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Abstract: (PV)-cells/modules demonstrated low performance in hot-humid climates because elevated ambient temperature
conditions significantly influence their performance. We investigated analytically the behaviour of BPS150-36 polycrystalline
silicon (PV)-modules electrical parameters with ambient temperature under standard irradiation conditions (STC), using
Servant model. Matlab and r.getdata have been used for the numerical simulations. Results obtained show that (Jp,) increases
exponentially from 7.67% to 65.87% with temperature. (Rs) increases linearly by 7.6% and 9.18% while (V) decreases from
19.4 % to 17.6% and (Rg,) decreases approximately by 12.6% and 4.8%. The obtained power output (P) losses had been
82.31 % and 31.56%, and the overall linear losses in efficiency () had been approximately 27.84% and 5.02 %, while (J)
increases exponentially from 3.87% to 15.75%. The increase in (Jp,) with temperature can be attributed to the increased in
light absorption owing to a decrease in the bandgap of silicon. The decrease in () with temperature is mainly controlled by the
decrease in (V) and fill factor (FF) with T. Power output loss is strongly attributed to the decrease of the fill factor (FF) due
to an increase in series resistance (Rg) and therefore caused by the (Js¢) degradation.

Keywords: Low Performance, Behaviour, Standard Irradiation Condition, Servant Model, Increase, Decrease, Degradation

weather, the solar spectrum, the spectral response of each
technology, and the module/cell design [10-13]. (PV)-
cells/modules performance is characterized by a number of
electrical parameters: short circuit current density (Js¢), open
circuit voltage (Vy(), fill factor (FF), and efficiency (n) [14].
The overall performance of a PV cell is represented by (1),

1. Introduction

Several studies have been presented in the literature
summarizing, the different modes of failures that are
commonly observed for (PV)-modules in various regions

(desert, arid, and tropical zones) [1-3]. Many early degradation -
mechanisms  (light-induced  degradation of solar cells, which depends on the other three performance parameters:

discoloration, and delamination of encapsulant materials) have ~ Usc) (FF) and (Voc) [15]. The value of (Jc ) increases with

been studied [4-6]. The long-time degradation and defects P;,, , but does not significantly affect (1) because this increase
is linear (Jsc is linearly dependent on (P, )). By increasing the

solar radiation, (V) increases logarithmically whereas the
(Jsc ) elevates linearly, as an upshot the resulting power
increase [14-16]. As the cell temperature increases the
efficiency drops by lowering the (V) and a slight decrease of
(Jsc)- The effects of various parameters on the solar cell
functioning have been summarized in Table 1 [16-20].

generated in field aged PV modules (solar cell corrosion and
solder ribbon, crack in solder joint and cell breakage) have
been considered to be common causes of the (PV)-modules
failures [7-9]. Therefore, (PV)-cells/modules performances
and ageing strongly depend on the climate and the
environment of the installation site. Indeed, the performances
of (PV)-cells/modules under real conditions depend on the
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Table 1. Summary of various influential parameters on PV cells/modules
performance.

Parameters dependency Influential factor

Cell photocurrent (J,,) Depend on Irradiance and wavelength
(Voc) I&gsj;g::::lgsuy Ilumination

Jsc) Dependent on [llumination

Fill factor (FF) Increases by Series resistance decrease
Fill factor (FF) Increases by Shunt resistance increase
(Voc) Decreases by Temperature rise

(Jsc) Nearly constant by Temperature rise

Fill factor (FF) Decreases by Temperature rise

The correlation of the visual defects and the shifts in the
electrical parameters has been analyzed [21], and the
different failure mode, failure causes and failure
mechanisms of (PV)-module for different climatic
conditions have been investigated [22]. The average peak
power decay/year in composite climate has been found to
be 14.6% in a-Si array modules, 1.7% in poly-C-Si array
modules and 1.5% in the HIT (hetero-junction intrinsic thin
layer) array modules respectively, which corresponds to
loss in either short circuit current (Isc) or fill factor (FF) or
both [23]. After thirty (30) years of experimentation, it has

been reported that the average peak power degradation of
crystalline silicon PV modules have been found to be
13.86% of initial value for the modules installed in Libya
[24, 25]. Moreover, the degradation of 731 SMS55
monocrystalline silicon photovoltaic modules has been
analyzed. After eighteen (18) Years of operation in hot-
humid climatic conditions, the median maximum power
(Pm), open-circuit voltage (V,.), short-circuit current (I)
and fill factor (FF) decreased by 24.38%, 2.02%, 7.37%,
and 15.74%, respectively, as compared with the nameplate
values. More detailed set of data regarding the degradation
of electrical parameters is given in Table 2 [26]. It appears
that the annual degradation of the power output of the
modules varies between 0.94% per year and 2.51% per
year, with a median value of 1.54% per year [25, 26]. These
values of degradation are significantly higher than what is
usually assumed for mono-crystalline silicon PV modules.
The reduction of power output is mainly attributed to the
decrease of the fill factor (FF). The degradation of the fill
factor (FF) has been found to be due to an increase in series
resistance (Rg) of the modules caused by solder bond failure
and the corrosion of the Ag electrodes [26].

Table 2. Values of the Minimum, Maximum, Average, Median, and Standard deviation degradation of the power output, open-circuit voltage, short-circuit

current, and fill factor of the PV modules after eighteen (18) years exposure [26].

Parameters Minimum Average Median Maximum Standard
Degradation Degradation Degradation Degradation Deviation
Power Output (Py) 15,61% 24,62% 24,38% 36,76% 3,89%
Open-circuit voltage (Vo) 0,70% 2,40% 2,02% 3.35% 0,46%
Short-circuit current (1) 1,79% 7,72% 7,37% 15,78% 1,85%
Fill factor (FF) 5,45% 16,25% 15,74% 32,84% 4,41%

In another similar study [27], the performance of 40
crystalline silicon (mono and multi) PV modules after 20-22
years field exposure has been analyzed. They revealed that
modules encapsulated with EVA and a Tedlar aluminum back
sheet exhibited 14.8% mean power degradation while module
with encapsulated silicon sealant showed average power
degradation of 6.4%. Likewise, [28] obtained 0.5%/year
power degradation in c¢-Si (PV)-modules after ten (10) years
outdoor exposure. They concluded that this rate obtained was
due to the delamination between cell and EVA, and
metallization of solder bond.

Recently, the performance degradation of mono-C-Si in
Indian climate after twelve (12) years of outdoor exposure
for the modules manufactured by eleven (11) different Indian
manufactures has been investigated [29]. The rate of output
power degradation has been evaluated between 5-16.5% for
the modules whose module qualified under IEC 61215
standards after ten (10) years. But, seventeen (17) and 33%
output power degradation has been obtained for the modules
that are not qualified under IEC 61215 standards after ten
(10) years out-door exposure [29]. Likewise, the 11.5% peak
power degradation obtained by [30] were totally due to the
short circuit current (Igc). After twenty-eight (28) years
outdoor exposure of the mono-C-Si PV modules, [31]
reported that 1.4%/year average power degradation for PV
generator. It was due to encapsulate discoloration,

delamination and oxidation of front grid finger, anti-
reflecting coating and bubbles in back-sheet. [32] showed
that after few years operation of c-Si PV module in tropical
climate Dakar, Senegal, the highest loss in the maximum
power output has been evaluated of 0.22%/year to
2.96%/year. But, the open-circuit voltage has not been
degraded. Oxidation of the anti-reflective coating, cell
metallization grid, glass weathering and delamination at the
cell-EVA interface have been found to be most frequently
occurring defects [4-9, 31, 32].

According to [25], the effects of degradation over period
of twenty-two (22) years on the parameters Isc, Voc, FF and
Power indicated that Isc degraded from 0.4% to 3.7% with an
average value 1.8%/year. The average value of Voc
degradation rate is 1.4%/year and FF ranges from 0.7% to
2.6% with an average value of 1%/year. The power
degradation rate ranges from 0.3% to 4.1% with an average
value of 1.9%/year. The degradation in power output is
mainly due to the degradation in the Igc [25, 26, 32].

Through these different investigations aforementioned,
there is not yet a complete understanding of what
qualification test or test sequence is required to guarantee that
a particular PV module would survive twenty-five (25) years
in a particular climate. As you know, the degradation rate or
the lifetime of (PV)-modules and systems are greatly
influenced by the climatic conditions [33], but the exact
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understanding of the influence of temperature, thermal
cycling, UV exposure, relative humidity, or a combination of
these is far from being established [34].

This theoretical approach adds more data to the (PV)-
module degradation study in tropical climate. Our aim is to
analyze how the electrical parameters are degraded during
the cells/modules operating conditions in order to proceed to
a statistical investigation of these parameters degraded under
standard irradiation conditions (STC) (G=1000W/m?) in the
298-348K temperature range, using the Servant model [35].
As you know that, one of the main factors influencing the
(PV)-cells/modules temperature is ambient temperature, but
there is a linear relationship between (PV)-module
temperature and ambient temperature. However, the module
temperature strongly depends on many parameters such as
solar radiation, ambient temperature, wind speed, air
humidity, speed and direction of the wind, PV module
orientation, dust and sand deposition on PV module, PV
module materials used, and other meteorological parameters
[35, 36]. Consequently, the ambient temperature is one of the
most important factors that affect the global (PV)-
cells/modules performance.

The rest of this paper is structured as follows. Theory and
modeling have been presented and established in Section 2.
Next, the results are analyzed and discussed in section 3.
Finally, the conclusions and outlooks end the paper in
section 4.

2. Materials and Methods

2.1. Electrical Operating Conditions

Temperature is a very important parameter in functioning
of PV cells because cells electrical properties are sensitive to
temperature [37]. But heat stress causes cracking and burning
of cells, and reduces the current produced by the module.
Most of the electrical parameters of PV modules depend on
the temperature and the solar irradiation. Once all these
parameters are determined within reference conditions, their
new values can be determined in any real operating
conditions [38-44], using the following models represented
by the Equations (1)-(14) below.

2.1.1. Photocurrent Density (] o)

In most of the studies, the photocurrent density (J,5) is
approximated by the short circuit current density [40, 45, 46].
This assumption is generally accepted for the modeling of
(PV)-module or cell because in real devices the series
resistance is low while the parallel resistance is high. This
parameter is often considered as a good starting point in
several defined iterative algorithms [41].

G

]Ph(G’T) =]phref[1 + a]SC(Tm _Tref)] (1)

Gref

where Tpcr: Solar cell temperature in reference condition,
Gres : Solar irradiation in reference condition, G: Solar
irradiation, T, : Module temperature, a;,.: Temperature

coefficient of the short-circuit current density, Jpp_, ;- Short-
circuit current density in reference conditions.

2.1.2. Saturation Current Density (Js)

The rates of the saturation current density change with the
cell temperature according to Equations (2) and (3) for one-
diode [40] and two-diode model [41, 47] respectively.
Authors report that the equations are suitable for all
technology of silicon solar cells [40, 41, 47].

3 E,
Tm 1 (“9re Eg(Tm)
Js = sy % () X e (F <—f‘—m>> @

with 222 = 1 — 0.0002677 (T,, — Teep)

Iref
and

3
_ T \™ EgMy (1 _ 1
]Si _]Sref X (T‘r'ef) X exp (( ni.K ) (Tref Tm)) (3)

2
with i = 1,2 and Ey(T) = 1.17 — 0.000673 x — 12—

T + 636
where: Jg . Js the saturation current density in reference and

real conditions respectively, K: Boltzmann constant (J.K 1)
and E,4 (T): Bandgap energy [40].

2.1.3. Series (Rg) and Shunt (Rgp,) Resistance

The series resistance (Rg) of a PV module arises from
resistances in cell solder bonds, cell metallization, cell-
interconnect bus-bars and resistances in junction-box
terminations [47, 48]. This resistance exhibits a variation
given by the temperature coefficient for the ambient
temperature, approximately expresses how the specific value
varies according to a rise in temperature value.

Rj = R‘ref [1+a (] - T‘ref)] )

where R;: Résistance at a given temperature (£2): R,..¢: Series
resistance in the reference conditions, a: Temperature
coefficient (1/k) and j: given temperature (°C). The series
resistance increases proportionally with the elevation of
temperature. This increase in series resistance causes a
decrease in the voltage, and therefore power [49]. In addition,
the decrease in shunt resistance (Rg) is to increase the
leakage current around the cells, because the increase in
temperature will liberate charge carriers, which in turn brings
down the maximum power. It seems that the right way to
determine (Rg) and (Rg,) should take into account the
thermal parameters of the material. Nevertheless, the
following methods [38-40] give good results for the two
types of model.

R.— RsrefXTm
¢ = ————

= )

Gref

(1 _Bxin
Tref

where f3, is a coefficient which value is approximately 0.217
and Rg ;- Series resistance in reference conditions.

Rgp, = Rgp,,. — Mo X Ty (6)

ref
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Ryn,, - Shunt resistance in reference conditions and m,:
is a coefficient which

6.8936 NCm?/K [3].

value is approximately

2.1.4. Open-circuit Voltage (V o¢)

The main temperature dependence in (PV)-
cells/modules arises from variation of three main
parameters, which are usually used to characterize the
solar cell outputs, these are: (Js¢), the short-circuit current
density, which usually has a negative sign, the open-
circuit voltage (V,-) which is characterized by (Js), the
diode saturation current, and n, the diode ideality factor,
and the fill factor (FF), which in turn is a function of
(Voc)- (Wye) is given as follows [50]:

GsnVoc M] 7)
Is Is

nkTm

VOC = ln [1 -
For J,n >» GgpVoc and J,p, »> Jg, a linear dependence
between V. and Tm has been established.

VOC=E—g—nk—meln<l—5) (8)

J ph
E,4: Bandgap energy.

2.1.5. PV Module E fficiency Models

(PV)-cell/module  performance is influenced by
temperature as its performance parameters: open-circuit
voltage (Voc), short-circuit current density (Jsc), fill factor
(FF) and efficiency (1) are temperature dependent. It has
been shown earlier that (Voc) decreases at a rate of 2.3 mV/K
whereas (Jsc) increases slightly with module temperature
(Tn). (FF) also decreases and all these lead to an overall
decrease in the cell efficiency (1) [51].

It turns out that both open circuit voltage (Voc) and fill
factor (FF) decrease substantially with temperature, while
short-circuit current (Jgc) increases, but only slightly [51, 52].
All these effects lead to a linear relation in the form:

n= nTTef[l - .Bref( Tm - Tref) +vy loglOGT] (9)

UL Module electrical efficiency at the reference
temperature, Ty, : PV module temperature, T,..r: Reference
temperature at solar radiation flux of 1000W/m?,

Bre = : Temperature coefficient, y: Solar radiation

To+ Tre f
coefficient and Ty : the high temperature at which the PV
module’s electrical efficiency drops to zero [51, 53, 54].

A reduced expression of the model has been proposed by
[55], neglecting the solar radiation coefficient:

n= nTref[l - ﬁref( T, — T‘ref)]

(10)

In these analytical models, the cell/module temperature
which is not readily available has been replaced by the
nominal operating cell temperature (Tyocr) and we have
[56]:

br ]}(11)

Gnocr

N = Nref {1 - ,B‘ref [Tamb - Tref + (Tnvocr — Tamsp)

In which

Tomp = T — (L) (M) (TNOCT - Tamb,NOCT) [1 - (z_;)] (12)

Gnocr UL

An analytical model of the monthly average efficiency has
been proposed by [57], in order to estimated the monthly
electrical energy output of a PV array.

_ = Bref T@HTV

N = Nrref [_1 - .Bref( Tamb - Tref) _fan (13)
where, n: Number of hours per day, U, : overall thermal loss
coefficient, Hy: the monthly average daily insolation on the
plane of the array, V: a dimensionless function of such

quantities as the sunset angle.

2.1.6. PV Module Power Output Models

(PV)-cell/module performance prediction in terms of
electrical power output in the field, that is, the deviation
from the standard test conditions reported by the
manufacturer of the module, is analytically modeled in a
manner analogous to the module efficiency. Recently, [58]
proposed a correlation for PV module power, similar in
form to Equation 10.

pP= GTTer)ref A [1 - ﬁref(Tm - Tref)]

Tpy; Transmittance of the PV cell outside layers.

(14)

2.2. Servant Model

Direct exposure of (PV)-module surface to the solar
radiation causes the (PV)-module operating conditions
more sensitive to the module temperature. So, temperature
as an important factor that affects the module efficiency and
the generated electric power of (PV)-modules. Then
temperature is one of the most important parameters for
assessing the long-term performance and the output energy
of (PV)-module. The module temperature increases lead to
a decrease in the output voltage. Moreover, the temperature
increases lead to a slight increase in the output current that
can be ignored in the output module power. Then the
increased temperature makes degradation in the module
output power [36].

Servant model is based on the heat exchange between the
PV module and the atmosphere. It allows obtaining the
module temperature according to ambient temperature
(Tamp), and meteorological parameters [35, 36].

Ty = Tamp + d X G X (1 + € X Tymp) (1 — £ X W) (15)

where W: wind speed, d, e and f: Parameters that are
calculated empirically, and T,,;: ambient temperature.

3. Results and Discussions
3.1. Cells/Modules Characteristics (Data Sheet)

We wused BPSI150-36 polycrystalline silicon cells
(156mmx156mm), connected in series with a maximum
power 150 Watts.
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(1) Maximum supply voltage: 18V; Maximum power
current: 8.33A;

(2) Open circuit-voltage: 21.60 V; Current short-circuit
current: 9.08A;

(3) Battery performance: 16.5%; Cells number (Pcs):
36;

(4) Size of portable: 156*156mm;

(5) Module size: 1480*680*35mm:;

(6) Maximum system voltage: 1000 V;

(7) Fill factor (FF) = 72% ;

(8) Frame (material, corners, etc.) aluminum; Output
tolerance: +5% ;

(9) Cable length: 900mm; junction box type: PKIB001
(TUV);

(10)Weight per piece: 13 kg; Connectors and cables
type: with TUV certificate;

(11)Maximum surface load capacity: 60 m/s (200
kg/m?).

i Relative coefficients to the temperature:

(1) Temperature coefficient of J¢- (%): + 0,1/°C;
(2) Temperature coefficient of V. (%): —0.38/°C;
(3) Temperature coefficient of PM (%): —0.47/°C;
(4) Temperature coefficient of IM (%): —0.1/°C;
(5) Temperature coefficient of VM (%): —0.38/°C;
(6) Temperature range: from -40°C to +85°C.

(J-V) characteristics of modules have been measured under
STC with solar radiation: 1000W/m2, spectrum: AM1.5G,
module temperature: 25°C.

ii  Analytical characteristics

The structure of polycrystalline silicon module is modeled
by the equivalent electrical circuit (figure 1) with a single
diode [11].

&
—_——

/j'” [

hy

Ry 1
IJ sh
J[Ih (D X_ ‘Id
! Re

L 0

‘,OJ

Figure 1. Equivalent electrical circuit of polycrystalline silicon photovoltaic module under an incident illumination.

According to the nodes and meshes laws, we have:
J + Jpn=Ja+ JsnandV = JRg + Jsn X Rsp (16)

Using the expression for the current-voltage characteristic
of PV, we find the expression for J as:
. QW +RSDY _ (] _ W+RsD)
J = Jon = Js |exp (TR) —1] - 25D )
Therefore, the transcendental analytic equation for the

optimal current J,,,, of the ideal PV module is described by
[59]:

Jpnt+J
]opt = i+ L 15 (18)
Tpn—7
ln( P;ls )+ 1
With
— K Tmy, (Ipn=)

Vope = = 1n( "t 1) (19)
where  Jp, (4/cm?) Photo-induced  current-density

determined by the spectral composition, intensity, and
concentration of incident solar radiation and also by the
efficiency of assembling photogenerated p-n junction charge
carriers, Js(A/cm?) : the reverse dark photoinduced
saturation current-density determined by potential and
electro-physical parameters of p-n junction, T,, (°K): PV
module temperature, k: the Boltzmann constant; and q(C) is
the electron charge.

When the PV module is illuminated by solar light Jp, >
JssJen —J] > Js, the logarithm in the denominator of J,,; is a
higher value and does not vary much with variations in J.
Then, the transcendental equation is solved by stepwise
approximations. For J = 0, we have:

Jopt = T2 — (20)

1+

and the optimal voltage becomes:
Vopt = k% [ln (]]';Sh) —Inln (]]L:)]

The analytical peak power is finally expressed as:

@1)

— _ Jph kT, Jph
Popt _]opt X Vopt =iz X qm [ln (_) -

Js
Inln (]]’;Sh)]

3.2. Numerical Simulations

(22)

In this section, we substituted the Equation 15 in to the
Equations (1), (3), (5), (6), (8), (9), and (14). The goal we are
aiming here is to see analytically, how each electrical
parameter is degraded during the module operating
conditions, which allows us to estimate the degradation rate
of each parameter as a function of the ambient temperature.
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Given that, the ambient temperature is one of the most speeds used in our simulations, are the annual average of
important factors that affects the module temperature, and  daily wind profiles of Cotonou measurement station at 10 m
therefore the global (PV)-cells/modules performance. Wind  height from the ground.

3.3.1. Photocurrent Density (J o)
Putting, the equation
T = Tamp +d X G(1 + eg X Tymp)(1 — f,W) in to equation

G
]ph(G' T) =]Ph‘ref[1 + a]SC(Tm - Tref) ] Gref’
we obtain:
G]Phref
]ph(Tamb) = G ; [1 + a]sc(Tamb +d X G(l + eOTamb)(l - foW) - Tref)]
re

a] . G']phre 1
]ph(Tamb) =TI

= lref + Tomp + d x G(l +eg X Tamb)(l - foW)
GTef Ajsc

Variables declaration:
Jonres = 5.11A/m? ; Grop = 1W /m? 5 G = 1000 W /m?
e =uU=75%x1072;T,pr =298K;d = 2.1 x 1072 °C.m?*/w ;
ep=16x10"2°C1;f =75%x10"3, W =11x10"3m/S
Weposedt=%;p=%;t1 =p—Trepand S =d X G X (1= fo XxW)

Then]ph(Tamb) =t X [ty + Tamp + S X (1 + ey X Tgmp)] (23)

3.3.2. Series Resistance (Rg)
Putting, the equation Ty, = Tymp +d X G(1 + eg X Tymp) (1 — fo W) in to equation

Rs(Tamb) = Rs, ., % TTT—T:f(l — B X ln%@f), we have:

G >
Gref

RSy =511Q ;T =298K ;u = =4510"";G = 1000 W /m?

R
Rg(Tamb) = TS’” (Tamp +d X G(1 + ey X Tymp)(1 = fL,W)) (1 - B xIn

ref

Variables declaration:

d=21%10"2°C.m2/w; Gop = lw/m?; €y = 1.6 X 1072°C™1; f, = 7.5 x 1072;

R
W =11x10"3m/S. Weposed t; =LV =, = (1—uxIn(V)): t =t; X t, and
ref ref

S=dxGx(1-f,W),then:
RS(Tamb) =tX (Tamb + 5 X (1 + € X Tamb)) (24)

3.3.3. PV Module Efficiency (i)
Substituting, the equation T, = Typmp +d X G(1 + ey X Tymp) (1 — foW) in to equation

n= nTref[l - ﬁref(Tm - Tref) +yX lOgGT]
we can write:
n= TITn,f[l +yX lOg(G) + ﬁref X Tref - .Bref X (Tamb +d X% G(l +eg X Tamb)(l - foW))]
Variables declaration:

Trep = 298°K ; d = 2.11072C.m?/w ;
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ep=16X1072°C™ B p =V =45%x1073;
Nyer = 15X 107" %y =u=53%x10"%;
G = 1000 W /m?
fo=75x10"2,W =1.1x10"3m/S
Weposedt =1+ uX1og(G);ty =V XTrer;
t,=t+t¢t;,;S=dxex(1-f,W)
Thenn (Tamb) = nr,, X [t; =V X (Tgmp + SX (1 + ey X Tgmp))] (25)

3.3.4. PV Module Power Output (P)
Putting, the equation Ty, = Tymp +d X G(1 + eg X Tymp) (1 — fo W) in to equation

P(Tamb) = G X Tpy X Nypep X A X [1 -V x (Tm — Tref)], we have:
p(Tamb) = GrTpyNrefA[l +V X Trop =V X (Tamp +d X G X (1 + €y X Tgpmp) (1 — f,W))]
Variables declaration:
G =1000 W/m? ; n.ep = 1.5.107" % ;
Ty = u =38.10"" A = 4;
V=45x107%;d =21%x10"2Cm?*/w ; T,.; = 298K ;
ep=15x10"2°C1;f, =75x107%;
W=11x10"3m/S
Weposedp; = AXGXUXNpep;t=1+V XTepandS =d X G X (1—f,W)
Then p(Tamb) = p; X [t =V X (Tgmp + S X (1 + €y X Tymp))] (26)

3.3.5. Shunt Resistance (Rgp)
Substituting, the equation T, = Typmp +d X G(1 + ey X Tymp) (1 — fo,W) in to equation

Rgp = Rgpo — My X Ty,
we have :
Rgp(Tamb) = Rgpo — Mo X [Tamp + d. G(1 + eoTamp)(1 — fLW)]

R

RSh(Tamb) =m, X [;:)o — tamb — dxG X (1 + ey X Tamb)(l - foW)]

Variables declaration:
m, = 6.8936 NCm?/K; Ry, = 3858.86 NCm?/K;
d=21x10"2C.m?/w;
G = 1000 W/m?; f,=7.5%x1072%;
eo=16x10"2°C1;

W =1.1x 1073 m/S. We posed u = 2522 and

me
S=dxGax1-f,W)
Then
Rep(Tamb) =my X [u— Tomp — S X (1 + ey X Tymp)] 27
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3.3.6. Open-Circuit Voltage (V oc)
Putting, the equation
T = Tamp +d X G(1 + eg X Tymp) (1 — f,W) in to equation
Voc(Tamb) = 22— M x|y (]’fh)
we have:
Voc(Tamb) = %— Z—k(Tamb +dXGX(1+eyXTymp)(1—foW)) Xlog ]—Sh>
P

Variables declaration:
Eg=1884x10""J;n=125;q9=16.10""°C;J,, =5114/m?*;J; = 0.9 A/m?* ; G = 1000 W /m?* ;
k=138x10"2%;d=21%x10"2C.m?/w;e, = 1.5%x1072°C1;
f,=75x10"2; W =11x10"3m/S.

nxk Js
sU =

t1
q Jph

;p=10g(u);t1=%g;5=d><G><(1—foxW);t3=p><tandt4=t—

3

We posed =

Then, Vo (Tamb) = t3 X (ty — Tamp — S X (1 + €9 X Tamp)) (28)

3.3.7. Saturation Current Density (Js)
Substituting, the equation Ty, = Ty +d X G X (1 4+ ey X Tymp) (1 — f,W) in to equation

3
_ T )" Eg(M) (;_L)
Is _]Sref x (Tref) x exp <( nxK) Tref  Tm/ )

we obtain:

3
Tomp +dXG X (1+eg X Tamp)(1—fW) )5

= X
]S ]S‘r'ef ( Tref

E,(T)\ [ 1 1
X exp (n x K> (Tref T+ dXG X (Lt eg X Tamp) (1 — fOW))

Variables declaration:
JSrep = 1.2.10734/m? ; Tpop = 298 °K ;d = 2.1 X 1072°C x m*/w ;
G = 1000W /m?; e, = 1.5 %X 1072°Ct; f, =7.5x 107%;
W=11x10"3m/S ;n=125;E,(T) = 1.884 x 107 Joule ;

Eg(T). _ 1
nxk’ 1T

k=1.38><10_23.Wep0sedu=i;t= :s=dXG;
n

Tref

z=1—= fyXxW;t,=sXzandt; =t; Xt,

u 1
Then Js(Tamp) = Js,op X (1 X Tamp + t3 X (1 + €g X Tymp)) ™ X €xp (t X (tl o EOXTamb))> 29
reflection coating deterioration. (Figure 1) shows the one-
diode equivalent-circuit model of the solar cell used,

We revealed that solar cells/modules degradation is  ilustrating the series (Rs) and shunt (Rsp) resistances. These
strongly caused by three important factors resulting in a ¢l specific degradation modes are important factors in
gradual degradation in module performance. These factors analyzing PV cell/module degradation and failures. In this
are: (i) an increase in the cell’s series resistance (Rg), (i) a  Study, the dependence of performance parameters ( Jpp),
decrease in the cell’s shunt resistance (Rgy), (iii) and an anti- (Rs), (Voc), (Rsn), (P), (1) and (Js ) under the illumination

3.4. Results Interpretation
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intensity of 1000 W /m? at different temperatures is shown
from (figure 2) to (figure 8). The parameters (V) (figure 2),
(Rsp) (figure 3), and (n) (figure 4), decrease linearly with T
while ( Rg ) (figure 5) increase linearly with ambient
temperature. In addition, (Jpp,) (figure 6) and (J5) (figure 7)
increase exponentially with temperature, while the obtained
power output (P) (figure 8) decrease exponentially. The
decrease in power output (P) of the crystalline silicon
modules has been found to be mainly due to degradation in
the short-circuit current density (Jsc), and to a lesser extent,
the fill factor (FF). The likely cause for reduction in short-
circuits current density (Jsc) is the physical degradation of
the encapsulant (like discoloration and delamination), and for
the reduction in fill factor (FF) it's increases in series
resistance (Rg) due to corrosion [48].
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Figure 2. Normalized plot of open-circuit voltage (V) with temperature in
the range 298-348 K. This curve is analytically obtained from Equation (28)
as a function of the ambient temperature.
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Figure 3. Normalized plot of shunt resistance (Rgy) with temperature in the
range 298-348 K. This curve is analytically obtained from Equation (27) as
a function of the ambient temperature.
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Figure 4. Normalized plot of Efficiency (n) with temperature in the range
298-348 K. This curve is analytically obtained from Equation (25) as a
function of the ambient temperature.
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Figure 5. Normalized plot of series resistance (Rg) with temperature in the
range 298-348 K. This curve is analytically obtained from Equation (24) as
a function of the ambient temperature.

According to [48], low shunt resistance (Rg,) detracts
significantly from the cell/module performance. Ideally,
should be infinitely large. This parameter is crucial to PV
performance, especially at reduced irradiance levels. We
noted a significant correlation between the degradation of
power output (P) and (FF). This coefficient is about 0.86,
which indicates that the reduction of (P) is mainly due to the
decrease of (FF).
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Figure 6. Normalized plot of photocurrent density (J,n) with temperature in
the range 298-348 K. This curve is analytically obtained from Equation (23)
as a function of the ambient temperature.
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Equation (29) as a function of the ambient temperature.
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Figure 8. Variation of PV module output (P) with temperature in the range
295-348 K. This curve is analytically obtained from Equation (26) as a
function of the ambient temperature.

100 T T T T T T T

65.87%

50F 1
27.84%

to the increased light absorption owing to a decrease in the
bandgap of silicon. The decrease of (1) (27.84% to 5.02%)
(figure 9) with temperature is mainly controlled by the
decrease of (Vy¢) (19.4% to 17.6%) and fill factor (FF) with
T (figure 9). It can be seen that with the temperature
increasing, the (Jgc) increases slightly and the (V¢ )
decreases strongly. The slight increase of (J5) in this study,
similar to the effects of (J5¢) originates from the narrowing
of the band gap along with the increase in the number of
phonons and density of states in the conduction and valence
bands, while the strong decrease in the (Vy¢) is mainly
linked to the increase of the leakage current [60], owing to
the decrease of (Rgy) (12.6% to 4.8%) (figure 9). As a
result, the maximum output power decreases with the
temperature increasing. For a standard solar cell, the (Jg.)
can be strongly influenced by the minority carrier diffusion
length which depends on the product of the minority
electron mobility and carrier lifetime. In addition, the
decrease rate of (V) is about 19.40% and is much larger in
magnitude than decrease of Rs with T. The rate of decrease
in the maximum output power (P) is 31.56% while that of
the efficiency (n) is about 12.82%. This result is very
significant in our work because, the effect of heat and
irradiance are the factors that negatively affect the overall
performance of (PV)-cells. The increase in series resistance
(Rs) (7.6% to 9.18%) (figure 9) has been identified as the
prominent reason for module performance degradation.
This result has been obtained and validated by several

=
17.6% o N

= 7.67% ., 126% 16.751%

2 5.02% 7.6% 918% o 4 8% 3.8%

& 19.4%!|:| P !1:. * - . WA =‘.’D

g Voc i n Jph Rs Rsh Js

O

50F 3186% P (T=208k) ]
[ 7 = 348K ; & =1000wim?)
8231%
-100 1 L L 1 ) . . works.

1 2 3 4 5 6 7
Parameters affected

Figure 9. Changes in the analytically obtained PV cell/module parameters
for an increase in temperature between 298 K and 348 K, under standard
irradiation conditions (STC) (G=1000W/m’).

The relative changes (in percentage) of the seven (PV)-
cell/module parameters (Vyc; P; m; Jpn; Rs; Rsp and J) are
illustrated in (figure 9). As shown in figure 9, statistical
data describe very well the empirical data represented by
the functions (Jpp(Tamp) 3 Rs(Tamp) s P(Tamp) s 1(Tamp) ;
Rsn(Tamp) 5 Voc(Tamp) and Js(Tamp) ). Statistical data
shown as red wine rectangle, indicate the degradation of
each parameter at 298 K, while green rectangle shows the
relative changes, in percentage at 348 K.

Globally, (Jpp) increases strongly (7.67% to 65.87%)
when T increases from 298 K to 353 K. We note a small
increase in saturation current density (Jg) by 3.8% and
15.76% with temperature (figure 9), which can be attributed

3.5. Comparison

Here, to validate our model, we calculated the Percentage
degradation rates of maximum output power (P, ), short-
circuit current (Is¢), open circuit voltage (Vo) and fill factor
(FF). Ours theoretical results obtained have been compared
with those obtained by [61]. We determined the degradation
rate using the expression [3]:

RD(%) = (1 —=7%4) x 100 (30)

Where VPy,, represents the parameter value after
degradation and VP, the initial value of the considered
parameter (Py.x; Isc; Voc and FF).

Table 3 summarizes the comparison of the different
degradation rates obtained.

Table 3. Comparison of the different degradation rates obtained.

Technology type Parameters Initial value (Reference) Global degradation Degradation rate (%/)

Priax (W) 50 31.56 36.88
. Voc (V) 21.6 19.64 09.05

Poly-c-Si PWX500 [71] Ise (A) 318 3023 04.94
FF (%) 72 62.64 13.41
Prax (W) 150 102.66 31.56

Poly-c-Si BPS150 Voc (V) 21.60 17.41 19.40

This study Isc (A) 09.08 08.73 3.8
FF (%) 72 67.38 6.42

The degradation rate is used to evaluate the long-term

changes in the performance of (PV)-modules. It provides
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important information about the overall effect of losses.
From Table 3 we noticed that the degradation rate differs
from one module to another.

In addition, the degradation rate is higher in open circuit
voltage (Voc) for the module (Poly-c-Si BPS150) while Fill
factor (FF) is more degraded with module Poly-c-Si
PWX500.

From Table 3, evaluation of performance parameters of
polycrystalline silicon modules (PWX-500) and (Poly-c-Si
BPS150) showed the high effect of heat stress on the
efficiency and performance of this technology with time.
Power losses analysis shows that these modules do not have
reliability in tropical environments and do not respect
guaranty conditions.

4. Conclusions

The behaviour of BPS150-36 Polycrystalline electrical
Parameters with Ambient Temperature under standard
irradiation conditions (G=1000 W/m?) in the 298-348K
temperature range has been investigated analytically, using
the Servant model. The transcendental single exponential
model has been used to extract the (PV)-cell parameters from
a single (J-V) characteristic curve at various values of T.
MATLAB software with r.getdata has been exploited to
perform the numerical simulations.

Simulated results show that ( Jp, ) increases
exponentially from 7.67% to 65.87% with temperature.
(Rs) increases linearly by 7.6% and 9.18% while (V)
decreases from 19.4 % to 17.6% and (Rs,) decreases
approximately by 12.6% and 4.8%. The power output (P)
losses decreases by 82.31 % and 31.56%, and the overall
linear losses in efficiency (n) has been approximately
27.84% and 5.02%, while (J5) increase exponentially from
3.87% to 15.75%.

In definitive, the increase in (J,,) with temperature can
be attributed to the increased in light absorption owing to
a decrease in the bandgap of silicon. The decrease in (1)
with temperature is mainly controlled by the decrease in
(Voc) and fill factor (FF) with T. The increase in (Rs) is
affected by the variation of temperature, leading to the
loss of power (P) and Fill Factor (FF). The decrease in
(Voc) with T, indicates the existence of high parasitic
series resistance, and mainly linked to the increase of the
leakage current. As a result, the maximum output power
decreases with the temperature increasing. This loss is due
to decrease of (Js¢) and (Voc) with the temperature
increasing that lead to reduce the (PV)-modules optical
properties. Elevated temperatures can drastically change
the mechanical, electrical, and optical properties of
polymeric materials, as a result, a drop of the PV
cells/modules overall efficiency.

Future work can be about:

(1)Compare experimental results obtained by Mattei

model with those obtained analytically,

(2)Compare analytically Servant model with Mattei

model.
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