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ABSTRACT: Current research focuses on the performance degradation of photovoltaic (PV) modules, examining
both crystalline silicon (p-Si and m-Si) and thin-film technologies, including a-Si/gc-Si, HIT, CdTe and CIGS. These
modules were operated outdoors in two distinct climatic zones in the United States (US) over a period of three
years. The degradation analysis includes the study of various quantities, such as the decrease in peak power, the
reduction in current and voltage, and the variation in the fill factor. The annual degradation rate (DR) of PV modules
is obtained by a linear fit of the effective maximum power evolution over time. The results indicate that m-Si and p-Si
modules experienced a slight decrease in performance, with DRs of —0.83% and —1.07%, respectively. Subsequently,
the HIT module exhibited a DR of —1.75%, while CdTe and CIGS modules demonstrated DRs of —2.03% and -2.45%,
respectively. The a-Si/uc-Si module showed the highest DR at —3.26%. Using the Single Diode Model (SDM), we
monitored the temporal evolution of physical parameters as well as changes in the shape of the I-V and P-V curves over
time. We found that the key points of the I-V curve degrade over time, as do the I-V and P-V characteristics between
two days approximately 30 months apart.

KEYWORDS: PV module; crystalline silicon; thin-film technologies; outdoor test; effective maximum power; degra-
dation rate; single diode model

1 Introduction

The exploitation and use of fossil fuels have a significant environmental impact due to the production
of carbon dioxide (CO,), a major greenhouse gas contributing to climate change. To achieve a stable level
of atmospheric CO, stability, it is imperative to transition to a decarbonized world as soon as possible [1].
Relying on renewable energy represents the primary alternative to facilitate this transition.

Solar energy has become a promising source in the field of renewable energy technologies worldwide,
particularly in hot and sunny regions of the Middle East (ME) and Africa, where solar irradiation is
abundant [2]. As a result, these regions are increasingly adopting PV module power plants at both residential
and commercial scales. For example, Dubai (ME) has launched a clean energy strategy aiming to produce
75% of its energy needs from clean energy sources by 2050 [2]. Similarly, Morocco (Africa) has initiated an
energy strategy aiming to cover 52% of its energy needs by 2030 [1]. PV systems exhibit the fastest growth rate
among competing renewable energy sources and have now reached grid parity in some regions [3]. With the
continuation of current investments, PV energy is expected to play a key economic role. Economic incentives
are driving research into the reliability and long-term performance of PV modules.
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The lifespan of solar panels and their energy production over time are influenced by several factors,
including climate and module type [3-7]. The gradual decrease in solar panel performance over time is
known as degradation. Numerous studies have examined the causes of PV module degradation and have
identified several contributing factors, including discoloration of Ethylene-Vinyl Acetate (EVA), accumu-
lation of dust and pollutants, delamination of modules, cell cracks, and moisture that can condense inside
the module, thereby increasing corrosion rates. This corrosion damages the metal connections of PV cells,
reducing their performance, increasing leakage currents, and weakening the bond between the cells and the
metal frame [1,5,8-10]. Degradation can be assessed by determining the DR using several methods, including
linear least squares fitting, the temporal evolution of effective maximum power (power at STC), the temporal
evolution of performance ratio (PR).

Numerous studies have employed the method of temporal evolution of effective maximum power
[5,11-15]. This approach involves converting the maximum power under real conditions into effective
maximum power, followed by linear adjustment to determine the slope and intercept, thus allowing the
calculation of the DR. This represents the percentage decrease in effective maximum power over a year.
However, due to limitations of the maximum power model for low irradiance levels, authors focus solely on
experimental data corresponding to high irradiances Gpos > 700W/m?. Regarding the PR method, which
compares array yield to reference yield, linear adjustment of its temporal evolution enables evaluation of the
DR [16-20].

This document provides an analysis of DR for various PV modules, including m-Si, p-Si, HIT, CIGS,
CdTe, and a-Si/pc-Si. These modules were subjected to outdoor conditions in two distinct climates in the
US (Cocoa and Eugene) over a period of three years. The data used were provided by NREL, and the
analysis relies on the method of linear least squares fitting of effective maximum power. A new approach
has been employed to describe the temporal evolution of key points of the I-V characteristic, such as short-
circuit current (I5¢ ), maximum power current (I);pp), maximum power voltage (Vypp), open-circuit voltage
(Voc), and fill factor (FF), under specific meteorological conditions (G, = 1000W/m?; Tsrc = 25°C).
By considering these temporal evolutions, it is possible to estimate the DR of different key points of the
I-V characteristic.

Given that the PV metrics can be represented by a SDM electronic circuit characterized by five physical
parameters: photocurrent (Ipy,), saturation current (Is), ideality factor (7), shunt resistance (Rgj,), and series
resistance (Rgs), the evolution of these physical parameters over time allows for a better understanding of
the performance variations of PV modules and the long-term behavior of their output power. This requires
monitoring the evolution of the key points of the I-V characteristic mentioned earlier. Additionally, the
relationship between photocurrent Ip;, and short-circuit current Is¢, as well as the use of the transcendental
equation describing current as a function of voltage at different key points of the I-V characteristic, leads
to a system of equations to determine the various physical parameters and their evolution over time. By
introducing these physical parameters into the transcendental equation I (V), it is possible to generate the
I-V and P-V characteristics of different PV module technologies. These characteristics will then be compared
to experimental data recorded by NREL.

The remainder of this article is organized as follows: following an introduction, Section 2 outlines
the methodology and explicit models. Section 3 presents the various results obtained, beginning with the
temporal evolution of effective maximum power, followed by key points of the I-V characteristic and the fill
factor, as well as physical parameters. Subsequently, the comparison between the I-V characteristics generated
under real operating conditions and in STC and those obtained experimentally under real operating
conditions and translated into STC. Finally, the generated and experimental I-V and P-V characteristics under
STC are discussed. The conclusion is presented in Section 4.
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2 Methodology

2.1 Specifications of PV Modules and Experimental Data

In this study, short-term meteorological and PV data collected by NREL researchers on PV modules
representing various flat plate manufacturing technologies are employed [21,22]. Data were collected over a
3-year period at two different climatic sites in the US (Cocoa and Eugene). PV module technologies tested
by NREL include monocrystalline Silicon (m-Si), polycrystalline Silicon (p-Si), Cadmium Telluride (CdTe),
Copper Indium Gallium Selenium (CIGS), heterojunction with intrinsic thin-layer (HIT) and amorphous
Silicon/microcrystalline silicon (a-Si/pc-Si).

NREL provided the PV modules measurements equipment at both sites, the first in Cocoa, and the
second in Eugene. The duration of the outdoor exhibition is segmented into two sub-periods: the initial
period started on 21 January 2011, and ended on 04 March 2012, in Cocoa, while the subsequent sub-period
started on 20 December 2012, and ended on 20 January 2014, in Eugene.

Cocoa, situated in Brevard County, Florida, is a port city that fronts the North Atlantic Ocean, the
measurement site’s geographic coordinates are as follows: longitude 80.46°, latitude 28.39°, and altitude
12 m, Cocoa experiences a humid subtropical climate. Eugene is a city located in the north western region of
the US, specifically within Lane County, Oregon. Positioned with a view towards the North Pacific Ocean,
Eugene displays a west coast marine climate. The measurement site is defined by geographic coordinates of
longitude 123.07°, latitude 44.05°, and an altitude of 145 m.

The measurement platform includes weather and electrical sensors, connected to a central data record-
ing system. Meteorological data include ambient temperature, atmospheric pressure, relative humidity,
precipitation, solar irradiances such as direct normal, diffuse horizontal, global horizontal and global for
a fixed inclined plane (plane-of-array irradiance). PV data include module temperature, key points of I-V
curve, maximum power, fill factor and I-V curves. All quantities were measured with a fixed time step equal
to five minutes [21,22].

The main parameters of six different types of PV modules used in this study at
STC: G 4 = 1000W/m?; Tsrc = 25°C; AML5, are given in Table 1.

Table 1: Main electrical parameters of the six studied PV modules

Specific PV modules technologies
parameters
m-Si p-Si HIT CdTe CIGS a-Si/pc-Si
(mSi0188)  (xSil2922) (HIT05667) (CdTe74638) (CIGS39017)  (aSiMi-
cro03036)
Pypp (W) 78.2 44.35 211.46 65.38 139.34 113.25
Isc (A) 4.98 2.66 5.37 117 6.06 0.80
Voc (V) 21.94 22.04 50.71 88.23 41.67 230.43
Vipp (V) 17.39 18.06 41.89 64.46 29.38 169.88
Tupp (A) 4.48 2.45 5.04 1.01 4.74 0.66

a(1/°C)  -354x107% -4.01x102 -313x10° -233x107° -4.03x107° -2.26x107°
B(1/°C)  6.02x10* -570x10"* -437x10* 510x107* -251x10* 110x107*

y(1/°C)  -331x107% -326x10° -250x107° -243x107° -253x10° -3.36x10°
y (1/°C)  -4.08x107* -4.09x107° -314x107° -258x10° -353x107° -3.08 x107°

(Continued)
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Table 1 (continued)

Specific PV modules technologies
parameters
m-Si p-Si HIT CdTe CIGS a-Si/pc-Si
(mSi0188)  (xSil2922) (HIT05667) (CdTe74638) (CIGS39017)  (aSiMi-
cro03036)
§(1/°C)  686x10*  1.02x10™*  100x107° -297x10* -6.05x107* -9.72x107*
N 36 36 72 116 72 180

2.2 PV Performance Metrics and Degradation Analysis

When choosing solar panels, it is crucial to take into account the efficiency of solar cells, which
measures their ability to convert sunlight into electricity. This electrical efficiency is directly affected by
various climatic factors such as solar irradiance, wind speed, pollution, and geographical location. A careful
evaluation of the efficiency of PV modules is essential to ensure the sustainable operation and growth of
solar power plants [23]. In addition, a thorough analysis of the DR of PV modules is essential to correctly
size the components and determine the operational costs of the installation. To carry out an evaluation of
degradation, the effective performance of the PV system is taken into account. Weather variations affect the
voltage, current and power of the PV device. Due to the effect of temperature and solar irradiance, the choice
of these weather conditions is therefore necessary to adjust the PV measurements [23].

2.2.1 Filtering Conditions

The analysis of DR requires the temporal monitoring of PV modules under real-world conditions. NREL
provided us with experimental data measured outdoors in two different climates. Among this data, we find
PV metrics such as Isc, Inypp, Vmpp, Voc and Pypp, measured under various irradiance and temperature
conditions, which are also provided. To evaluate the DR of different PV modules, this study defines a
specific condition based on module temperature and solar irradiance. The filtering condition for selecting
experimental data under well-defined meteorological conditions is described below:

« Solar irradiance values ranges from 999.5 W/m? to 1000.5 W/m?* (999.5 < G}, < 1000.5).
o  For the module temperature (T)), the values used correspond to the selected solar irradiance conditions.

2.2.2 Translation of Maximum Power to STC

The DR of PV modules can be estimated by examining the evolution of the effective maximum power
values (Py;pp g7¢) of the PV modules throughout the monitoring period. The solar irradiance is fixed at
Gpoa = (1000 + 0.5) W/m?, but the temperature Ty, is different, therefore it is necessary to translate T}y into
Tsrc to obtain STC ((Gjp 4> TsTc)- Since power varies linearly with temperature, the effective maximum
power of a PV module is given by the following equation [15,24-26]:

Puypp (Gpoa> Th)
1+« (TM - 25)

©)

* *
Pyipp.stc (Gpoas Tstc) =

where « is the temperature coefficient of maximum power.
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2.2.3 Translation of I-V Curve Key Points to STC

In the same way as the effective maximum power, we can translate the four key points (Iyipp, Vapp, Isc,
Voc) of the I-V characteristic currant-voltage to STC:

. o . )
—  The effective short-circuit current I5¢ ¢rcs

ISC (G;OA) TM)

IS Gioas T _ 2
sete (Grow Ter) = g (1, —2s) @
- The effective open-circuit voltage V] C.STCS
* * VOC (G;OA’ TM)
Vi Gioa Tsc) = 3
oc.stc (Gpoas Tstc) Tty (Ty - 25) 5
- The effective maximum power current I}, PP.STCS
) 5 Inpp (Gpoar Tm)
I Giou Tsrc) = 4
werste (Grow €)1 5 (1, -29) @)
—  The effective maximum power voltage Vy;pp orcs
* * Vmer (Groa Tm)
Viep.stc (Gpoas Tstc) = POA .

1+ y (Ty - 25)

where f3, y, § and y are the temperature coeflicients.

2.2.4 Fill Factor Expression at STC

The fill factor is a measure of the squareness of the I-V characteristic curve and indicates the quality of
the solar cell. The fill factor ((FFi;) of a PV module is given by the following equation [11]:

* * PIT/IPP STC
FFgrc (GPOA’ TSTC) i - (6)
ISC,STC VOC,STC

2.2.5 Annual Degradation Rate (DR)

In order to evaluate the DR, a linear adjustment method is applied to the effective values of the PV
measurements (Pypp srcs Isc.stes Voc.stes Varpp.ste ad Iypp s7c) under STC. Using the trend lines, the
DR can be estimated as follows [13,27]:

365 -
DR (%/year) = Tp -100, (7)

where p (/day) is the slope of the line and c is the y-intercept:
y=p-t+ec. (8)

2.2.6 PV Module Modelling: Equivalent Circuit and Fundamental Equations of Single Diode Model

The PV generator is modeled by a single diode electronic circuit, frequently used and characterized by
five physical parameters (see Fig. 1). The five physical parameters include the photocurrent (Ipj,) generated
by the PV solar cell when exposed to sunlight, the saturation current (Is), and the diode ideality factor (),
which represents the PN junction. The series resistance (Rg) takes into consideration the ohmic losses due to
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the resistivity of the metal contacts, while the parallel resistance (Rg),) takes into account the leakage currents
occurring in the PV cell [28-31].

Utilize Kirchhoft’s current law to deduce the equation representing the cell/module output current in
the following manner [28].

Ious =1Ip, —Ip —Igy )
Io,:Rs + V,
Ip =1 (exp (M) _ 1) (10)
WNgsVry
IouiRs + Vou
I, = LouRs + Vour an
Rgy,

By substituting Eqs. (10) and (11) into Eq. (9), the transcendental equation establishes a relationship
between the output current, the output voltage, and the five physical parameters of a PV module which Ng
is the number of PV cells connected in series, as expressed in the following equation [30-33]:

TourRs + VOut) B 1) _ TourRs + Vous

(12)
WNsVry Ry

Tous = Ipy — I (eXP(

The characteristic equations at key points of the current-voltage curve (the open-circuit voltage point
(Voc,0), short-circuit current point (0, Is¢), and the maximum power point (Iypp, Varpp) are provided by
the following equations, respectively.

Vi V.
0= Ip, — I (exp(L) _1) _ Voc -
HNsVrn Rgy,
IscR I<~R
Isc = 1Ipp — Is (exp(ﬁ)_l)_ﬂ "
NNs Vrh R
IpppRs + V. IyppRs + V.
Tnte = Ion — Is (exp(w) _ 1) _ TuppRs + Viepr 05
I/INSVTh Rsh

At the point of maximum power, the slope of the power-voltage curve is equal to zero while the slope of
the current-voltage curve is equal to the opposite of the optimal conductance Gupp (Gppp = Inpp/ Varp).

1 I 1 V, +1 R 1 1
_dmer s (1 _ Impp Rs) exp ( mpp + Ivpp s) 1 (1 _ Impp Rs) (16)
Vapp WNsVry Vapp nNsVrp, Vumpp

A
RS/: VOL/I

O

Figure 1: Single-diode equivalent circuit describing PV module [30]
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2.2.7 Translation I-V and P-V Curves to STC

The PV metric data provided under real conditions are accompanied by the I-V characteristic, also
provided in real-time and under real operating conditions. Since we have selected only I-V characteristics
corresponding to condition G} 4, but the module temperature T); can also influence this characteristic,
in order to assess the modifications that may result from material aging on the I-V curve over time, it is
necessary to compare characteristics measured under the same conditions (Gf 4, Tsrc).

After translating the two key points of the I-V curve (I¢ gre» Vic src)s the current-voltage char-
acteristics under conditions (G4, Tm) can be translated into STC (G} 4, Tstc) using the following
equations [34]:

I>(-
Igurste (Ghoa Tstc) = Tour (Ghoa Tu) | — 17)
Isc (GPOA’ TM)
* * T. _ * T VSC,STC
Vout,stc (Gpoas Tstc) = Vour (Gpoas Tm) " (18)
Voc (GPOA’ TM)

The output power at STC can be calculated using following equation:
Poutstc (Gpoas Tsre) = Vourste (Groas Tste) Tourste (Gpoas Tstc) (19)

2.2.8 Numerical Method to Extract Physical Parameters

In this subsection, our objective is to evaluate the changes in the five physical parameters of the model
throughout the period of operation of the PV modules. The parameter extraction method used in this
investigation is in accordance with the approach used by [35]. To obtain the remaining five model physical
parameters (I}, o (£), I g (1), RS src (1), R, spe (£), and 75 (1)), the translated values of the four
key points of the I-V curve at STC are employed throughout the operational period of PV modules.

- 'The effective photocurrent at STC is given by the following equation:

Iisste (1) (20)

*
GPOA

Iy sre (t) = Ippstc (to)

where I, s.sTC 18 the effective solar irradiance at STC:

Groalscstc (1)

I re (1) = )
ESSTC Isc,stc (to)
- The effective saturation current deduced from Eq. (13):
Iz Hy-V2 t) /R% t
I;)STC (t) _ Ph,STC ( ) OC,STC ( )/ Sh,STC ( ) (22)

e( V(};C,STc(t)/n;Tc(t)NS VTh(TSTC)) — 1
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In determining the values of the three remaining physical parameters (RS g (£), R§;, grc () and
Nerc (1)), a system of three equations with three unknowns was established by replacing Eq. (22)
in Egs. (14)-(16).

* _* * RS src (D5 src (D
IPh,STC (t) VOC,STC (t) /Rsh,STC (t) ) (e( Voe.steWMgre (ONsVrn(Tste) | _ 1

I t) - I; t) +
SC,STC( ) Ph,STC( ) ( e(VgcvsTc([)/q’;Tc(t)NsVTh(Tsrc)) -1

RS src (t) Isc sre (1) 0

(23)
Réh,STC (t)
* * * v L(DARE (DI (8)
r () -1 (£) + Lonsre (1) = Voesre (8) /RSy s1¢ () e( B N T Gromy ) .
MPP.STC Ph’STC e(Vg(;,s’[c(t)/”ch(t)NS VTh(TSTC)) — 1
R} t) I3 )+ Vy t
" S,STC( ) MPP,STC( ) MPP,STC( ) -0 (24)

RSy src (1)
Luppsrc (1) Ionste (1) = Ve sre (8) /RSy s1c (1) (1 RS src (1) Iypp,stc (t))
Vitpp,stc (1) ipe (1) Ns Vi (Tsre) e(Vocsre(O/ine (ONsVn(Tsre)) g Vitpp,src (1)
VE o e (DI NOIPNG) *
e( MPP’&;ETC(2)%§‘€}ShT(CTSTC§’STC ) _ VJCIPP’STC (t) _ RS’STC (t) IX/IPP’STC (t) -

RS, sre (1) Vipp stc (1)

0 (25)

The Eqs. (23)-(25) found the system of nonlinear equations which allows the values of R§ ¢;¢ (t),
R§, src (t), and n5pc () to be calculated using the translated values of the key points of the I-V curve
(Ic,stc (0> Typp ste (1), 5 Vic,sre (1), and Vipp gre (1)) at STC for all days. Iy, ¢rc (£) provided
by Eq. (20), the value of I§ g (t) is deduced from Eq. (22) according to the diagram presented in Fig. 2.
Incorporating these physical parameters determined at STC into the following equation (the solution of
transcendental equation Eq. (12), we can generate the I-V and P-V characteristics at STC. By reversing
the Eqs. (17) and (18), we can then plot the I-V and P-V characteristics generated under real conditions.

* * _ Vourstc(t)
NSW;TC (t) VTh (TSTC) W (L ) N IPh,STC (t) + IS,STC (t) R;h,STC(t)
- * 0 A "

RS,STC (t) 1+ R:,STC(t)
RSh,STC(t)

(26)

Iourste (1) =

where L, is the argument of LambertW function (Wj).

RS src (t) I src () ex RS stc (t) (I;h,STc (t) + IS src (t)) + Vourstc (t)

R} R}
Nstge (1) Van (Tsro) (1+ 20 Nstge (1) Van (Tsro) (1+ 5203

Sh,STC ( t)

Ly=

To assess the reliability of the physical parameters and PV metrics found to generate features, namely
I(V) and P(V) curves as close as possible to experimental curves under real conditions and translated into
STC, we rely on a widely used statistical indicator to calculate the discrepancies between measured and
generated values: the normalized root mean square error (NRMSE) [31,33].

| 13 i 2 [1 8 i
NRMSE = J N Z (XGenerated - XMeusured) /N Z XJIVIEMM“?d (27)
i=1 i=1
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> 3

elnput real-time values of key points (Voc;, Vypps» Isc;and Typp;),

elnput module temperature (Ty,,),

elnput .-V, curves and corresponding pair numbers (N;,).

v
{ eCalculate values of I;CVS,C (), [;/pp_src (), V;,,PP_STC(t, )and V(;C_m(t,) using Egs. (2) to (5), }

eCalculate values of I, () and ¥, (¢ using Eqgs. (17) and (18).

v

eCalculate values of effective irradiance 7, ¢ (#,) using Eq. (21),

eCalculate values of I, o (t,) using Eq. (20).

v
eSolve the system of three nonlinear Egs. {(23), (24), (25)}
via fsolve command in Maple,
eGet values of Ry g (%), Ry, ¢ (t,) and 7y (¢,).
v
eDeduce I g (¢,) using Eq. (22),
eGenerate I,-V, and P.-V, curves at STC,
eDeduce I.-V, and P.-V, curves at non-STC.

i i

Yes

<M
No

End

Figure 2: Flowchart for calculating model parameters values of a PV module operating outdoors throughout the
operational period

3 Results and Discussion
3.1 Analysis of PV Module Degradation

In this subsection, we depicted the progression of PV metrics (I sreos Iypp.stes Voc.ster Varpp.sTe
Pyipp.stc) and the fill factor FFg . over time (days), and we derived the DR of each parameter based on
this dataset.

3.1.1 Effective Maximum Power

Fig. 3 illustrates the temporal evolution of Py ,p ¢ obtained for the six PV modules. The daily
calculated values of Py ¢ after the filtering process described above reveal a significant degradation of the
PV modules based on thin films compared to the crystalline silicon-based modules. As indicated in Table 2,
the most substantial reduction in Py, 7 was observed for the a-Si/uc-Si module, with a power decrease of
3.26% per year. The power reduction observed in the CIGS module is 2.45% per year, while the CdTe module
shows a power reduction of approximately 2.03% per year, and the HIT module of 1.75% per year. Moreover,
the p-Si and m-Si modules exhibit a DR of 1% per year and 0.87% per year, respectively. The result obtained
is in agreement with that presented in the literature (see Table 3). The DR of a PV system is influenced by
various factors, including the type of PV cell, climate, system size, tilt, and orientation of the PV module, as
well as the duration of outdoor exposure [9]. The obtained DR values are accompanied by 95% confidence
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intervals and the corresponding p-values. All technologies exhibit statistically significant degradation trends,
as evidenced by p-values well below the 0.05 threshold, indicating that the observed effects are unlikely to be
due to random fluctuations. Moreover, the narrow confidence intervals confirm the reliability and precision
of the estimates. Overall, these results highlight clear, technology-dependent degradation behaviors, with
strong statistical support for all devices under study (see Table 2). The observed effect is thus real, precisely
estimated, and leaves no ambiguity regarding its existence and it is not the result of random variation.

e mSi0188 o xSi12922 * CdTe74638
* HIT05667 o CIGS39017 = aSiMicro03036

225} y =-1.026 10%t+213.19
[ oot anen o g0 ® o o alete
200+ a4
175
S 150l y =-9.870 10°t+147.0
=1 %W@ 283 % .00
& 125} CF
o . y=-1.011 10%+113.76
& I f'-_-—'—n-l'f_—-\_'_'_‘_h.
.S 100 ==
0 =-1.90 10°%+79.648 ,
] Saavsosren S
| % Fhelon e B e e L
50 | _y=-37711031+67.635 _
25] y = -1.32210°t+44.743
1 L 1 L 1 L 1 L 1 L 1
0 200 400 600 800 1000

Time (Day)

Figure 3: Temporal evolution of effective maximum power for various PV module technologies

Table 2: Annual degradation rates, 95% confidence intervals, and associated p-values for various PV technologies

PV modules p-Si m-Si HIT CdTe CIGS a-Si/pc-Si
(xSi12922) (mSi0188) (HIT05667)(CdTe74638) (CIGS39017)  (aSiMi-
cro03036)
DR (%) 1.078 0.8708 1.7571 2.0352 2.4508 3.2666
95% Confidence  [0.46-1.23] [0.81-1.30] [1.52-1.88] [L61-2.43]  [1.94-2.79]  [2.69-3.85]
intervals
p-Values 4.785x 107 729 x107'* 1.44 x 1077 788 x107'¢ 570 x107"° 134 x 107"

Table 3: Maximum power degradation rates

PV modules Degradation rates (DR) (%/Year)
technologies
Present study Reported in the literature (Exposure Duration < 5 Years)
p-Si (xSi12922) 1.078 1.21 [13]; 0.83 [25]; 0.83 [11]; 1.0 [36]; 0.81 [37]; 1.21 [38]
m-Si (mSi0188) 0.8708 0.93 [13]; 0.74 [25]; 0.8 [36]; 0.89 [37]; 0.4 to 2.4 [9]; 0.93 [38];
1.0 [39].
HIT (HIT05667) 1.7571 0.36 to 1.5 [9]; 1.92 [25]

(Continued)
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Table 3 (continued)

PV modules Degradation rates (DR) (%/Year)
technologies
Present study Reported in the literature (Exposure Duration < 5 Years)
CdTe 2.0352 2 [36]; 15 t0 3.5 [39]; 1.70 [37]; 0.8 t0 5.5 [9]
(CdTe74638)
CIGS 2.4508 6.0 [36]; 6.53 [40]; 1.86 [37]; 0.8 to 5.1 [9]; 1.5 [41].
(C1GS39017)
a-Sifjuc-Si 3.2666 3.51 [42]; 2.72 [15]; 2.20 [43]; 2.0 [36]; 1.7 to 2.7 [9]; 2.2 [44];
(aSiMicro03036) 1.73 [45].

3.1.2 Four Key Points of I-V Curve

The effective maximum power Py pp g7 of PV modules depends on the electrical performance
parameters (I5: sres Ivipp.ster Varpp.ste> a0d Vi grc). The higher the electrical performance parameters,
the higher the power output. Thus, the degradation of one of these parameters contributes to the degradation
of the effective maximum power of the PV modules [12]. The following graphs (Fig. 4) illustrate the variation
of currents and voltages over time for various PV modules. Based on these results, the DR of key points on
the I-V curve has been calculated and presented in Table 4.
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Figure 4: Evolution of the four key points of I-V curve at STC for various PV module technologies. (a, ¢, e, g, i, k) show
the evolution of current vs. time, (b, d, £, h, j, 1) show the evolution of voltage vs. time

Table 4: Degradation rates of I-V curve key points, 95% confidence intervals, and p-values for various PV technologies

PV Metrics PV Mdodules
p-Si m-Si HIT CdTe CIGS a-Si/pc-Si
(xSil2922)  (mSi0188  (HIT05667) (CdTe74638) (CIGS39017) (aSiMi-
cro03036)
DR (%/Year) 0.8291 0.7017 0.9544 0.8667 1.7617 1.3140
Igc,STc 95% [0.40-1.12] [0.61-1.05] [0.78-1.15] [0.52-1.21] [1.49-1.96] [0.90-1.70]
Confidence
intervals
p-Values 7.843 x 1.107 x 8.767 x 1071 3.736 x 2.211 x 6.393 x
107° 10710 10°° 10723 107?
DR (%/Year) 0.8091 0.7396 0.8722 1.4122 1.7238 2.0523
IX,IPP)STC 95% [0.36-1.02] [0.56-1.05] [0.67-1.01] [1.00-1.47] [1.15-1.91] [1.55-2.56]
Confidence
intervals

(Continued)
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Table 4 (continued)

PV Metrics PV Mdodules
p-Si m-Si HIT CdTe CIGS a-Si/pc-Si
(xSi12922) (mSi0188 (HIT05667) (CdTe74638) (CIGS39017) (aSiMi-
cro03036)
p-Values 7.843 x 5.505 x 1.743 x 10712 1.553 x 1.553 x 1.086 x
107° 107° 10~° 107° 1071
DR (%/year) 0.2470 0.1550 0.8160 0.3284 0.7615 0.8639
Vic.sre 95% [0.09- [0.18-0.29]  [0.72-0.86] [0.29- [0.52-1.21]  [0.77-0.94]
Confidence 0.22] 0.40]
intervals
p-Values 2.430 x 1.526 x 2.880 x 1.141 x 3.736 x 7.395 x
107° 1078 107>2 10718 1076 10732
DR (%/Year) 0.2731 0.1238 0.9086 0.6484 0.8667 1.3578
Viyipp.stc 95% [0.04-0.21] [0.19-0.34]  [0.94-0.95] [0.56- [0.63-0.87]  [1.11-1.39]
Confidence 0.67]
intervals
p-Values 3.818 x 7.724 x ~0 4.781 x 1.141 x 3.959 x
1073 10710 10728 10718 107%

For the crystalline silicon modules (m-Si and p-Si), the currents I5. g5 (0.70%/year; 0.83%/year,
respectively) and Iypp src (0.74%/year; 0.81%/year, respectively) decrease slightly, while the voltages
Vie.ste (0.15%/year; 0.25%/year, respectively) and Vyipp o7 (0.12%/year; 0.27%/year, respectively) experi-
ence minimal decline, even though the voltages for p-Si decrease almost twice as much as those for m-Si.
As for the HIT module, it exhibits a reduction in key points on the I-V curve at an almost similar rate
(Isc s 0.95%/year; Iy pp gt 0.85%/year; Vypp gt 0.91%/year; Vi g 0.82%/year). The CdTe, I5c g7
decreases slightly (0.87%/year), while I}, 5 decreases significantly (1.41%/year). Regarding voltages,
Viypp.stc (0.65%/year) decreases almost twice as much as V. sr¢ (0.33%/year). Concerning the CIGS
module, both currents, I g7 (1.76%/year) and Iy pp g7 (1.72%/year), decrease markedly and almost in the
same manner, while the voltages V. ¢ (0.76%/year) and Vypp 1 (0.76%/year) have decreased slightly
and similarly. Finally the a-Si/uc-Si module, both I5. ¢ (1.31%/year) and Iy pp g7 (2.05%/year) decrease
significantly, and the voltages Vy,p 7 exhibit a substantial decline (1.36%/year), while V{5 7 decreases
slightly (0.86%/year), resulting in a significant decrease in maximum power. These values are accompanied
by 95% confidence intervals, which provide an estimate of the precision, and p-values that indicate whether
the observed degradation is statistically significant. The p-values are almost all well below the 0.05 threshold,
often on the order of 10~ or even smaller. This indicates that the observed degradations are highly statistically
significant, and it is therefore very unlikely that these results are due to random variation. Moreover, the
confidence intervals are narrow, reflecting a high level of precision in the estimation of the degradation rates.
This further strengthens the credibility of the results (see Table 4).

There are several factors that influence the decrease in current in PV modules, depending on the
type of module and technology used. Among these factors are dirt, discoloration of the EVA, or the
reduction in the transmission of shortwave photons [46]. The aging of electronic components in the PV
module, such as connections and cables, is also a determining factor [12,47,48]. Since the PV modules were
cleaned daily during their exposure to the outdoors [22], dirt does not contribute to the degradation of the
modules. However, we have no information on the visual defects presented by the various PV modules,
such as discoloration of the encapsulant, which could significantly contribute to the degradation of module
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current [12]. Most often, it is the discoloration of the encapsulant that reduces the light transmitted to the
PV cells and degrades the current, leading to maximum power degradation. Similarly, a slight degradation
of the module voltage was also attributed to the relatively exposure (3 years) of the modules to outdoor
conditions [12].

Environmental conditions, such as the thermal cycle, also influence the material quality due to
expansion during the day under heat and contraction at night. These variations lead to the appearance of
cracks and fractures in the material over time, resulting in its degradation. Consequently, this deterioration
contributes to the decrease in voltage and current, impacting the overall power of PV modules.

3.1.3 Fill Factor

The effective fill factor (FF{,.) value is also affected by the degradation phenomena. Fig. 5 illus-
trates the evolution of the daily effective fill factor (FFg; ) values achieved for the studied PV systems
during the monitoring campaign. As clearly shown in Fig. 6, there is no significant variation (decrease)
in FF{;. was observed for m-Si (0.02%/year), p-Si (0.01%/year), HIT (0.01%/year), and CIGS (increase)
(0.04%/year) modules. However, a remarkable decrease in FF{,. is noted for CdTe (1.13%/year), and
a-Si/pc-Si (1.21%/year), which could lead to the long-term distortion of the I-V characteristic.
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Figure 5: Evolution of effective fill factor values for different PV module technologies

3.2 Effective Values of SDM Model Parameters

To investigate the causes of degradation, changes in the series resistance (R 1), shunt resistance
(R§,.s7c)> photocurrent (I, ¢rc), saturation current (I5 ¢rc), and ideality factor (1757¢) of the modules
are monitored daily throughout the experiment. Figs. 6-10 depict the temporal evolution of the physical
parameters obtained using the numerical method described earlier. In Fig. 6, the R§ ;¢ exhibits a decreasing
trend over time for m-Si, CdTe, and a-Si/pc-Si modules, while p-Si, HIT, and CIGS modules show an
increase in series resistance. Fig. 7 presents the daily variations in R, ¢, with m-Si, CdTe, and a-Si/pc-Si
modules showing a downward trend over time, whereas p-Si, HIT, and CIGS modules display an increase
in shunt resistance. In Fig. 8, the daily variations in I}, ¢, reveal a decrease across all PV modules.
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Additionally, Fig. 9 illustrates the daily variations in I ¢, where p-Si, HIT, and CIGS modules demonstrate
a decrease over time, while m-Si, CdTe, and a-Si/pc-Si modules show an increase. The last figure (Fig. 10)
displays the daily variations in 7§, with p-Si, HIT, and CIGS modules exhibiting a decreasing trend,
while m-Si, CdTe, and a-Si/pc-Si modules show an increase. These findings provide insights into the
dynamic behavior of various parameters of PV modules over time, which are crucial for understanding their
performance and degradation characteristics.
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Figure 6: Evolution of effective values of series resistance (R§ stc) for various PV modules
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Figure 7: Evolution of effective values of shunt resistance (R; . STC) for various PV modules
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Figure 8: (Continued)
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Figure 8: Evolution of effective values of photocurrent (I;h STC) for various PV modules
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Figure 9: Evolution of effective values of saturation current (I; stc ) for various PV modules
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Figure 10: Evolution of effective values of ideality factor (73 ) for various PV modules

The monotony of physical parameters over time, except for the photocurrent I, ¢, strongly depends
on the slope of decay of key points of I-V characteristic such as I5: sr¢» Iypp ster Varpp.srer and Ve sre-
The difference in the evolution (increase or decrease) of the same physical parameter over time, observed
from one module to another, is primarily due to the fact that key points do not maintain the same slopes
from one module to another. Despite the random evolution of each physical parameter with respect to the
different PV modules, with the exception of the photocurrent which decreases for all PV modules, they
present I-V characteristics generated that are identical to those given experimentally under real operating
conditions, as well as under STC, which we will discuss later. Moreover, during the tracking period, the
physical parameters, except the photocurrent, have a slight influence on the characteristic, leading to a
translation without changing the shape of the curve over time, as we will see later.

3.3 Adjustment of I-V Characteristics to STC

The aim of this paragraph is to demonstrate that the previously determined physical parameters provide
an [-V characteristic that is consistent with the experimental characteristic, whether under real conditions
or at STC.

STC translation equations used in this study allow for the translation of all experimental data from the
instantaneous I-V curve under real conditions (red curve, points) to STC (blue curve, points). Additionally,
the characteristics generated under STC (orange curve, line) and under real conditions (green curve, line),
based on previously determined physical parameters, are also presented and compared to the translated and
real experimental characteristics. Fig. 11 summarizes all experimental and generated I-V curves under real
and STC conditions for various PV modules. The subfigures (a)-(f) are similar and differ only by the type of
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technology, which is already indicated on the figure itself. Therefore, no additional explanation is needed in

the caption.
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Based on the obtained results, it is evident that the experimental and generated characteristics agree
well. However, to assess the accuracy between the different curves, a commonly used measure is the NRMSE.
For this purpose, the NRMSE is calculated between the experimental and generated I-V curves. The NRMSE
values obtained are depicted over time (Fig. 12). It is observed that all NRMSE are below 2% between the
experimental and generated curves, thus justifying the reliability of the translation equations used in this
study and the previously determined physical parameters. The red circles represent the NRMSE between the
points of the experimental I-V curve and the one generated under real conditions (the red points and the
green curve), while the blue points represent the NRMSE between the points of the I-V curve translated into
STC and the one generated under STC (the blue points and the orange curve).
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Figure 12: NRMSE values for generated I-V curves under non-STC (Gj

roa> I ), along with those under STC for
various PV modules.

3.4 The Degradation Effects on the Shapes of the I-V and P-V Characteristics

This paragraph discusses the effects of aging on the I-V and P-V characteristics of various PV modules.
It examines the temporal evolution of key characteristics and the impact of physical parameters on these
features. To provide a visual representation of degradation, we compare the I-V and P-V curves measured
under the same conditions (STC) on two different days for the same module. Fig. 13 shows the I-V
(experimental and generated) and P-V (experimental and generated) curves under STC for six different
modules. The degradation effects on the shapes of the I-V and P-V characteristics are clearly visible in the
following curves. Consequently, the PV metrics also deteriorate [49].
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Figure 13: Translated and generated I-V and P-V curves under STC at different times for various PV modules. (a, ¢, e,
8, i, k) represent the evolution of current as a function of voltage, (b, d, f, h, j, 1) represent the evolution of power as a

function of voltage

Since the I-V and P-V curves were measured under the same conditions, it is reasonable to assume
that the differences observed in these curves for the same module result from module degradation rather
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than differences in measurement conditions. For all six modules, there is a decrease in PV metrics (I3 g7
Lypp.stes Varep.stes Voc.ster and Pypp o) over time. In addition, during the two observed days for
the same module, there is no distortion in the shape of the I-V characteristic. It is merely a homothetic
transformation of one relative to the other, allowing us to conclude that the variation in physical parameters
over the monitoring period has no significant influence.

4 Conclusion

This study aims to assess the performance of various PV modules, including crystalline silicon types
(m-Siand p-Si) and thin-film types (HIT, CdTe, CIGS, and a-Si/pc-Si), in two different regions of the US. PV
modules were sequentially installed in Cocoa and Eugene, then monitored over a period of approximately
three years, from January 2011 to March 2012 in Cocoa and from December 2012 to January 2014 in Eugene.
The findings from this study reveal several significant aspects. Firstly, the reduction in peak power for
crystalline silicon modules was approximately 1% per year during the study period. In contrast, for thin-film
modules such as HIT, CdTe, CIGS, and a-Si/pc-Si, the power reduction rates were 1.75%, 2.03%, 2.45%, and
3.26% per year, respectively. These results suggest that thin-film modules exhibit higher degradation rates
compared to those based on crystalline silicon, aligning with available literature data. The degradation of
power output appears to be linked to the loss of PV metrics such as Is: sr¢» Iypp stes Varpp.ster Voc.stes
and FF; . The analysis reveals a consistent decrease in all PV metrics over time for all modules except FF{ -
remains constant for m-Si, p-Si, HIT, and CIGS, and slightly decreases for CdTe and a-Si/pc-Si modules. The
observed variations in PV metrics affect physical parameters such as R§ sr¢, RS, 70 Nstes Ipp srer @and
IS src- Ipp g7 decreases over time for all modules, while other physical parameters vary randomly from
one module to another. Consequently, the shape of I-V characteristics and P-V curves evolves over time,
resulting in a reduction in the area under these curves. It is crucial to note that PV modules were cleaned
daily, excluding the potential influence of dust and dirt on module degradation. Therefore, the results of
this study genuinely reflect the aging of materials due to irradiance and temperature cycles as well as other
meteorological effects (humidity, rain, ...).
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Glossary

Abbreviations

NREL National Renewable Energy Laboratory
PV Photovoltaic

m-Si Monocrystalline Silicon

p-Si Polycrystalline Silicon

HIT Heterojunction with intrinsic thin-layer
CdTe Cadmium Telluride

CIGS Copper Indium Gallium Selenium
a-Si/uc-Si Amorphous Silicon/microcrystalline silicon
I-v Current -Voltage

P-v Power-Voltage

FF Fill Factor

AM Air Mass

STC Standard Test Conditions

POA Plane-Of-Array

DR Degradation rate

MPP Maximum Power Point

oC Open Circuit

SC Short-circuit

ESI Effective Solar Irradiance

NRMSE Normalized Root-Mean-Square Error
SDM Single-Diode Model

Symbols

Iou: Output current (A)

I6ussTC Output current at STC (A)

Vout Output voltage (A)

Viut.stc Output voltage at STC (A)

f Ideality factor

Here Ideality factor at STC

Ry Series resistance (Q))

RS s Series resistance at STC (Q)

Rgy, Shunt resistance (Q)

Ry ste Shunt resistance at STC (Q)

Ipy Module photocurrent (A)

Ipp.ste Module photocurrent at STC (A)

I Saturation current (A)

I§ st Saturation current at STC (A)

Ng Number of PV solar cells mounted in series within PV module
kg Boltzmann constant (1.38065.107> J/K)
q Electron charge (1.6021764.10""° C)

Vi Thermal voltage (V)

Ty Module temperature (K)

Tstc Reference temperature (Tsrc = 298.15 K)
Isc SC current (A)

IScoste SC current at STC (A)

Inpp MPP current (A)

Lyppste MPP current at STC (A)
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Voc OC voltage (V)

Vie.ste OC voltage at STC (V)

Vmep MPP voltage (V)

Vyirp.sTC MPP voltage at STC (V)

Piuistc Module output power at STC (W)

Pyipp Module maximum power (W)

Pyipp.stc Module maximum power at STC (W)
Groa Plane-of-array irradiance at STC (1000 W/m?)
It ste Effective solar irradiance at STC (kW/m?)
o MPP power temperature coefficient (1/°C)
B SC current temperature coefhicient (1/°C)

y OC voltage temperature coefficient (1/°C)
1) MPP current temperature coefficient (1/°C)
X MPP voltage temperature coeflicient (1/°C)
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