al., 2016). Water-based PV/T systems are more efficient than air-based PV/T systems due to
their high thermo-physical properties (Chaibi et al., 2021a; Yu et al., 2019).

Over the last years, a significant number of research and development (R&D) works on
PV/T technology have been carried out and various synthesis papers on PV/T systems have
been published (Diwania et al., 2020; Kumar et al., 2015; Vaishak and Bhale, 2019). Several
authors have been interested in PV/T air collectors due to their low manufacturing costs

(Chaibi et al., 2021b; Ibrahim et al., 2011; Yazdanifard and Ameri, 2018).

The air cooling system provides a simple and economical solution for cooling the
photovoltaic panels. Air can be heated to various temperature levels and its circulation can be
either forced (via a fan) or natural. Forced circulation is required due to a better heat transfer
by convection and conduction, however, the fan power consumption decreases the net

electricity gain (Hussain et al., 2013).

A number of publications have been presented in recent years on the assessment of electrical,
thermal and energy performance (Agrawal and Tiwari, 2013; Barone et al., 2019), or on the
analysis of the profitability of these technologies by estimating the solar coverage rate (Abdul

Hamid et al., 2014). Therefore, the development of thermal and electrical models has been



essential to examine the behaviour of these systems under steady-state or dynamic conditions

(Yazdanifard and Ameri, 2018; Zondag, 2008).

Brinkworth (Brinkworth, 2002) simulated the convective and radiative phenomena occurring
in the air gap in the air-based PV/T system. The author proposes a method to take into
account the interaction between the two types of heat transfer and thus avoids the use of
iterative methods generally used to estimate the radiative heat transfer. However, this model
remains detailed and the knowledge of all its involved parameters is often lacking. Chow
(Chow, 2003) published an explicit dynamic model to investigate the performances of the

PV/T air collector.

Joshi and Tiwari (Joshi and Tiwari, 2007) presented an energy and exergetic analysis of an
unglazed, Tedlar-coated air PVT hybrid solar collector. Their results indicated that the
thermal and electrical efficiencies of the air PV/T collector are between 55-65% and 14-15%

respectively.

Tonui and Tripanagnostopoulos (Tonui and Tripanagnostopoulos, 2007) developed a
physical model of an air PV/T system using the analogy with the solar thermal collector
model and experimental results. The model allows the calculation of the thermal and
electrical efficiencies of the solar collector without requiring precise knowledge of its
composition and without involving thermodynamic modelling. However, this model cannot
be generalized. An experimental study is required to deduce the value of different

coefficients to evaluate the thermal and electrical efficiency.

Sarhaddi et al. (Sarhaddi et al., 2010a, 2010b) performed an electrical and thermal model to
evaluate the energetic and exergetic efficiency of a PV/T air collector. Some modifications
concerning heat losses coefficients have been introduced to refine the thermal model of a
PV/T air collector and a detailed single-diode equivalent-circuit model has been applied to
ensure more accurate calculations of the electrical parameters of the PV/T air collector. A
good agreement was found between the authors' numerical results and the experimental data.
Shahsavar and Ameri (Shahsavar and Ameri, 2010) presented a physical model to evaluate
the energy performance of a PV/T air collector, which is manufactured and tested under
Kerman climate, Iran. A thin aluminium foil suspended in the middle of the air channel is
inserted to improve the heat transfer surface and therefore the heat extraction from the PV

panels. The PV/T air system is also tested in natural and forced convection. The authors'



results indicated that there was good agreement between the simulation and experimental

data.

Elsafi and Gandhidasan (Elsafi and Gandhidasan, 2015) performed a physical model to
investigate the effect of the fins design on the energy performance of a double-pass PV/T air
collector. Three profiles of fins are tested and the impact of the number, thickness and the
material of fins on the performance of the PV/T collector has also been discussed and
presented by the authors. Simulation results demonstrated that pin fins are advantageous to

achieve better performance compared to the straight fin design.

Bambrook and Sproul (Bambrook and Sproul, 2016) presented a RC circuit model to predict
the energy performance of the PV/T air collectors under steady state conditions. According to
the authors, this model can be used to rapidly and easily analyze the performance of PV/T air

collectors that have a rather complex geometry.

This paper aims to present different physical models (thermal and electrical) that are
currently used to describe the energy performance of a PVT air system. These models have
been developed and experimentally validated under different conditions. These models have
been compared to each other and some limitations in terms of accuracy have been outlined

regarding the electrical models.

2. Thermal models

Fig.1 depicts the PV/T hybrid collector scheme considered in this work. It is constituted
of a monocrystalline photovoltaic module with three layers: tempered glass, PV cells covered
by two-ethylene vinyl acetate (EVA) layers and Tedlar (Sarhaddi et al., 2010a; Senthil Kumar
et al., 2016).
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Fig.1: A cross-section picture of a PV/T air module.

2.1. Quasi-Steady Thermal Model (QSTM)

To describe a thermal model of the PV/T system under quasi-stationary conditions (Joshi

and Tiwari, 2007), the following assumptions need to be made:

* By using the quasi-steady approximation, the temperature variation in each component
layer is assumed as zero in each time step.

e The internal temperature variation along the thickness of each component layer is
negligible.

* EVA has a transmissivity of approximately 100%;

e The airflow through the duct is uniform.

e The effect of temperature on the physical characteristics of each component layer is
neglected.

* Heat loss is neglected as we consider the PV module to be well insulated.

Fig.2 presents the corresponding equivalent thermal resistance circuit and the size of the

control volume for airflow.
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Fig.2: (a) Layout of thermal resistance system of a PV/T module, (b) basic length "dx" of a control
volume (Sarhaddi et al., 2010a)

According to the law of conservation of energy, the energy balance equations for each
component layer of the PV/T collector with air heating can be written as follows (Chow,

2003):

a) For glass

@gG = Praa(Ty=Tsry) + he(Ty=Tam) + ;—z (T,~T.)

1)

where, G is the solar radiation received by the glass, 4, is the thermal conductivity of the
glass, ay is the absorptivity of the glass, Tun is the ambient temperature. Swinbank (Senthil
Kumar et al., 2016) expression is used to estimate the sky temperature 7y:

Tsky = 0.0552Tgm 2)
McAdams correlation is adopted to determine the heat transfer coefficient between air and
glass (Swinbank, 1963):

he = 5.7 + 3.8V,ina

3)

The radiative heat transfer coefficient term h,.¢ is calculated by using the following

expression (Swinbank, 1963):
hraa = 0€4(TE + Téey ) (Ty+Tsky) 4)
where, o and g, are Stefan Boltzmann constant and glass emissivity respectively.

b) For solar cell and Eva

3 8¢ Ote 8¢
GBctgpy — By = [ﬁ + Z] (T.—T,) + [_A;Z + /’l_c] (Te — Teea) )

where, B is the packing factor, 74 is the glass transmittance, 4;¢q4 is the thermal conductivity
of the tedlar, 4, is the thermal conductivity of the cell, &, is the thickness of the cell, §;.q4 is
the thickness of the tedlar and a,,,, is the absorptivity of the PV cells.

The electricity produced by PV cell (P,y) can be calculated using the following expression

(Sellami et al., 2019):



va = GﬂchnO [1 - ﬂ(Tc - Tref)] (6)

where, B is the cell temperature coefficient and 1 is the reference electrical efficiency of PV

panel for a reference temperature 7.

¢) For Tedlar

-1
h(Teea = T7) = [ 43~ (T = Tee) ™

where, hf is the heat transfer coefficient between air and the tedlar.
d) For air
. an
Crmyg o = hfW(Tted - Tf) (8)

where, mf is the mass flow rate of air and W is the PV/T width.
From Egqs.(1), (5), (7) and (8), the air temperature T (x,7) can be obtained by integrating

Eq. (8) with the initial condition Tf ;, = Tf|x=0 as:
Tr(x) = %(eyzx — 1) + Ty(x = 0)e"2* 9)
2

where, Y; and Y> are functions depending on the thermophysical properties of the PV/T
system, the thickness of each layer (glass, solar cell+Eva and Tedlar), the airflow rate, the
ambient temperature 7., and the solar radiation G.

The outlet temperature of air can be determined from the above equation as:
Tr(x = L) = %(eYzL — 1) + Ty(x = 0)e'2" (10)

where, L is the length of the collector. Y; and Y> are given by the following expressions:

v, = MW( Ay o ds 4
2 hptc; | hptey dy

_ MW o ds
1= mcf hf+C1 d,

(10.2)
where:
dl = b1 + bzz—:

(10.3)



bsc a
d2=b2+b3_hf::-21+b2a_z

(10.4)

— Dby
- hf+C1

(10.5)

3

a, = agG + hradeky + tham
(10.6)

A
a; =h1‘ad+hC+i

(10.7)

A
6.9

(10.8)

a3=

b; = G,Bcrgapv — By

(10.9)

2 2
b, = G2 +2971
2=G,*3)

(10.10)
(10.11)

2.2. Transient Thermal Model (TTM)

To perform the energy balance for each layer of the PV/T module, various assumptions

have been applied:

* Unsteady model means that: % # 0, where i = glass, PV cell and air;

EVA has a transmissivity of approximately 100%;

e the airflow through the duct is uniform;

* the effect of temperature on the physical characteristics of each component layer is
neglected;

* the temperature of glass, cell, tedlar and air depends only on the longitudinal

dimension in the flow direction;

* the heat transfer by conduction along the flow direction in each layer is considered.



* heat loss is neglected as we consider the PV module to be well insulated.

The thermal energy equations for various layers of the system are as follows:
a) Energy equation for glass

2
(pc6)g L =4 6g — 2+ ayG+0ey(Tohy =T ) + he(Tam — Ty) + i(TC —-T,)
amn

where, pg is the density of the glass, ¢, is the heat capacity of the glass and A, is the thermal

conductivity of the glass.

b) Energy equation for PV cell

ted

92 TC b¢ Ste 8¢
(pC(S)C 6t =1 6{: 92 [ z + Z] (Tg - Tc) + [lt < + )l_c] (Tted - Tc) + Gﬁcfgapv - va
(12)

where, p. is the density of the solar cell, c. is the heat capacity of the cell and A, is the

thermal conductivity of the cell.

¢) Energy equation for Tedlar

-1
+hy(T = Toea) + [24 4+ 5] (T = Tee) (13)

aTtd

(pC5) ted 6 - Ated(sted

where, p;qq 1s the density of the tedlar, ¢4 is the heat capacity of the tedlar and A4 is the

thermal conductivity of the tedlar.

d) Energy equation for air

(pCA)f ot +Cfmf ox _/‘lfAf 922 +hfW(Tt€d Tf) (14)

where, pr is the density of the air, ¢y is the heat capacity of the air and Af is the thermal
conductivity of the air, 1 is the mass flow rate of air and Ay is the cross-sectional area of the

fluid and W is the PV/T width.

A fully implicit finite volume method was used to solve the energy equations system. The
first-order upwind scheme was applied to address convective terms, and diffusion terms are
discretized using the second order of the central differential scheme. Therefore, the resulting

expression of the system of energy equations is as follows:

e) Energy equation for glass



Ai,gTii;At =Ain1 gTLt-|-+1Ag +Aiq gTHAt +Cig (15)

i-1,9
Where:
5 A48
Ag=D0 Pl p yp o+ 20 (16)
.9
Y
Aprig = 22 (17)
A6
Aisrg ="y
(18)
Ciy = (pcz?)g Tt +h, T”At+h Ty + th+At+ath+At (19)

hy = 0gg(Téey = Tg") (Toky — T5)
(20)

f) Energy equation for PV cell

t+At _ t+At t+At
A T Al+1 CTl+1 c + Ai—l CTL 1,c + Ci,c

(2D
Where:
A =(”Z—‘:)C+“ % 4 By + B, — 1,8 G o8
Acbc
(22) Aiy1c =32
(23)

e8¢
Aim1e =37
(24)

(pcd)c
Ci,c = Tt + BlTHAt + BZTLt;—eAdt + Tglcht+At(apv - Tlo) - TgﬁcGHAtnOIBTref
(25)
Sg ! 5ted -1
where, B; = —+ and B, = [ ]
Ated c

g) Energy equation for Tedlar
Al tedTLtted - AL+1,tedTiT1A,£ed + Ai—l,tedTit—-'-lA,ged + Ci,ted (26)

Where:

8 Atedl
Ajgoq = LEted  Muealied 4 g, 4 27)



Atedd
Ai+1,ted = Cfed fed (28)

Ax?
AtedSre
Aiypeq = Metleed (29)
C. (pc5)red Tt B T t+At hy Tt+At
ited = ited + 2 +
(30)

h) Energy equation for air

A pTHY = Ap TR + Ay fTEEE + Cif

(31)

Where:
8 5

Ay =0 L 200 4w (32)
Afby iy

Air1y = Ax? 2Ax (33)
_ ApSp | cpmy

Ai- Lf ™ ax2 2Ax

(34)

Cp="2 CA)f T + Wh TS (35)

The system of equations (11, 17, 22 and 27) needs to be closed by considering the following

boundary conditions:

OTg(xt) AT (xt) _ 0Tteq(xt)

e 6x’ o =0atx=0and x =L (36)
an(x,t) _ _
o = 0 at x=1L
37)
Tr(x, 1) = Tam(2) at x=0
(38)

Equation 36 signifies that the extremities of the three layers of the collector are assumed to be
perfectly insulated. We supposed that the air flow reaches its steady state at the outlet of the
collector (EQq.37) and the air temperature at the inlet of the collector is equal to the ambient
temperature (Eq.38).

In this paper, Eqs. 15, 21, 26 and 31 were solved iteratively by using a Tridiagonal Matrix
Algorithm (TDMA) method (Joshi et al., 2009). The computation procedure was carried out

using Fortan 90. The specified iteration in each time interval was considered convergent



when the maximum relative residual of Ty, T¢, Tiea and Ty was less than 10, The general

procedure for the numerical simulation can be outlined in the following steps (see Fig.3):

Set the physical properties of PV/T module.

Introduce inlet air temperature, inlet air mass flow rate and solar irradiance.
Calculate all coefficients of Eqs. 15, 21, 26 and 31.

Solve Eqs. 15, 21, 26 and 31 with TDMA algorithm.

Control the test convergence and terminate the iterative process, if necessary.

Otherwise, use new values and go to 2.

A G o

Save the obtained values and stop.
2.3. Thermal and electrical efficiencies of the PV/T system

The thermal (7.,) and electrical efficiency (7,,) are calculated as (Evans, 1981;

Hosseinzadeh et al., 2018):

_ o (T=Tin) (39)

Nth GApy

Nete = nref.Bc[l —0.0045(T; — 298.15)]

(40)

where, T, is the average temperature of the PV cell and 'I_"f is the average temperature of the
fluid (Hazami et al., 2016). In this work the reference efficiency 7], is assumed to be 12%,
which is in the range of the efficiency of common PV modules (Good, 2016).

The overall energy efficiency of the PV/T module is calculated using the following
expression (Patankar, 1980):

_ Nele
ng = Ntn + Cr

(41)

The electrical energy conversion factor Cr ranges from 0.35 to 0.40 and is generally used for

PVT systems (Joshi et al., 2009).

The numerical solution procedure is explained in Fig.3.
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Fig.3: Flowchart of the numerical process

2.4. Experimental validation

Numerical results obtained by the present model are compared to the experimental results
reported by Joshi et al. (Joshi et al., 2009). The experimental apparatus of Joshi et al. (Joshi et
al., 2009) include two monocrystalline silicon PV modules integrated with an air duct. The
electrical energy generated with PV modules is stored in a battery. Two DC fans blow air into
air duct. The DC fans consume a small amount of electricity from the battery itself, which is
neglected during the simulation. The measurements have been recorded during a clear day
from 8:00 a.m to 5:00 p.m on May at Solar Energy Park, IIT Delhi (India). The experimental
data have been recorded every hour. Solar radiation intensity, ambient temperature, air
temperature at the inlet and outlet of the PV/T, and PV cell temperature are some of the
parameters that Joshi et al. (Joshi et al., 2009) have measured. The design parameters and
thermophysical properties of the PV/T air collector are presented in Table 1 (Sarhaddi et al.,
2010a). Fig. 4 indicates the experimental day's variations in solar radiation intensity, ambient
temperature and inlet air temperature. Fig.5 illustrates the variation versus time of the air
temperature at the output of the PVT module, the average PV cell temperature and the related
experimental data. Based on this figure, there is generally a good correspondence between

experimental and numerical results. The thermal and electrical efficiencies of the PV/T air



system are illustrated in Fig.6. From figure, it can be seen that there is a reasonable
agreement between experimental and calculated values of these efficiencies. The difference

between the experimental and calculated efficiencies can be explained as follows:

* Wind speed is considered constant. However, in practice this velocity is not constant and
has a direct effect on the heat loss through the system;
* The absorption and transmission coefficients were considered constant while they vary

over the day as solar incidence angle on the PV/T system surface changes.

Table 1: Design parameters of the PV/T air module (Senthil Kumar et al., 2016)

Solar PVT air module parameters Value

PV module type Siemens SP75, monocrystalline silicon
The number of cells in series, N, 36

The maximum power of PV module at STC, Ppy.uprp 5 W
The maximum voltage of PV module at STC, V,,upp 17V

The maximum current of PV module at STC, I,ympp 44 A
The short-circuit current of PV module at STC, I, 4.8 A
The open-circuit voltage of PV module at STC,V,, 217V
The temperature coefficient of I, K; 2.06 mA/°C
The length of PV module, L 1.2m
The width of PV module, W 0.527 m
The area of PV module, S, 0.632 m?
The electrical efficiency at the reference conditions, Neie ref 0.12

The density of glass cover, pg 2450 kg.m™
The specific heat capacity of glass cover, ¢, 500 J.kg' K!
The thickness of glass cover, §, 0.003 m
The conductivity of glass cover, A, 1 Wl K!
The transmissivity of glass cover, 7, 0.95

The conductivity of solar cell, A, 130 W.m'.K"!
The specific heat capacity of solar cell, ¢, 677 J kg K!
The density of solar cell, p, 2330 kg.m?
The absorptivity of solar cell, a, 0.85

The thickness of solar cell, §, 0.0003 m
The conductivity of solar cell, A, 0.036 W. m!.K"!
The thickness of tedlar, 6;,4 0.0005 m
The conductivity of tedlar, As.q 0.033 W. m.K"!
The specific heat capacity of tedlar, c;.4 1250 J.kg! K!
The density of tedlar, p;qq 1200 kg.m™
The duct depth, §,;, 0.05 m
The conversion factor Ct 0.36

The packing factor f5, 0.83
Inlet air velocity, V; 0.1 m.s™
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It is interesting to note that for the quasi-stationary model (QSTM), the heat transfer by
conduction according to the direction of airflow has been neglected within each layer of the
system. To study the importance of this phenomenon on the performance of PV/T, we
compared the evolution of the temperature provided by the two models (QSTM and TTM) at

each layer level as a function of x (see Fig.7).
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Fig.7: Outlet air temperature for different lengths of the collector.



An examination of the simulated curves under the same conditions shows a very small
influence of this heat transfer phenomenon by conduction on the evolution of temperatures at
the level of each layer. The absence of heat diffusion by conduction following the direction
of flow in each layer of the system has no significant impact on the performance of the
system. We can also note that the heat transfer between the cells and the air is highest at the
inlet of the PV/T air collector at which there is the highest temperature difference between
the fluid and the PV cells. Towards the output of the long PV/T air collector, the transfer rate
decreases to reach a minimum value at the output of the module. This implies that stagnation
conditions take place at this stage and that both fluid and PV cells achieve their maximum

temperature.

3. Electrical models

To evaluate the electrical performances of the PV cell/module/array, various works have
been conducted with the aim of developing physical models that imitate the electrical
behavior of the PV cell. From an experimental point of view, a PV device is considered as a
PN junction excited with light. Namely, the photovoltaic phenomenon converts coming light
from the sun into electricity, which could be exploited in diverse domestic and industrial
applications. According to the fluctuation of solar irradiance and temperature, the PV cell
performance varies (Y. Chaibi et al., 2019b). Hence, the evaluation of these later required the

use of equivalent-circuit models.

PV cell equivalent-

circuit models

One-diode ‘ Other models
— - Ideal model Multi-diode

— - Ry, model

- Three diode model

- Detailed model

Fig. 8: Different equivalent-circuit models.

Historically, the evolution of theses equivalent-circuit configurations has developed from
ideal to accurate models. Each model is characterized by its complexity of modeling, and the
accuracy of imitating the real current-voltage (I-V) characteristics of the PV cell. In Fig.8, the
most discussed models in the literature are presented, based on the number of used diodes,

the classification is provided for each model. The one-diode model represents the basic



configuration and has been improved by adding resistances to the ideal representation. The
double and the three diode models represent extensions of the single-diode configuration by

adding other diodes in parallel.

3.1. One-diode model
a) Ideal model (3PM)

To perform the ideal behavior of the PV cell, the configuration in Fig.9 displays the ideal
equivalent-circuit model. This latter is represented by a source of current in parallel with a
diode to design the PN junction operating without taking into consideration PV cell losses.
From an experimental point of view, this model does not reflect the real electrical behavior of

the PV cell, and this is via the provided current-voltage (I-V) characteristics.

I

—

Ip|
L, p \ 2

Fig. 9: Ideal model of the PV cell.

The output current / of this configuration is expressed by the following equation (Shockley,

1949):

1=t 1 et 1

(42)

where, 5o, I; are respectively the photo-generated and the saturation current, V' is the output
voltage. K and g represent the Boltzmann constant and the electron charge, respectively. y is

the ideality factor and N, is the number of cells connected in series.

The main advantage of the ideal model is the simplicity of the current equation ( See
Eq.(42)), and this is because of the limited number of required parameters for PV cell
modeling (Three parameters) (Mahmoud and El-Saadany, 2015). Historically, Rauschenbach
initiated the ideal model and reclaimed that this configuration could only explain the basic
theory of the PN junction (Rauschenbach, 1980). In the same context, Silvestre et al.

proposed a modeling and simulation procedure of this model under PSpice environment. The



main objective of this proposition is to develop a sub-circuit of the ideal PV cell in order to
perform graphically its corresponding I-V characteristics for different ranges of solar
irradiance and temperature (Silvestre and Castan, 2013). Most of the discussed studies claim
that the ideal model is not appropriate to imitate the real electrical behavior of the PV device
(Rauschenbach, 1980; Sarkar, 2016). However, Some authors adopted improved versions to
correct partially what was claimed. In (Mahmoud et al., 2012), Mahmoud et al. proposed
improvements on the mathematical equations in order to avoid iterative calculation and
simplify the design of the PV cell (Mahmoud et al., 2012). Also, a correction of the PV

model behavior under low-irradiance is performed (Mahmoud and El-Saadany, 2015).
b) Rs model (4PM)

Based on reported works about PV cell modeling, the ideal model represents just a basic
demonstration of the PV device theory and cannot be taken into account to analyze real PV
cell performances. Thus, the modeling of losses and metal contacts at the level of the PN
junction is expressed by adding resistance in series to the ideal model (Chenni et al., 2007,

Walker, 2001). Namely, the simplified equivalent-circuit model (Rs model).

VNN —
Ip)

Isol v v

Fig. 10: Simplified equivalent circuit model of the PV cell.

The electrical representation of the R; model is shown in Fig.10. The generated current by

this configuration is expressed by Eq.(43) as follows:

I'=1Is — I {exp [KV‘;NC v +1R) - 1|} 43)

In the literature, the R, model has been deployed by various authors (Chin et al., 2015;
Khezzar et al., 2014; Walker, 2001). The first apparition reported by Rauschenbach et al.
demonstrated theoretically the effect of the series resistance on the ideal theory of PV cell
(Rauschenbach, 1980). Then, Walker et al. adopted this model due to the moderate
complexity and the accurate results especially on the shape of the I-V curves (Walker, 2001).

Chenni et al. reported that the simplified model exhibits more accurate I-V curves than a



model which neglects Ry, and insisted on the exact extraction of the Ry value due to its
influence on the open-circuit voltage V,. (Chenni et al., 2007). Most of the discussed works
in the literature compared the Ry model I-V curves with manufacturer datasheets (Bellini et
al., 2009; Celik and Acikgoz, 2007; Khezzar et al., 2014). As well in (Khezzar et al., 2014),
authors compared improved modeling of the Ry, model with other configurations such as
detailed single-diode and double-diode models. The assessed results demonstrate that the
proposed model provides accurate I-V characteristics for different module technologies

(Khezzar et al., 2014).
¢) Rsh model (5PM)

As the most adopted configuration in imitating the electrical behavior of the PV cell, the
Rsh model provides an improvement of the Ry configuration by adding a parallel resistance
called the shunt resistance (Rs;). This latter takes into consideration the current leaks that
occur all over the PV a cell (Chaibi et al., 2018).

Fig.11 exhibits the scheme of the one-diode equivalent-circuit mode, the output current can

be written as (Y. Chaibi et al., 2019c¢; De Soto et al., 2006; Villalva et al., 2009):

I=1I,,—1I, {exp [Ky‘;NC (V +IR,) — 1]} - ";:':'
(44)
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V\NNN—
IRshl

I, ! Ry, \%

Fig. 11: Detailed single-diode model (Rs, model).

In the literature, this configuration has been adopted widely in different areas, its main
advantage is the good balance between modeling complexity and accuracy (Chaibi et al.,
2020). Accordingly, the authors proposed various techniques in order to evaluate the
electrical performances of the R, model. Daniel et al. adopted the first analytical solution in
order to analyze the one-diode model response under dark and illuminated conditions. The
obtained

I-V curves were satisfactory with an estimated error of 10% (Chan and Phang, 1987, 1984).

In the same context, Chegaar et al. proposed a comparative study of different analytical



methods to choose which technique is more accurate under illuminated conditions (Chegaar
et al., 2004, 2003). In the last decades, many works have been conducted with the aim of
improving the accuracy of the Ry model. In (De Soto et al., 2006), De Soto et al. adopted a
semi-empirical equation taking into account solar irradiance and temperature to provide
accurate [-V characteristics. The obtained results are compared to a developed model by
Sandia laboratory (Fanney et al., 2002); and experimental data for different module
technologies (King et al., 2004, 1997). By improving the mathematical analysis of the Ry
model, Lo Brano et al. proposed an improved modeling procedure of the one-diode model by
introducing a thermal factor to correct the I-V shape for temperature variations (Lo Brano et
al., 2010). Villalva et al. proposed a novel iterative process to find the optimal modeling
parameters (Villalva et al., 2009). Because the iterative process increases the computation
time, many works adopted only provided data by the manufacturer to model the PV cell
(Chaibi et al., 2018; Peng et al., 2014; Siddiqui and Abido, 2013). Recently, metaheuristics
and machine learning-based techniques have been employed to model the PV device (Chin et
al., 2015; Maria and Yassine, 2020; Pillai and Rajasekar, 2018). Most of the reported
techniques in the literature proved high accuracy with low errors (Maria and Yassine, 2020;

Pillai and Rajasekar, 2018).

3.2. Two-diode model (7PM)

According to the weather conditions, solar irradiance and temperature fluctuations affect
the PV cell performances (Y. Chaibi et al., 2019a; Ishaque et al., 2011a). Hence, the PV
device model has been improved to cover limitations at every climate fluctuation range.
Many works reported that the Ry, model proved high accuracy especially at a high level of
climate variation. However, its performances decrease at the low-fluctuations of irradiance
and temperature (Ishaque et al., 2011a). To overcome this issue, the two-diode model (see
Fig.12) is proposed, this configuration consists of two diodes in parallel which implies the

use of double Shockley equations (Shockley, 1949).
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Fig. 12: Double-diode model of the PV cell.

The output current of the double-diode model is expressed by the following equation

(Ishaque et al., 2011a; Kumar et al., 2019):

V+RgI
Rsn

=11y {exp [Kqunvc (V +IR,) — 1]} — I, {exp [anm (V +IR,) — 1]}

(45)

Eq.(45) is characterized by the complexity of modeling because of the remarkable number of
unknown parameters (seven parameters), which involves the use of approximations or
numerical techniques. In the literature, researchers proposed many methods with the aim of
describing the electrical properties of the PV cell. Stutenbaecumer et al. discussed the effect of
the shunt and the series resistances on the I-V shape under dark conditions, the founded
results demonstrate that the performances of the double-diode model are accurate for
crystalline and amorphous technologies (Stutenbaecumer and Mesfin, 1999). Also, Daniel et
al. developed a method based only on the provided electrical points by the manufacturer. In
the last decades, numerical methods based on artificial intelligence have been investigated to
resolve the problem of modeling complexity (Jordehi, 2016; Pillai and Rajasekar, 2018).
Accordingly in (Sandrolini et al., 2010), Sandrolini et al. used particle swarm optimization
(PSO) to obtain the physical parameters of the PV cell. Furthermore, Gao et al. adopted a
novel LambertW based method to discuss fitness compared to other techniques (Gao et al.,
2016). Most of the numerical methods produce an increase in computational time because of
the important number of iterations. To reduce this latter, Ishaque et al. proposed an efficient

technique with high accuracy and fast response (Ishaque et al., 2011a, 2011b).
3.3. Multi-diode model

Recently, with the evolution of numerical methods, the solution of any equation becomes
easiest as it was in the past. This latter encourages the adjustment of previous configurations
of the PV cell to multi-diode models (Pandey and Sandhu, 2015; Soon et al., 2014).
Accordingly, the three-diodes model adopts the same configuration in Fig.12 with three
diodes. Also, the output current of this model can be expressed by the following equation:

V+RgI
Rgp

I=TIop—Isy{exp [Kqunvc WV +1IR) — 1|} ..~ Isn {exp [Ky:mc v +IR,) - 1|} -

where, n represents the number of the used Shockley diodes which is 3.
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Fig. 13: Multi diodes model of the PV cell.

This configuration in Fig.13 has been employed by a limited number of authors because of its
modeling complexity. Accordingly, metaheuristics methods have been used to resolve this
problem (Allam et al., 2016; Qais et al., 2019). Thus, In (Khanna et al., 2015), Vandana et al.
proposed modeling of the three-diodes model which can provide better I-V accuracy than
single and double diode models (Khanna et al., 2015). Also, Allam et al. adopted a moth-
flame optimization algorithm to model the three-diodes configuration, the obtained results

shown high performances compared to literature (Allam et al., 2016).

3.4. Other models

Above all reported equivalent-circuit models, other configurations have been proposed.
Kurobe et al. proposed a novel model with two diodes instead of one including diffusion and
recombination’s current of the PV cell (Kurobe and Matsunami, 2005). As well, Mazahri et
al. and de castro et al. initiated an improved configuration to model organic cells (De Castro
et al., 2016; Mazhari, 2006). But, most of these models are avoided due to their limited

performances.

3.5. Experimental validation

In this section, a parametric study is performed to exhibit the electrical performances of
different equivalent-circuit models. Indeed, Siemens SP75 PV panel is adopted to proceed
with detailed modeling using some of the most used configurations discussed in the previous
section. Thus, the modeling task is carried out to extract the unknown parameters of each
model using developed and accurate techniques from the literature (see Table 2). Namely,
Chaibi et al. algorithms are adopted to model the 3PM and 5PM (Chaibi et al., 2020; Y.
Chaibi et al., 2019a), Khezzar et al. for the 4PM (Khezzar et al., 2014), Villalva et al. for the
SPM (Villalva et al., 2009); and Ishaque et al. for the 7PM (Ishaque et al., 2011a).

Table 2: Adopted modeling techniques for each equivalent-circuit model.



Equivalent-circuit model Modeling technique
Ideal model (3PM) Chaibi et al. (Y. Chaibi et al., 2019a)
R model (4PM) Khezzar et al. (Khezzar et al., 2014)
Chaibi et al. (Chaibi et al., 2018),
Villalva et al. (Villalva et al., 2009)
Double-diode model (7PM) Ishaque et al. (Ishaque et al., 2011a)

Ry model (5PM)

a) Chaibi et al. (Chaibi et al., 2020; Y. Chaibi et al., 2019a):

This method involves using the information provided by the manufacturer to determine
the unknown parameters of each model. In fact, the adopted process to extract the Rsn model
parameters is based on iterating the shunt resistance and compute other parameters using a set
of manufacturer based-equations (Chaibi et al., 2020). Further, to find the unknown
parameters of the ideal model, a modification is done on the Chaibi et al. method (Chaibi et
al., 2018). Accordingly, the ideal model requires only three parameters to compute the
corresponding I-V characteristics. These parameters are I, y and I;. For this reason, we have

assumed that shunt resistance is infinite and the series one is zero (Chaibi et al., 2018).
b) Khezzar et al. (Khezzar et al., 2014):

The Khezzar et al. techniques adopted corrections on the Rs model equations to enhance
the 4PM performances. Indeed, a modification on both equations of open-circuit voltage and
maximum power point voltage is elaborated in order to take into consideration the solar

irradiance and temperature fluctuations (Khezzar et al., 2014).
¢) Villalva et al. (Villalva et al., 2009):

Villalva’s et al. technique represents one of the most used methods to design the Rgn
model in the literature. Villalva’s algorithm includes an iterative process of the diode ideality
factor and a numerical calculation of other parameters by using mathematical expressions.
The convergence condition of this iterative process is to match the computed power at MPP
with the experimental one taken from the manufacturer datasheet at Standard test conditions

(STC) (G=1000W/m?, T. = 25°C, AM = 1.5) (Villalva et al., 2009).
d) Ishaque et al. (Ishaque et al., 2011a)

By reason of its modeling complexity, the double-diode model is known by an important
number of unknowns, which are seven parameters to find. Thus, Ishaque et al technique

represented a solution to compute these parameters (Ishaque et al., 2011a). In fact, some



approximations are adopted to reduce the number of unknowns. Accordingly, the authors
assumed that both saturation currents are equal. In addition, the diode ideality factors are
replaced by constants. Then, other parameters are computed by iterating both series and shunt
resistances until achieving a good agreement between experimental and calculated power
(Ishaque et al., 2011a).

By applying the reported techniques in Table 2 on the Siemens SP75 PV module. The
founded parameters are summarized in Table 3, and then used to plot corresponding I-V

characteristics for each model.

Table 3: Extracted parameters at STC of the SP75 PV module using literature based techniques.

Extracted parameters
Modeling method
Lol [A] Y Is[A] Rs[Q] R [Q]
Chaibi et al. (Y.
Chaibi et al., 2019a) 48 24188 2.94+10° ' )
Khezzar et al.
(Khezzar et al., 4.8 1.5619 1.43%10°° 0.25 -
2014)
Chaibi et al.
(Chaibi et al., 2018) 4.8 1.5352 1.10%10°° 0.26 2670
Villalva et al.
(Villalva et al., 4.8 1.3 6.95%108 0.33 236
2009)
Ishaque et al. -1
(Ishaque et al., 4.8 V1= Isi= Iso= 3.09%1071° 0.45 129
2011a) v2=12

Fig.14 provides generated 1-V curves at STC using each model separately. These I[-V
characteristics are plotted together with the experimental curve to demonstrate the fitting
level of each model comparing to the experimental reference. It is worth mentioning that the
experimental data are extracted carefully using the reported methodology by Chaibi et al.
(Yassine Chaibi et al., 2019). To assess this difference between the discussed models and the
experimental curve, three zones are mentioned and zoomed at the level of the I-V curves (see
Fig.14). From zone 1, it is clear that both SPM and 4PM agree well with the experimental
curve. However, other models such as 7PM and 3PM are far away from the experimental
data. In zone 2, the 5PM and 4PM maintain the good agreement by fitting accurately the
experimental data. From zone 3, it is remarked that all models are very close to the

experimental data with the superiority of the SPM.



I-V Characteristics

Zone 1
sk Zone ,
45F
4+
_35F
<
g 3
é 250 %
2
o
2 »
3PM
L5 4PM
||~ SPM(Villalva et al.)
—— 5PM (Chaibi et al.)
0.5 —7PM
0 + Experiment T S T R ‘
0 5 10 15 20 25

Voltage (V)

Fig. 14: Experimental and generated [-V characteristics at STC using different methods from the

literature.

From Fig.14, Some conclusions related to the use of equivalent-circuit configurations in PV

modeling are presented as follows:

The 3PM represents only an ideal shape of the I-V characteristic and cannot be adopted to
perform the real behavior of the PV cell.

The 4PM exhibits high performances which are very close to those provided by the 5PM,
and this explains why most of the authors neglect the shunt resistance.

The 5PM is the most suitable to forecast the electrical performances of PV modules.
Besides, it is observed that the modeling technique could affect the performance of this
model, and this is clear by the remarked disagreement between corresponding I-V curves
to Chaibi et al. and Villalva et al. method.

The 7PM requires complex modeling techniques, and its performances are modest.
Consequently, the good compromise between complexity and accuracy supports the

option of using the SPM instead of the 7PM.

To assess the electrical behavior of each reported equivalent-circuit in Table 2, the PV

module efficiency of the SP75 PV panel is computed for a large variation of cell temperature

and solar irradiance. Then, the results are plotted in Fig.15 for each equivalent-circuit model.

Form this figure, it is clear that for low-irradiances (300 W/m?<), SPM and 4PM provide

good results compared to other models. Further, Chaibi et al. technique outweighs the

Villalva et al. method, which explains the influence of modeling technique on PV

performances. Besides, for irradiances above 300 W/m?, the double-diode model presents

accurate results, which explains the good response of the 7PM for high fluctuations of

irradiance.
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Fig. 15: Electrical efficiencies of reported equivalent-circuit models for a large variation of
irradiance.

4. Some limitations of the electrical models

A hybrid solar panel uses the heat released by the photovoltaic cells to heat a heat transfer
fluid (liquid or air), which improves the efficiency of the PV cells while recovering useful
solar heat (Tina et al., 2010; Zondag, 2008). Several electrical models have been developed
to analyze only the electrical performance of the PV panels. Most of these models adopted
the single-diode approach to perform the I-V characteristics (Bechouat et al., 2019; Catelani
et al., 2016; Schon, 2017; Slimani et al., 2017; Tina et al., 2010). However, in some
applications, the double-diode model is preferred due to its good performance (Babu and
Ponnambalam, 2018; Pillai and Rajasekar, 2018; Waliullah et al., 2015). In this section, some
limitations of the electrical models to imitate an accurate electrical behavior of PV/T systems
are reported according to different works from the literature. For this, Giuseppe et al.
proposed a numerical study to investigate the effect of the temperature gradient on the PV
module/array and to analyze the influence of temperature on the I-V curves for different
schemes of cell connection (Tina et al.,, 2010). In the same context, Lambarski et al.
(Lambarski, 1984) reported that the influence of temperature gradient difference on cells
connected in series is negligible. However, in parallel connection, the efficiency of the PV
cell is significantly affected (until 17% of losses). The reason for these losses is that the
temperature of the PV/T module is not uniform, which causes a problem in tracking the
global MPP (Zondag, 2008). Bechouat et al. (Bechouat et al., 2019) reported that the increase
of temperature at the junction levels PV cells affects negatively the electrical characteristics

of PV modules and limits their electrical performances. As a solution, the authors proposed a



numerical PV/T model based on both 2D lookup table together with the single-diode
equivalent-circuit model to simulate the effect of temperature on the overall performances of
the system. This approach provided accurate results compared to the experiments (Bechouat
et al., 2019). Further, Catelani et al. (Catelani et al., 2016) adopted the single and double-
diode circuits to describe the electrical performances of a PV/T concentrator. This model
takes into consideration the effect of the concentration factor and the environmental
conditions. Slimani et al. (Slimani et al., 2017) proposed a thermo-electrical model based on
the single-diode circuit to evaluate the performances of various PV/T collectors and provide
the temperature evolution at each level of the PV module.

As indicated in previous works, the effect of temperature on the performance of the system is
not yet simulated correctly with existing electrical models. It is necessary to develop other
approaches (combining thermal and electrical aspects) to consider the effect of temperature
on the overall performance of the system, taking into account geometrical and climatic

aspects.
5. Conclusion

In this paper, two thermal models (QSTM and TTM) and various electrical models have
been developed to study the energy performance of the PV/T system. The main obtained

results from the present investigation can be summarized as the following:

Both physical models (QSTM and TTM) produce similar results.

The computing time can be reduced by using QST model.

* The single-diode and the double-diode models are the most suitable to design the PV/T
electrical performances.

» Temperature has a significant effect on the electrical performance of the system.

Electrical models need to be refined and improved to account this effect in the design

of these technologies.
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