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ABSTRACT

The performance of four thin-film photovoltaic modules is analyzed after an initial stabilization
period and a subsequent outdoor exposition. The seasonal variations and the degradation rates
of a single-junction hydrogenated amorphous silicon (a-Si:H) module, a tandem amorphous
microcrystalline Silicon (a-Si/uc-Si) module, a heterostructure cadmium sulfide-cadmium tel-
luride (CdS/CdTe) module and a copper indium gallium selenide (CIGS) are examined and
correlated to spectral changes. The I-V curves have been measured every five minutes; the
electrical parameters and parasitic resistances have been identified. By exploiting a number of
experimental measurements acquired within a narrow interval of irradiance and cell temperature,
a novel mathematical model has been developed and fitted: it considers a stationary seasonal
variation component and a linear long-term degradation component. The results show annual
power degradation rates of 4.0% for the a-Si:H module, 3.4% for the a-Si/uc-Si and 3.5% for the
CdS/CdTe, whereas for the CIGS module the annual degradation is not significant, i.e. 0.2%.
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New model to study the outdoor degradation of thin—film PV modules

1. Introduction

Thin—film PV modules had an important presence in the global market a decade ago, reaching about 17% of the
global production in 2009 [1] and then gradually loosing share due mostly to the improvements and cost reduction of the
crystalline silicon (c—Si) technologies. Nevertheless, they still constitute today a viable option, which is particularly
attractive in certain applications with a large growth potential such as building integrated photovoltaics [2, 3]. The
market share of thin—film technologies in the global PV market is expected to be limited. Nevertheless, understanding
the degradation mechanisms of a-Si and micromorph modules could provide insights on the behaviour of high efficient
silicon hetero—junction technologies, which also contain a-Si layers, and are recently attracting a lot of interest.

The degradation mechanisms associated to thin—film modules have been the subject of many works for the last
years, e.g. [4-26], although less than those ones affording the degradation of c—Si modules [27]. Thin—film PV module
degradation rates are in general higher, and with wider dispersion than their crystalline counterparts [28], this being
one of the factors that have hampered the market growth of these modules. However, some reports [29, 30] have stated
the that thin—film technologies may have better stability. In any case, it is highly desirable to conduct further studies
to gain a deeper insight into the degradation of thin—film modules. This will contribute to improve their reliability and
reduce uncertainties in the estimation of their long—term energy production in real systems.

Table 1 summarizes some thin—film module degradation rates. Even for the same technology, there is a significant
dispersion of the levels of degradation. Considering a—Si:H, many papers report annual degradation rates around 2%
[12, 14, 18, 19] or even lower [6, 16, 20], but other studies report rates ranging between 5 and 7% [4, 17]. Lower
degradation rates are obtained for modules based on tandem cells of amorphous and microcrystalline silicon (a—Si/uc—
Si), lying in the range from 1.5 to 2.2% [8-11, 13], although higher rates, between 2.7 and 3.9%, are reported in [15].

The dispersion of the degradation rates for Cadmium Telluride (CdTe) is even higher. Whereas some authors
[21, 26] show very low degradation rates, i.e around 0.6%/year, some works evidence rates between 1.4% and 10%
[4, 5,7, 10, 11, 14, 16, 18, 19]. Regarding CI(G)S technologies, a wide difference in the results documented by
different authors is evident [9, 11, 14, 16, 20, 22, 31], with annual degradation rates ranging from 0.2 to 2.6%. In
general, significantly lower rates are reported in comparison to the other thin—film technologies with a few exceptions
[18, 24]. The large dispersion found in reported degradation rates is partly due to the difficulties associated to ensure
a reliable measurement of thin—film PV modules variables [32]. In round robin measurements conducted by different
test laboratories, divergences between 3 and 6% were found for thin—film PV modules, whereas for crystalline silicon
modules, divergences were under 1% for the same laboratories. In general, it is known that the output of a thin—film
module depends on its actual operating conditions, but it is also affected by its past history, both in terms of temperature
and irradiance [33], that may affect their performance permanently or reversibly.

The initial stabilization period of the modules is normally observed in all thin—film PV technologies. As for the
a—Si based technologies, the well-known Staebler-Wronski effect [34] leads to about 20% of the initial efficiency drop
during the first weeks of exposure to sunlight due to the formation of meta—stable defects in the a—Si:H semiconductor.
The phenomenon depends on the level of irradiation and also on the device temperature [35]. In fact, the initial
performance can be recovered by annealing above certain value of temperature, i.e. from ~ 130 °C. For lower
temperature levels there is a partial recovery depending on the thermal history of the device and on the climate
conditions. The stabilization period for a—Si is typically considered to be of about 6 weeks [36—39], during which the
most significant power decay takes place. Other studies report longer periods for a complete stabilization [13, 40, 41].
Other thin—film modules suffer a strong initial degradation due to light exposure. For CdTe, 6-week stabilization period
is commonly accepted. Del Cueto et al. [42] state an initial drop after the first 400-600 hours of sun exposure, which is
equivalent to 6-8 weeks. Deline et al. [43] recommend an initial period of 120 KWh/m?2, which is equivalent to 6 weeks
assuming a minimum daily irradiation of 2.78 kWh/m?, estimated for our site (Mélaga, Spain) in the worst—case month
[44]. Regarding CIGS, there is not agreement in the literature [45]. Some works show a stable performance since the
first use [14]; others conclude that at least 1 year is necessary to reach a stable behavior [46].

Despite its importance, not all the studies state if the initial stabilization period is included or not in the reported
degradation rates. For example, in Demirtag et al. [47] the degradation rate is estimated during the first year of operation
for two CdTe and CIS arrays, by obtaining 22% and 32% respectively. These very high values suggest that the initial
drop is included in the degradation rate, which would not be representative of a long—term study.
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Date Reference Technology Brand/model/identification Years Load” —%P,,./year

2021 Cassini et al. [4] a-Si:H  Module 3* 15 inverter 55

CdTe  Module 4* 7 inverter 5.6

2021 Kumar et al. [5] CdTe  Specimen CdTe-6* 1 ND 1.37

2020 Singh et al. [6] a—Si:H  same brand/model, a-Si_ 1* 3 ND 1.32

same brand/model, a-Si_2* 3 ND 1.12

same brand/model, a-Si_ 3* 3 ND 1.04

2018 Kichou et al. [7] CdTe  Calyxo/CX3-80 2 MPP 5.55

2018 Aarich et al. [8] a—Si/uc=Si Array series/parallel* +2.5 inverter 15

2017 Limmanee et al. [9] a—=Si/puc=Si Thin Si 1* 4 inverter 2.1

a—=Si/puc=Si Thin Si 2* 4 inverter 1.8

CI(G)S CIGS* 4 inverter 1.7

2017 Ozden et al. [10] a-Si/uc-Si Kaneka/U-EA105 4 inverter 1.88

CdTe  Abound/AB1-67B 4 inverter 10.6

2017 Tabhri et al. [11] a—Si/uc=Si Sharp/NA-121 3 ND 1.73

CI(G)S  Solar Frontier/SF150-S 3 ND 2.34

2016 Kichou et al. [12] a—Si:H  Array series/parallel* 3.5 inverter 2.30

2016 Kichou et al. [13] a—Si/uc=Si Array series/parallel* 3.5 inverter 2.20

2016 Silvestre et al. [14] a-Si:H  Kaneka/G-EA60 5 ND 2.28

a—Si/uc=Si Sharp/NA-121 5 ND 2.72

CdTe  Fist Solar FS-270 5 ND 4.55

CI(G)S  Shell Powermax Ultra80C 5 ND 1.04

2015 Ferrada et al. [15] a—Si/uc=Si Array series/parallel* ~1.5 inverter 2.7~3.9

2015 Kyprianou et al. [16] a-Si:H  Mitsubishi/MA100T2 8 inverter 1.38

CdTe  Fist Solar FS-60 8 inverter 1.96

CI(G)S  Wiirth Solar/WS11007-75 8 inverter 2.33

2014 Sharma et al. [17] a—Si:H  Array series/parallel* +2 inverter 6.4
2014 Ye et al. [18] a—Si:H  Specimen 6* 3 MPP ~

CI(G)S  Specimen 9* 3 MPP ~ 6

CdTe  Specimen 10* 3 MPP ~ 2

2014 Makrides et al. [19] a=Si:H  Mitsubishi/MA100T2 5 inverter 1.87

CdTe  First Solar/FS-60 5 inverter 2.27

CI(G)S  Wiirth Solar/WS11007-75 5 inverter 1.95

2013 Gottschalg et al. [20] a=Si:H  Specimen a-Si-1* +4 ND 1.26

CI(G)S  Specimen CIGS-1* 55 ND 2.74

CI(G)S  Specimen CIGS-2* 55 ND 0.42

2012 Strevel et al. [21] CdTe  Solar Cells Inc. (act. First Solar) 17 inverter 0.53

2011 Jordan and Kurtz [22] CI(G)S  ShellSolar/PowerMax Eclipse 80-C ~ +5 inverter <0.32

2008 Del Cueto et al. [23] CI(G)S  Specimens 1988:A* +17 resistor 0.90

CI(G)S  Specimens 1990:A* 16.5 resistor 0.21,0.32

CI(G)S Specimens 1992:A* 15.5 resistor 0.43

CI(G)S  Specimens 1994:A* 13 resistor 0.95,1.08

CI(G)S Specimens 1997:A* 10 resistor 1.27,1.35,2.10

CI(G)S  Specimens 1997:A* 10 resistor 2.10

CI(G)S  Specimens 1998:A* +9 resistor 2.25

CI(G)S  Specimens 1997:A* 6 resistor 1.27,1.35

CI(G)S  Specimens 2002:B* 5.5 resistor 0.89,1.80

CI(G)S  Specimens 2002:B* +4 resistor 0.65

CI(G)S  Specimens 1998:A* 4 resistor 2.14

CI(G)S  Specimens 2004:A* 3 resistor 2.6,2.9,3.8,4.7

2006 Durisch et al. [24] CI(G)S  Siemens/ST40 1 ND 8.49.5

2005 Adelstein and Sekulic [25]  a-Si:H  Array series/parallel* 1 inverter 73

(same installation, following years)* 5 inverter 1.7

2001 Marion et al. [26] CdTe  Solar Cells Inc. (act. First Solar) 4 inverter 0.6

* The actual brand/model are not defined in the referenced paper

T It specifies if the modules are normally (when they are not being measured): "resistor" (with a fixed resistor),
"MPP" (at its maximum power point with an optimizer circuit), "inverter" (several of them connected as an array
to a grid inverter), or "ND" (not defined in the referenced paper).

Table 1

Summary of different studies of degradation for thin—film modules.
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Another frequent issue in thin—film PV degradation analyzes is related to the accuracy of the measurements. It is
not uncommon to find studies [48] based on measurements performed by /-V portable curve tracers, which are designed
to characterize whole strings. Unfortunately, they offer an insufficient accuracy to specify the level of degradation
of an individual module, especially if the exposure period is short: the actual degradation is often smaller than the
measurement error. Moreover, as many of these devices are based on a capacitive load, they are not fast enough to
accurately sample the I-V curve in proximity of the short—circuit current, thus further reducing the accuracy of the
Isc and Rgy, estimations. A too fast acquisition of the I-V curve, as it happens with some solar simulators, may lead
to transient effects (e.g. the direction of the voltage sweep changes the shape of the curve), with consequent errors in

the estimation of P,,,, in particular when measurements concern high capacitance thin—film technologies [49].

Outdoor measurements are usually translated to Standard Test Conditions (STC) by using correction procedures.
The latter ones introduce additional uncertainties in the final values, which can be sometimes larger than the determined
degradation rates. For example, the procedures 1, 2 and 4, described in the IEC 60891:2021 [50], as most of other
methods in the literature, require, in addition of the temperature coefficients, other internal parameters that are hard to
be obtained and whose values are usually affected by a significant approximation. The introduced uncertainty can be
especially large in climates where it is not possible to reach high irradiance values, e.g. close to 1000 W/m?, with low
cell temperatures, so that the temperature gap to correct (e.g. from 50 °C to 25 °C) is very large.

As a further element affecting degradation analyzes based on outdoor measurements, variations of the spectrum
have to be accounted for. Some thin—film technologies show a narrow spectral response, which leads to significant
performance changes due to spectral variations throughout the year. For example, in King et al. [41] it is stated that the
energy production of an a—Si module could increase even by a 2% in summer with respect to its output under AM1.5,
with a decrease of a 5% in winter. As a result, a valid study of thin—film degradation at outdoor conditions should
consider measurements performed under a similar spectrum, e.g., acquired during the same month of different years.

In this work, the results achieved by applying a rigorous procedure to analyze the evolution of the outdoor
performance of four different types of thin—film modules are presented. The modules are of the following technologies:
single-junction hydrogenated amorphous silicon (a-Si:H), tandem of amorphous and microcrystalline silicon (a—
Si/uc—Si), heterostructure of cadmium sulfide and cadmium telluride (CdS/CdTe) and copper indium gallium selenide
(CIGS). The modules under study were installed on the roof of the Photovoltaic Laboratory of the University of Mdlaga
in the South of Spain and they have been monitored during a period of around 20 months, after a stabilization period
of 8 weeks. The reported degradation rates quantify the evolution of these indicators: the maximum power (P,,,),
the short—circuit current (Ig¢), the open—circuit voltage (Vo ), the current at the MPP (1...), the voltage at the MPP
(Vmax)- the fill factor (FF), the series resistance (Rg), and the shunt resistance (Rgy,), these last two referred to the
single diode model (SDM) [51].

Aimed at distinguishing between the seasonal annual variations and the long—term degradation of the previous
indicators, a novel methodology is proposed, based on fitting the measured data to a non—linear model that can deal
with non—equispaced data and with missing information. This model assumes that the amplitude of the seasonal trend
is a percentage of a base value, which in turn degrades over time. The fitting parameters obtained will be used to
estimate the annual degradation rates and correlate the behavior of the modules to the spectral variations.

The paper is organized as follows: In Section 2, the methodology employed for the measurement and parameters
extraction is described. The results of the evolution of the electrical parameters and parasitic resistances are presented
in Section 3. Sections from 3.1 to 3.4 analyze the obtained results for each technology, contrasting them with previous
literature. Finally, Section 4 summarizes the main conclusions of this work.

2. Methodology

2.1. Description of PV modules

One specimen for each technology has been used, labelled as M1, M2, M3, and M4. The main specifications
of the modules under study are summarized in Table 2. M1 and M2 are based on amorphous silicon, one of the most
sustainable PV technologies, due to its abundance, low temperature coefficients, small amount of raw material required
and low—energy manufacturing process [52]. Amorphous silicon is usually hydrogenated, as the incorporation of atomic
hydrogen passivates the dangling bonds typical of the amorphous structure thus improving the cell efficiency. The
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Module M1:a-Si M2:a-Si/ uc-Si M3:CdTe/CdS M4:CIGS
Manufacturer Kaneka[53] PhoenixSolar[54]  FirstSolar[55]  Solyndra[56, 57]
Model GEA-060 PHX-120-LV FS-272 SL-001-157C
Number of cells 108 96 116 150
Efficiency [%] 6.3 8.51 10.07 7.99
Temperature coefficient a [%/°C] +0.075 +0.07 +0.04 —0.06
Temperature coefficient § [%/°C] —0.305 —-0.30 -0.25 —-0.38
Temperature coefficient y [%/°C] -0.23 —-0.24 —-0.25 —-0.35
NOCT [°C] - 44 45 45
Electrical Parameters* STC NOCT STC NOCT STC NOCT STC NOCT
Short—circuit current I [A] 1.19 - 3.34 2.70 1.23 1.01 2.54 1.95
Open—circuit voltage V¢ [V] 92 - 59.20  55.10 88.7 825 9760  88.30
Maximum power P . [W] 60 - 121.0 91.80 72.5 54.4 157.0 1134
Current at maximum power I, [A]  0.90 - 2.69 2.19 1.09 0.87 2.20 1.69

Voltage at maximum power V, . [V] 67 - 45.00 4190 66.6 624 7230 67.10

*STC: G = 1000 W/m?, T,,;, =25 °C, AML5 — NOCT: G = 800 W/m?, T, = 20 °C, Wind, ,,,,=1 m/s, AML5

ir
Table 2
Specifications of the photovoltaic modules under study.

hydrogenated amorphous silicon (a—Si:H) material has a high direct band gap of 1.7 eV which leads to high absorption
in the short wavelengths. M1 is a single—junction a—Si:H module by Kaneka with a p-i-n cell configuration and a
nameplate stabilized efficiency of 6.3% [53]. M2 is a tandem a-Si/uc-Si module by Phoenix Solar which includes a
top a—Si cell and a bottom uc—Si cell, and has a efficiency of 8.5% [54]. Both M1 and M2 have power tolerances of
+10%/—5% and power warranties of 80% at 25 years. They were built with a glass—foil superstrate configuration. The
Kaneka module includes a 5 mm float glass whereas the Phoenix Solar module is built over a 4 mm low—iron front
glass. Both have EVA as encapsulant, a fluorine—based foil backsheet and aluminum frames.

M3 is a CdS/CdTe module by First Solar with a nameplate efficiency of 10.07% and a power tolerance according
to the manufacturer of +5%. It is a double—glass frameless module, with glass panes of 3.2 mm thickness, heat
strengthened at the front and tempered at the back, laminated with an encapsulant and an edge seal [55]. M4 is a
CIGS module, material that has a very high absorption coefficient and also a large direct band gap. Manufactured
by Solyndra, with a total area nameplate efficiency of 7.99% and a power tolerance of +4% [56]. This module has a
special construction which was conceived to improve generation at low incidence angles. It is built from a series of
tubes, which are composed of two cylinders one inside the other. The CIGS cell is deposited over the internal cylinder
and optically coupled to the outer cylinder. The tubes are hermetically sealed with metal caps at the ends of the tubes.

2.2. Experimental set—up

The modules were mounted on a fixed open-rack structure facing to south with an inclination of 21°. The
installation is in Malaga (latitude 36.7 N, longitude 4.5 W, altitude 50 m) in the south of Spain, very close to the
Mediterranean Sea and with typical meteorological conditions of 1 890 kWh/m? of annual horizontal global irradiation,
average daytime ambient temperature of 18 °C, relative humidity of 63% and wind speed of 1 m/s.

The meteorological variables were acquired by a weather station composed of an anemometer and a wind vane
(Young 03002L), a combined sensor of air temperature and relative humidity (Young 41382LC) and two irradiance
sensors on the module plane: a thermo—electric pyranometer Kipp & Zonen CM-21 [58] and a reference cell from the
manufacturer Atersa [59]. Whereas the former provides the irradiance used as reference value, the latter fast—response
sensor is only used to discard those I-V curves measured under changing conditions of irradiance.

The cell temperature is monitored with the use of Pt100 Resistance Temperature Detectors (RTD) using a four—
wire connection to avoid ohmic losses. These sensors are encapsulated by a silicone sheath allowing a better coupling
to the back surface of the PV modules [60]. Several sensors are used for each module and an average cell temperature
is calculated, following the schema depicted in IEC 60891:2021 [50], to take into account edge effects.
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The spectrum of the solar irradiance is also monitored using a spectroradiometer EKO MS-710 installed on the
module plane, covering from 350 to 1100 nm. Although this range could not be enough for all the technologies under
study (e.g. a—Si: 300790 nm or CIGS: 370-1240 nm [61]), the solar spectrum for the portions not covered is almost
insignificant for our purposes (the irradiance between 300-350 nm and 1100-1240 nm are only 1.3% and 4.9% of the
total solar irradiance [62] respectively).

The output signals of all the sensors are connected to a Compact FieldPoint"™ ¢FP-2120 controller and acquisition
system from National Instruments [63]. The system is connected to the local Ethernet in such a way any computer can
retrieve the measurements in real time. The /-V curve acquisition system was described in a previous paper [64]. A
four—quadrant power supply performs the voltage sweep at the PV module terminals in a suitable voltage range. The I-V
samples are acquired by a pair of multimeters triggered by a common square signal to ensure the simultaneity of both
readings. The acquired /-V curves are stored in a relational database and can be downloaded and exported for further
treatment through a web application [65]. The /-V acquisition time and the number of points can be configured, setting
these parameters to 1 second and 100 points respectively. In order to share the equipment between all the installed PV
modules, arelay box is used to select automatically the specimen to be measured, in such a way all of them are measured
in sequence every 5 minutes. The PV modules have remained at open—circuit condition when they were not measured.

A detailed analysis of the uncertainties of this measurement system, used in Méalaga for the last years, is provided in
[66]. The short—circuit current /g is estimated with an expanded uncertainty of 0.8% whereas the expanded uncertainty
for the open—circuit voltage V- is 0.5%. However, the estimations of P,,,, Vinax and Py, have expanded uncertainties
of 1.1% (coverage factor k = 2 in all the cases accordingly to ISO/IEC Guide 98-3 [67]). Finally, the expanded
uncertainty for the calculated values of FF, Rg and R, are 1.6%, 3% and 7% respectively.

2.3. Measuring and data extraction procedure

Before the start of the measuring campaign, the modules were stabilized by leaving them outdoors for an initial
period of 8 weeks. During this stabilization period the PV modules have been also at open—circuit condition without
any load connected to them. As it has been stated in Section 1, the purpose of this period is to avoid the strong power
drop during the first weeks of exposure, assuming that the complete stabilization period could take much more time.

After stabilization, the /-V curves of the modules have been measured at 5—minute intervals during the sun hours
for the whole period under assessment, that lasts around 20 months. Simultaneously with the /-V curve, the following
magnitudes were measured: irradiance on the module plane, ambient temperature, cell temperature (at several points),
speed and direction of the wind, relative humidity and solar irradiance spectrum. All the modules and the sensors were
regularly cleaned to avoid soiling.

The estimation of the electrical parameters from the discrete points of the /-V curves is done following the
indications given by Emery [68]. Once the main electrical parameters have been estimated, a parameter identification
method based on the single—diode model can be applied to estimate the values of the series and shunt resistances, such
as the one described by Toledo and Blanes [69]. This analytical method requires the coordinates and the derivatives
of four points of the I-V curve; therefore, Ic, Voc, Ppax, and an additional point, selected by means of the a—power
function described in the same paper, have been used. A value of a = 10, thus giving a point between the MPP and
the open—circuit point, has been settled.

In addition, from the measurements of the solar spectrum, the associated average photon energy (APE) values
were computed. The APE is defined as the mean energy value (expressed in eV) of the photons from a given spectral
distribution [70] and it is used to be estimated referred to a finite wavelength interval [4,, 4,] as:

A
L Gida
APEﬂa = G—(A) (1)
[ GiD 4
a €/1

where G, is the spectral irradiance on the module plane for a specific wavelength A (in Wm~2/nm) and ¢, is the energy
(in eV) of a photon of wavelength equal to A. This APE indicator is a useful parameter that has been widely used to
represent as a unique scalar the spectral irradiance function [71, 72]. In our case, and due to the limitations of our
spectroradiometer, 4, and 4, have been set to 350 and 1100 nm respectively.
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Ideally, for estimating the degradation rates, the operating conditions of the module should be the most stable and
referred to the same values throughout the period. In addition, to compare the obtained rates with previous works, those
measurements should be related to STC: Ggpc = 1000 W/ m? and Tgrc = 25 °C. Unfortunately, the climate of the
installation site in Malaga makes such a combination of G and T practically impossible. By choosing the experimental
measurements referring to Ggc implies to neglect most of the measurements taken in winter period. Therefore, it has
been decided to select, within the huge number of experimental measurements available, those ones referring to an
irradiance level close to Gyger = 800 W/ m?, thus ensuring that data referring all the seasons of the year are used.
After having creamed off the data according to this filter, the center of the temperature range has been fixed individually
for each different PV module, by taking the mean temperature value 7, among all the samples within the irradiance
range. Regarding the radius of the intervals of G and 7', 30 W/m? and 1.5 °C respectively have been considered, which
are exactly the expanded uncertainty that are estimated for the readings of the pyranometer (Kipp & Zonen CM-21)
and the cell temperature sensor (RTD Pt100 class A).

2.4. Degradation model

In some previous studies, the degradation along the time is considered as linear at a first approximation, so that a
Simple Linear Regression (SLR) could be used [73]. However, PV modules show different seasonal patterns, especially
thin—film devices. This behavior has been known since the 1990s, specially for a—Si:H, as it is stated by Riither and
Livingstone [74], and other previous works [75—77]. These are due to variations in the solar spectrum along the year
and, for amorphous silicon modules, to thermal annealing, which can partially recover the initial losses due to light
induced degradation [78].

The history profile of a PV thin—film module and its impact depend on the location. However, there are some
attempts in the literature that are aimed at separating the seasonality due to the thermal and radiative history of the
module from those related to the variability of the actual incident spectrum. Pierro et al. [79] propose a model to
estimate the individual contribution on the output performance of each influential variable.

In order to distinguish between the seasonal annual trend and the long—term underlying degradation of thin—film
devices, the sequence of values of each electrical parameter should be fitted to a model that allows to separate each
component. Some approaches are framed inside the time—series forecasting methods, with very low computational
complexity, that have previously been used to study PV degradation, such as Autorregressive Integrated Moving
Average (ARIMA) [80] or Seasonal-Trend decomposition by Loess (STL) [81]. These methods require daily or
monthly time series, in such a way, after performing the filter by irradiance and temperature, it is necessary to integrate
the instantaneous measurements to obtain a discrete equispaced sequence of values, introducing additional uncertainty.

Another approach that can deal with non—equispaced data and with missing information (e.g., several days without
measurements) was proposed by [82], consisting on a non-linear model which include several additive terms, including
a sinusoidal one to catch the seasonal trend. A fitting routine for non—linear models is available within any mathematical
software, e.g., Isgcurvefit in Matlab R2021b [83], that implements the trust-region-reflective algorithm to set a value
for each free parameter of the model within a feasible interval. Despite its high computational requirements, with the
computing power of today’s microprocessors, this task requires only a few seconds of execution.

In the same line of that previous work, we propose the following new model, in which the variation of each indicator
F(t) can be modeled through (eq. 2), assuming that ¢ is expressed in years and  is the date of the first measurement:

Fit)=(Ky+K;-(t—19)- 1+ K, -sinrx - (t —ty + K3)) 2)
. ~ / . ~ J/
long—term seasonal—term

where the first term represents a linear long—term degradation, and the second term contains the information on the
seasonal variations, which are mostly due to spectral effects or annealing.

There are some important differences between the proposed model and the one used by [82]. On the one hand,
the model proposed in that work assumes a logarithmic long—term component in order to deal with the initial strong
degradation. However, as the first 8 weeks of exposure are not included in the present study, the model presented in [82]
has been simplified by approximating the long—term component by a linear trend. On the other hand, it has physical
sense that the amplitude of the seasonal trend, which is the factor multiplying the sinusoidal term, is a percentage of
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Figure 1: Evolution of the APE during the exposure period, restricted to G = 800 +30 W/m? — T, =38 +7 °C.

K, K, K, K,
APE 1.893eV - —-1.07e-2 +0.175 years

Table 3
Fitting parameters K, for data of APE.

a base value determined by the long—term component. Therefore, instead of using an additive model of the long—term
and the seasonal-term, in (eq. 2) it is proposed a base value that could change over time, K, + K, - (f — t;), and let
the seasonal part vary as a ratio K, of that base value. In this way, assuming that 7 is expressed in years, the slope K
represents the absolute variation of the parameter for each year (e.g., in case of P,,,, its unit is W/year), whereas K, is
equal to the value of such parameter at the initial time #,,. Therefore, a relative annual degradation rate can be estimated
as a ratio between K; and K, i.e., DR(%/year) = 100 - (K, /K,). Finally, the parameter K5, which is expressed in
years, represents a phase value that allows a delay between the behavior of the different electrical parameters.

3. Results and discussion

First, the evolution of APE value is shown in Figure 1 restricted to the ranges G = 800 + 30 W/m? and
T, = 38 + 7 °C, that covers the irradiance and temperature ranges assumed for all PV modules under study. During
the summer months the APE is higher, which indicates a solar spectrum shifted to the blue, whereas in the winter
the APE is lower, indicating a shift towards the red. To have a reference of the evolution of the APE, these data have
been fitted to the model in Section 2.4. However, as the solar spectrum is not assumed to be affected by any long—term
variation, in this case we propose to fit only the seasonal part of the model, in other words, before performing the
fitting procedure we will set the value K| (APE) = 0. The parameters K; in Table 3 describe the behavior of the APE
during the exposure period. The value Ky(APE) = 1.893 is an estimation of the APE (in eV) on t = ¢, i.e., on the
first registered day. The value K,(APE) = —1.07e-2 is the amplitude of the seasonal variation of the APE. Finally,
K5 (APE) = 0.175 (expressed in years) is the delay of the initial day f, with respect the natural beginning of the APE
sinusoidal oscillation (around 64 days).

For comparative purposes, in this paper the APE evolution (calculated on the complete wavelength range provided
by the spectrometer) is provided to explain the annual seasonal trend of the main electrical parameters. It could be
possible to cancel the seasonal spectral influence by using a correction based on APE data, but in that case it would
be necessary to apply different wavelength limits depending on each technology under test. However, in this work the
APE data have not been used to perform any correction to the measurements to avoid additional uncertainties on the
degradation rates.

The evolution of the main electrical parameters and the parasitic resistances for each of the four modules, extracted
from the experimental measurements, is shown in Figures 2—5. The dotted lines show the interval in which the majority
(indicate a quantitative portion) of the points are contained and they are represented to guide the eye.

Before fitting the degradation model of Section 2.4, a first irradiance filter has been applied to the dataset of
measurements of all PV modules (G = 800 + 30 W/m?). However, a second filter based on the cell temperature
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Figure 2: Evolution of main electrical parameters and parasitic resistances for module M1 (a—Si:H)

has also been applied to each PV module. In order to ensure a high number of selected points to fit the model, for
every PV module, a different center of the temperature interval has been set, assuming the mean temperature value
T, among all the samples within the previous irradiance range (with a fixed radius of 1.5 °C for all the cases). The
results shown in Figure 1 and in Figures 2-5 and indicate a strong correlation of the modules electrical parameters and
parasitic resistances with the month of the year and, consequently, with the APE. As it has been stated in Section 1,
this seasonal variation makes impossible to compare two measurements taken on different days of the year to quantify
the degradation. In general, the electrical parameters experiment a long—term degradation that is superposed to the
seasonal trend. The experimental results of the main electrical parameters have also been fitted to the degradation
model described in Section 2.4. Tables 4—7 show, in addition to the K; parameters estimated in each fitting, the value
of the degradation rate calculated for each electrical parameter and each module type.
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K, K, K, K, DR
I 0907 A —-0.012 A/year —4.75e-2 +0.190 years -1.3%/year
Voc 8231V —0.81 V/year —5.51e-3 +0.046 years -1.0%/year
I.. 0723 A —0.016 A/year —5.45e-2 +0.171 years -2.2%/year
Vioax 0119V —1.15 V/year —1.27e-2 +0.055 years —1.9% /year
P 4422W 177 W/year —6.42e-2 +0.151 years —4.0%/year
FF 5923 %  -1.05 %/year —1.67e-2 +0.066 years —1.8%/year
Ry 3177 Q +40.272 Q/year —2.79e-2 —0.013 years +8.6%//year
Ry, 7286Q  -19.7 Q/year —3.55e-2 —0.181 years -2.7%/year

Table 4
Parameters K, and degradation rates of M1

3.1. Amorphous-Si module

For the module M1, of a-Si:H technology, all the electrical parameters (Igc, Iax> Yocs Vinaxs Pmax) ShOw seasonal
variations which are directly correlated to the APE variation, i.e. they increase in the summer months and decrease in
winter. The value K,(P,,,,) (see Table 4) gives as a measurement of the amplitude of this seasonal variation, leading
to a 6.4%, which have been attributed to different effects such as temperature annealing [84] and spectral effects [85].
Riither et al. [86] suggest that one of the reasons for this behavior could also be a field driven transport in the amorphous

material. This seasonal change is so strong that mask the long—term degradation, but the model is able to separate them.

We must highlight the fact that the value of K;(Igc) and the same parameter obtained when fitting the APE
values are very close. This means that the current output of this type of modules has a little phase—shift with respect
the variations of the solar spectral distribution. The decrease of the short—circuit current of a—Si modules when the
spectrum shifts towards longer wavelengths (red) has been reported before in other studies [84] and it is a direct
consequence of the lower spectral response of these modules in the longer wavelength range, which is caused by their
large direct band gap.

In our case, the annual degradation rate is 4.0%, that is within the upper range stated by other works in the literature
referred to this technology. First, some studies have analyzed the dependence of the degradation rate on the electrical
load, showing that degradation for a—Si modules can be larger in open—circuit conditions [87], as it is our case. In the
review work conducted by Jordan and Kurtz [88], the reported degradation rates for a—Si PV modules were highly
dispersed and going up to 4.5%. Returning to Table 1, it is possible to see lower estimations [6, 12, 18-20], but also
higher ones [4, 17, 25].

Silvestre et al. [14] study a specimen of the same manufacturer and model, obtaining a lower annual degradation
rate (around 2.3%). This module M1 has obtained the worst power degradation rate of all the modules under study, due
to a combination of a high decrement of Igc (1.3%/year, more than any other module), a decrement of V5 (1.0%, again
more than any other module), and an increase of the Rg (8.6%/year). From Figure 2g, it can be seen that R ¢ maintains
stable during the cool months, whereas the increments happen during the hottest months of the year. This effect due
to temperature is inverse to the effect of the annealing, so the beneficial effects of temperature are counteracted in this
way. On the other hand, the R, has not experienced a significant variation (only a decrement of 2.7%, that is very low
assuming the high uncertainty associated to the estimation of this parameter).
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K, K, K, K, DR

Iy 2601 A -0.025 A/year —2.53e-2 +0.226 years -1.0%/year
Voo 5457V —-0.18 V/year —1.40e-3 —0.147 years -0.3%/year
I.. 2100 A —0.045 A/year —2.99e-2 +40.190 years -2.1%/year
Voax 4152V~ —0.56 V/year —4.87e-3 —0.032 years -1.3%/year
P.. 87.20W —-3.00 W/year —3.10e-2 +40.166 years -3.4%/year
FF 6143 % —-1.33 %/year —1.14e-2 40.043 years —2.2%/year
Ry 0.722Q  0.165 Q/year —3.30e-2 —0.166 years +23%/year
Ry, 163.4Q -12.2Q/year —3.54e-2 +0.017 years -7.5%/year

Table 5
Parameters K, and degradation rates for module M2
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Figure 3: Evolution of main electrical parameters and parasitic resistances for module M2 (a—Si/puc-Si)
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3.2. Tandem Amorphous-Si and Microcrystalline-Si module

In case of the module M2 (a—Si/uc—Si), again the studied electrical parameters are affected by a strong seasonal
trend, as it can be seen in Figure 3 and Table 5. However, whereas the maximum values of Igc and I, are in summer
and the minimum ones in winter, the behavior V5. and V., leads to the highest values in the autumn and the lowest
values in spring. The magnitude of the seasonal oscillations in terms of maximum power is quantified by K,(Pp.x)
(3.1%). Part of it is due to the spectral variation, and the rest should be due to annealing. As it can be seen, the influence
of the annealing is less than in case of a—Si:H, as it is stated by Silvestre et al. [14]. The annual degradation in terms
of Igc is almost as high as in case of a-Si (1.0%/year), but the degradation rate of V¢ is significant lower (only
0.3%). However, the most serious problem of this PV module was the very high increment of the series resistance
Rg (23%l/year), much more than any other module under study. On the other hand, Rg, has experienced a moderate
decrement (7.5%/year). In balance, the power annual degradation rate of this M2 specimen is 3.4%, significantly higher
than the results stated by [8—11], but in the same range than the work by [15]. However, some surveys [29, 30] report
even negative degradation rates, although it could be due to under-rating, light-soaking or spectral mismatch issues.

3.3. CdTe/CdS module

Figure 4 shows the tendency observed for the electrical parameters of the module M3, based on CdTe. As opposed
to what happens in a—Si modules, in this case only the currents Igc, I, are directly correlated with APE, whereas
the voltages Vo, Vipax Show the opposite tendency, having maximum values when APE is lowest. The amplitude of
this seasonal trend in terms of power is given by the value K,(P,,,,)=1.90%, much lower than for the other studied
technologies. This opposite tendency of Ig- and V¢ in CdTe modules has also been observed in previous literature
[89]. Instead of reporting the evolution of the values of P,,,,, in that paper those data are expressed in terms of instant

efficiency (the same information normalizing by the module area).

The obtained annual degradation rates for the module M3 is shown in Table 6. For the maximum power, we
obtained an annual degradation rate of 3.5%/year for the CdS/CdTe module. As Igc has experience a very low
degradation rate (only 0.4%/year) and V- does not have a strong decrement (0.7%/year), the main contribution to
the power drop is related to the evolution of both parasitic resistances: an important increment of the Ry (13%/year),
and especially, a very high degradation of the Rg; (26%/year). This abnormal increment of the shunt resistance could
be due to the fact that this module is not provided with a frame, in such a way it is more prone to have problems related
to humidity that significantly influences this parameter. As it happens with module M1 and M2, the increments of Rg
take place in the summer and early autumn, whereas in the rest of the year the value is very stable.

Although there are suspicious papers [21, 26, 90] giving power drops around 0.6%/year (some authors have a
contractual relationship with the manufacturer), many works report annual degradation rates for P, from 2 to 6%
[4,7, 14, 18, 19], that is in agreement to our result.

3.4. CIGS module

Some previous considerations should be taken into account. This cylindrical module has a construction not
comparable to the one of the conventional PV modules having very different mechanical, electrical, thermal and optical

K, K, K, K, DR

I« 0.962 A —0.004 A/year —2.26e-2 +0.242 years -0.4%/year
Voc 8264V  —0.56 V/year +5.62e-3 +0.063 years —-0.7%/year
1 0.827 A —-0.015 A/year —2.00e-2 —0.218 years -1.8%/year
61.17 V —1.07 V/year +8.37e-3 +0.084 years -1.7%/year
P 50.60 W —1.75 W/year +1.90e-2 —0.149 years -3.5%/year
FF 63.68 %  —1.55 %/year +8.86e-3 +0.096 years —2.4%/year
R 7.663 Q 1.031 Q/year +2.32e-2 —0.248 years +13%/year
Ry, 1766.0 Q -457.1 Q/year +1.3le-1 +0.078 years —26%//year

Table 6
Parameters K; and degradation rates of module M3
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Figure 4: Evolution of main electrical parameters and parasitic resistances for module M3 (CdS/CdTe)

properties [91]. On the one hand, the irradiance received by this module cannot be estimated from the reading provided
by the pyranometer installed on the same plane, because this module receives light in a different way that the other
planar modules and it is thought to be installed horizontally on the floor, not on an open—rack structure. On the other
hand, due to its special shape, the RTD sensors could not be installed in the same way that in the other specimens,
and for that reason the value of cell temperature acquired by the measurement system could not be comparable to the
readings of the other modules under study (in fact, for this M4 module the registered temperature is abnormally lower
than the ones associated to M1, M2 and M3 under the same conditions). All these elements can explain the discrepancy
between the measured values in our facilities and the specifications in Table 2. Even so, since these conditions have
been maintained throughout the entire exposure period, it is possible to determine a relative degradation rate.

Figure 5 shows the tendency observed for the electrical parameters of module M4 (CIGS). Like in the case of
CdTe, Igc and I, are directly correlated with APE, whereas V¢ and V,,,, show the opposite tendency, having
maximum values when APE is lowest. CI(G)S PV modules normally have a lower dependence on spectrum variations
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Figure 5: Evolution of main electrical parameters and parasitic resistances for module M4 (CIGS)

compared to other thin—film modules, as their spectral response has a much wider bandwidth. For example, in [84]
there was almost no variation detected in the short—circuit current of these modules when plotted against the AM
value. However, from Table 7, the magnitude of K,(P,,,,) = 6.67% indicates a strong seasonal variability that cannot
be explained by the APE variation. Therefore, there must be other effects affecting the behavior of the CIGS module.
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K, K, K, K, DR
Iy 1766 A —0.005 A/year +6.21e-2 —0.208 years  —0.3%/years
Voc 85.16 V —0.09 V/year +6.63e-3 +0.108 years —0.1%/years
I.. 1454 A —0.007 A/year +6.22e-3 —0.207 years —0.5%/years
Ve 6233V +0.20 V/year —7.65e-3 —0.315 years +0.3%/years
P, 9060 W —0.150 W/year +5.67e-2 —0.193 years —0.2%/years
FF  60.23 %  +0.16 %/year —3.27e-3 —0.178 years +0.3%/years
Ry 3401 Q -0.270 Q/year +5.63e-2 +0.1186 years —7.9%/years
Rg, 561.3Q —14.0 Q/year —4.05e-2 —0.252 years —2.5%/years

Table 7
Parameters K; and degradation rates of module M4

On the one hand, the series resistance of the CIGS module is decreasing in time. There are very few previous
studies that analyze the evolution of series and parallel resistances as a CIGS module degrades. For example, Del
Cueto et al. [31] compare the trend of a couple of CIGS modules from two manufacturers exposed outdoor throughout
5.5 years, obtaining different results: whereas one of them experiment an increment from 1.3 to 1.7 Q (5.6% each
year), the other one remains around 1.3 € all the period. On the other hand, the behavior of Rg,, reflects an almost
insignificant decrement of this parameter (2.5%), taking into account that this is the one with highest uncertainty.

Degradation mechanisms in CIGS cells have been associated to shunting due to the formation of leakage paths
across the p-n junction resulting from defect states associated to lattice mismatch at the hetero—junction [84]. The
manufacturer claims that, based on its own accelerated and on—field tests, the annual power degradation rate is less
than 0.5% [92]. This could be in line with the results presented in this paper, because the estimated degradation is not
significant (an annual degradation in power around 0.2%/year). The degradation rates in term of current and voltage
are also very low (0.3%/year and 0.1%/year respectively). This also agrees with the results discussed in Musikowski
and Styczynsk [93], which reports any degradation after 6 years of operation connected to a solar inverter. However,
there are survey reports that state much higher averaged annual degradation rates for CIGS modules, such as 1.17% or
1.28% [29, 30].

4. Conclusions

A degradation analysis has been performed from outdoor measurements of four thin—film photovoltaic modules
that have been exposed for 20 months. Each specimen has been characterized at regular intervals of time in such a way
it has been possible to perform a selection of samples within a very narrow range of irradiance and cell temperature
to plot the evolution of the electrical parameters and of the parasitic resistances. The results show a strong seasonal
variation due to changes in the APE of the sun spectral distribution and other phenomena as annealing. To distinguish
this annual variation from the long—term degradation, each filtered set of samples has been fitted to a novel degradation
model, which allows to estimate the annual degradation rates of the different indicators for each specimen.

Regarding the a-Si:H technology, both Igc and V- are synchronized to the variation of the APE estimated from
the spectrum. In this case, the highest annual degradation rate in terms of power has been estimated (4.0%/year),
among all the PV modules analyzed in this paper, that could be due to a combination of the strongest decrease of I
(1.3%/year) and Vo (1.0%/year), in addition to a significant increase of Rg (8.6%/year). Although there is a great
dispersion of the degradation rates reported previously, the results presented in the paper are within the upper range
stated in the literature referred to a-Si:H.

With respect the a—Si/uc—Si specimen, again the main electrical parameters follow the tendency of the APE
evolution, but in the case of Vo and P, with more delay than in the case of a-Si:H. The annual degradation
rate in terms of power is also significantly high (3.4%/year), especially if it is compared to the one documented in
other published studies. Having high annual degradation for Ig- (1.0%/year), the degradation rate in terms of Vp
is significantly lower (0.3%/year). However, Rg has suffered the highest increment of all the modules (23%/year), in
addition to a significant but lower degradation of Rg,, (7.5%/year).
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For the module based on CdTe/CdS technology, contrary to modules based on amorphous silicon, the evolution
of V¢ and V;,,, is opposite to Igc and I, ; thus, the voltage values are the highest when APE is the lowest, but with
a reduced amplitude of the seasonal trend in comparison to the other specimens. The obtained annual degradation rate
is also very significant (3.4%/year) for the CdS/CdTe module, due mainly to very high degradation of both parasitic
resistances, an increment of Rg around 13%/year, and a strong decrease of Rg;, reaching 26%/year.

Finally, as for the Solyndra module (CIGS), despite of all the difficulties related to the very different features of
this special device, an estimation of its annual degradation rate in terms of power has been determined. Again, its Vg
behavior is reversed with respect the one observed for Ig-. The most impacting fact about this specimen is the decrease
of Ry throughout time that, in addition to a very low degradation of V- and Igc, leads us to an insignificant annual
degradation rate (0.2%/year); that is in agreement with the results presented by some other authors.

Some final considerations should be made at the end. First, the length of the exposure stabilization period is not
a point clearly established in previous literature, and it is an open point of discussion. In any case, this issue could
be an important source of discrepancy of the results obtained by different authors. Another controversial element is
the total length of the exposure period; thus, a longer one could lead to more representative long—term degradation
rates. Finally, the post—processing of the measured data and the model used to remove the seasonal trend could have
an important impact on the final results; thus, it is necessary to avoid data manipulation or correction procedures as far
as possible, as it has been done in this paper.

The study presented in this article is focused on the degradation of thin—film technologies at module level. It would
be desirable to extend the scope in order to analyse the power drop associated to complete PV generators. Unfortunately,
the scarcity of installations based on these technologies and the difficulty to have the required permissions and access
to the necessary data remain challenges to be overcome.
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