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1 | INTRODUCTION

| Paula Sinchez-Friera?

| Giovanni Petrone?
| Giovanni Spagnuolo? |

Abstract

The degradation of two amorphous silicon-based photovoltaic (PV) modules, namely,
of single junction amorphous silicon (a-Si) and of micromorph tandem (a-Si/u-Si),
after 11 years of exposure in the south of Spain is analyzed. Their I-V curves were
measured outdoors to study the changes of the electrical parameters in the course of
three different periods: during the initial days of exposure, during the first year, and
in the subsequent 10-year period. The translation of the curves to an identical set of
operating conditions, which enables a meaningful comparison, was done by the dif-
ferent correction procedures described in the standard IEC60891:2021, including the
procedure 3, which does not require the knowledge of module parameters, whose
values are typically not available. The annual power degradation rates over the entire
11-year period are 1.12% for the a-Si module, which is 3.02% for the first year, and
0.98% for the a-Si/p-Si, which is 2.29% for the initial year.
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provide those advantages over c-Si without implying a strong decre-

ment of the performance, amorphous-based technologies are still a

Amorphous silicon thin-film PV modules offer an alternative to well-
established crystalline silicon PV (c-Si), with potentially lower
manufacturing costs, reduced energy pay-back time, lower weight,
and optimal suitability to special applications, for example, building
integrated PV.! This technology offers a good performance under clo-
udy skies, high operating temperatures, or partial-shading conditions.?
Although other thin-film technologies, such as CdTe or CIGS, also

profitable option because they use materials very abundant and
nontoxic.’

Degradation processes of amorphous silicon PV modules have
been analyzed in many papers available in the literature.*2° The dis-
persion of the degradation rates documented by different authors is
significantly wider than the dispersion observed on crystalline PV

modules, even though there are comparatively many more works
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TABLE 1
silicon based PV modules showing type of load, months of exposure
and determined annual degradation rates for maximum power

Selection of works about degradation of amorphous

Authors Months Load Climate %/year
Single junction amorphous silicon

Adelstein and Sekulic® 72 inv BSk 1.0
Adelstein and Sekulic6,® 60 inv BSk 1.7
Cassini et al.7, ” 15 inv BSh 55
Gottschalg et al.9, * 52 - Cfb 1.3
Kichou et al.** 42 inv Csa 2.3
Kyprianou et al.12, * 96 inv Csa 1.4
Makrides et al.1* 60 inv Csa 1.9
Sharma et al.16, *¢ 28 inv BSh 6.4
Silvestre et al."’” 60 - Bsk 2.3
Singh et al.® 36 - BSh 1.3
Ye et al.?° 36 mpp  Af 20
Tandem amorphous silicon/microcrystalline silicon

Aarich et al.* 32 inv BSh 1.5
Ferrada et al.® 16 inv BWk 39
Kichou et al.'® 42 inv Csa 22
Limmanee et al.*® 48 inv Aw 1.8-21
Ozden et al.*® 48 inv Csb 1.9
Silvestre et al."” 60 - BSk 2.7
Tahri et al.*? 36 - BSk 1.7

Note: inv (within an array connected to an inverter); mpp (alone biased to
its maximum power point); - (not specified by the authors).

addressing the degradation of the latter family of technology, as
shown in the comprehensive review conducted by Jordan et al,?* stat-
ing a range box for the long-term annual degradation rate of amor-
phous based modules manufactured in the last decade between 0.8
and 2%/year.?* A summary of annual degradation rates, in terms of
power, reported in recent articles can be found in Table 1. The column
titled Climate expresses the climatic conditions under which the PV
modules have been exposed in each cited work, using the Képpen-
Geiger index.??

Further research is required to gain a deeper knowledge about
the degradation of amorphous silicon-based modules; this will allow
to reduce the uncertainty affecting the estimations of the energy
delivered by PV plants based on this technology. As it can be argued
from Table 1, single junction amorphous silicon commonly shows deg-

radation rates in the range of 2.0+0.3% per year,®11:14:17:20

6,9,12,18 7,16

although

lower and higher values are reported, reaching even more
than 6%/year. In general, a similar dispersion is found for the degrada-
tion rates estimated for micromorph modules and also similar or

481013151719 \ith a maximum rate around 4%/

slightly lower values,
year.

In this paper, the performance of two modules is analyzed. The
first module is a single-junction hydrogenated amorphous silicon (a-Si:

H) module manufactured by Kaneka and with a nameplate stabilized

efficiency of 6.3%.2% The second one is a micromorph tandem a-Si/
p-Si module with a nameplate stabilized efficiency of 8.5%.2* Both PV
modules were exposed to sunlight for the first time in 2010 and have
been exposed outdoors for a period over 11 years without any elec-
tric load connected to their terminals. It should be noted that degrada-
tion is also dependent on the type of the load and degradation
analyses at module level are often conducted with no load for practi-
cal reasons.”*”~1? The dependence of the degradation of a-Si modules

,%> which observed

on the type of load was investigated by Fanni et a
higher degradation rates for modules under open-circuit conditions.

The study carried on over these thin-film modules has been
divided into three different parts: (1) the initial strong power drop dur-
ing the first days of exposure is analyzed; (2) the degradation during
the first 12 months is studied; (3) finally, a comparison of the module
performance before and after the subsequent 10 years of exposure is
performed.

These technologies usually show a significant initial degradation
due to the Staebler-Wronski effect.?® Therefore, it is common to
expose the modules outdoors for an initial stabilization period prior to
the start of the monitoring campaign. The stabilization period for a-Si
is typically considered to be of about 6 weeks.?”"2? Other studies
report longer periods (one year or more) for a complete stabiliza-
tion.203%31 Hence, the rates obtained for the first and second ana-
lyses, which refer to the first days and to the first year, are affected to
some extent by stabilization issues, being only the results of the third
analysis representative of the long-term degradation.

This paper relies on a previous study of degradation of PV mod-
ules from the same authors,3? and it is based on the same measure-
ment system. In this paper, a novel translation method has been
employed to correct the I-V curves to reference conditions for deter-
mining the parameter variation. Most of the translation methods avail-
literature, 2, and 4 of
IEC60891:2021,%% require, in addition to the temperature coefficients,

which are provided by the manufacturers for new nondegraded PV

able in including procedures 1,

modules, some additional parameters, which are normally not avail-
able in the specifications. Table 4 shows a small survey of some of
these methods of correction of I-V curves, providing the parameters
required by each one and their meanings. Although IEC60891:2021
also describes methods to estimate such parameters, these tasks
require many additional |-V curve measurements, which are usually
difficult to be performed without a solar simulator. In this paper, the
required corrections are performed by using the procedure 3 of the
standard IEC60891:2021. It is an algorithm requiring only a minimum
of three measured I-V curves, and no internal parameter or tempera-
ture coefficients. Moreover, some experiments show that this interpo-
lation procedure provides much better results than the other ones.®*
Finally, instead of assuming the Standard Test Condition (STC) as ref-
erence, the measurements are translated to values of irradiance and
cell temperature that are closer to the actual ones, so that the errors
added by the correction procedure are minimized. As it has been done
in few papers up to now,*>=3” in this paper it has been considered the
following set of operating conditions: G =800 W/m? and T =35 °
C. Ad hoc irradiance and cell temperature defined by the user is
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usually referred as Alternate Reporting Condition (ARC). This paper is
organized as follows: Section 2 describes the measurement system
and procedures, with a special focus on the I-V curve correction pro-
cedure 3 of IEC60891:2021. Section 3 shows the results and plots
obtained by the application of the proposed methodology. In
Section 4, a comparative analysis and a discussion are presented. The

main conclusions of the study are summarized in Section 5.

2 | METHODOLOGY

2.1 | Experimental set-up

The modules were exposed on the roof of School of Computer and
Telecommunication Engineering of the University of Mdlaga. According
to the Képpen-Geiger classification,?? Malaga (Spain) belongs to the

11,12,14 in

Csa region (Mediterranean climate), such as the references
Table 1. They were installed on a tilted metallic structure next to other
PV modules used in other studies. Additional details about the
emplacement can be found in King et al.32 Except than during the
short time during which the modules were connected to the curve
tracer, both modules operated in Voc condition.

3839 show the use of commercial

Some papers in the literature
field curve tracers based on a capacitive load. As for the study of deg-
radation for the first days of exposure, this type of measurement sys-
tem has been used, that is, the PVPM 6020C from the manufacturer
Photovoltaik Engineering.*® However, curve tracers of this type do not
have enough accuracy for individual PV modules and they can only
get very few [-V samples around Isc. This last problem is due to the
fact that the charging of a capacitor is very fast at the beginning
(when crossing the V =0 V axis), in such a way the A/D converters to
capture the points of the curve do not have time to acquire enough
points. Therefore, for the rest of the measurements, an experimental
|-V curve tracer made up of different laboratory instruments has been
used. It includes a bipolar power supply and a pair of multimeters from
the manufacturers Kepco and Agilent respectively, controlled through

a custom software*142

running on a PC. This type of power supply
allows to control the voltage sweeping time by software, so that it is
possible to obtain as many points as you want around Isc. This system
is referred in the rest of the paper as Kepco/Agilent, and the same
used in 2017 in King et al,>2 except for the pyranometer; indeed, for
the experiments described in this paper, a Kipp & Zonen CM-21% has
been used.

Table 2 shows the features of the single-junction amorphous

silicon module®® and of the tandem of amorphous silicon/

TABLE 2  Specifications at STC of the PV modules under study
Pmax ’SC
Manufacturer/model Tech. N w A
Kaneka/GEA-060 a-Si:H 108 60 1.19

Phoenix Solar/PHX-120-LV a-Si/p-Si 96 121 3.34

microcrystalline silicon module.?* The symbols «, B, and y stand for the
temperature coefficients of Isc, Voc, and Prax, respectively, whereas 5
is the nameplate efficiency and N is the number of cells.

Careful attention must be paid to the spectrum when characteriz-
ing a-Si modules outdoors, because they have a narrow spectral

response. King et al*!

assume for this technology a variation of the
performance around a 7% due to spectral changes. Therefore, to
obtain realistic degradation rates the indicators to be compared
should be estimated under similar spectral conditions, for example, by
performing the measurement under clear skies in the same week of
different years. To ensure a high spectral similarity, it is possible to
compare the |-V curves using the average photon energy (APE),**4°
which can be calculated from the solar spectrum. In this paper, the lat-
ter one has been measured by an EKO MS-710% on the module
plane, by using the range (350-1050) nm to integrate the APE. There-
fore, for every I-V curve, a reading of the APE value is available, hav-
ing this parameter a strong dependency on the solar position, the
season of the year, and the level of temperature, humidity and
clouding.*®

Each PV module under study has been tested by five sets of mea-
surements taken during different selected days from the exposure
period, which are labeled as a, b, ¢, d, and e, as it can be seen in
Table 3. The measurement tests identified by a and b were performed
using the PVPM 6020C, whereas c, d, and e were made with the
Kepco/Agilent system. Measurements were acquired under clear-sky
days after a careful cleaning of each module surface and irradiance
sensors. During each experiment, the system acquired some I-V cur-
ves of each module, and then three I-V curves at an irradiance greater
than 600 W/m? is identified.

Finally, over these three selected curves, the procedure 3 of the
IEC60891:2021%3 has been applied to obtain a new calculated curve
referred to the ARC condition, which has been defined in this paper
as 800 W/m? of irradiance and 35°C of cell temperature. By compar-
ing the corrected curves of a and b, the degradation of the initial
9-day exposure period is estimated, whereas by performing the same
procedure with the pairs (c,d) and (d,e), the degradation during the
1-year and the 10-year periods are determined.

2.2 | Procedure 3 of IEC 60891:2021

The International Standard IEC 60891:2021% describes four proce-
dures aimed at estimating the |-V curve of a PV device under condi-
tions of irradiance and temperature different than those under which

they were measured. The main disadvantage of the procedures 1, 2,

Voc Ipmax Vpmax a p 14 n

\" A \% %/°C %/°C %/°C %
92 0.90 67 +0.075 —0.305 -0.23 6.3
59.20 2.69 45.00 +0.07 -0.30 -0.24 8.51
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TABLE 3 History of the modules and different measuring points with accumulated exposure time

Test Date

- 26th-Mar-2010
a 29th-Mar-2010

Description

Installation of the modules

b 7th-Apr-2010
- 12th-Apr-2010

- 29th-Oct-2010
c 2nd-Nov-2010

d 29th-Oct-2011
e  28th-Oct-2021

First measurement with PVE PVPM

Second measurement with PVE PVPM

Reinstalling of the modules
First measurement with Kepco/Agilent

Second measurement with Kepco/Agilent

Third measurement with Kepco/Agilent

Total exposure time

Uninstalling and storing in dark room

3 days
I 9 days
12 days
3 weeks
1 year
1 year and 3 weeks
10 years

11 years and 3 weeks

and 4, in the same Standard is that they require to know beforehand
several additional parameters. Some of them are temperature coeffi-
cients that can be found in the specification sheets of the PV modules,
but referred to new as-built PV modules (hence not necessarily appli-
cable to degraded specimens as it is our case®?). Moreover, some
require parameters that are hardly available and that must be deter-
Although IEC
60891:2021°2 provides the guidelines to determine all these parame-

mined by additional sets of measurements.
ters, the procedures are difficult to implement in outdoor conditions.
On the other hand, procedure 3 does not require any temperature
coefficient or internal parameter. It is based only on data from three

measured I-V curves:

e Curve 1: (V4[i],l1[i]), where i=1,...,n1, measured at an irradiance G;
and a cell temperature T.

e Curve 2: (V2lj],I2j]), where j=1,...,n2, measured at an irradiance G,
and a cell temperature T»,.

e Curve 3: (V3[k],I3k]), where k=1,...,n3, measured at an irradiance

G3 and a cell temperature T3.

The problem consists in determining, from these three curves, a
new Curve 0 given by (Vjli],loi]) which corresponds to the target con-
ditions Gg and Ty. An interpolation is conducted using an auxiliary
Curve 4 as an intermediate step, which corresponds to the operating
conditions G4 and T4. As first, Curve 4 is obtained from Curve 1 and
Curve 2; then, afterwards, Curve 3 and Curve 4 are used to estimate
the final Curve 0. The interpolation is first done in the irradiance/
temperature plane, as shown in Figure 1, and then completed in the
voltage/current space by using the same parameters, as explained
below. The values G4 and T4 are defined as linear combinations of G4
and Gy, and T, and T, respectively, as shown in Equations (1) and (2),
where o is a parameter to be determined. The target irradiance Gg
and temperature Ty are estimated from Gz and Gg4, and T3 and Tg4,
respectively, using another unknown parameter ¢, as shown in Equa-
tions (3) and (4). This leads to a system of 4 equations and four

unknowns (Gg4, T4, @, and ¢).

35
G5 = 1100 W/m?
20 T, 200°C
G, = 850 W/m? -
7,=25.0°C
25 be K Gy = 1000 W/m?
s T,=25.0 °C
w 20 *-'.'_‘
G, =900 W/m? ™
s T,=20.0 °C < i
G, = 950 W/m?
7,=15.0 °C
10
750 800 850 900 950 1000 1050 1100 1150
G (W/m?)
FIGURE 1 The operating conditions of curves 1, 2, and 3 (black
dots) are interpolated to obtain the operating conditions of Curves
4 and 0 (magenta stars)
G4:G1+w~(Gz—G1), (1)
T4:T1+a)»(T27T1), (2)
Go=G3+¢-(G4—Ga), (3)
To=T3+¢ (T4a—Ta). (4)

The set of equations defined in the standard has been simplified
by defining a new translation parameter y = w- ¢ and by substituting
the values of G4 and T4 in Equations (3) and (4). This leads to
Equations (5) and (6), which are easily solved by Equation (7). In the
case of the example of Figure 1, the solution is ¢=0.5 and y=0.25,
and then w =y /¢p=0.5.

Go—G3=(G1—G3) ¢+ (G2 —G1) -, (5)

To-Ta=(T1—T3) ¢+ (T2—T1)w, (6)
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[G1—G3 Gy —Gy
A = ,
| T1—Ts T2—Ty
x =71, @)
LYV
[Go— Gs )
B = = A-X=B = X=A""-B.
| To—Ts

The next step is aimed at obtaining the I-V curves. It has been
assumed that Isc; and Iscy are the short-circuit currents of Curve 1
and Curve 2, respectively. For each point of Curve 1(V4[i],I1[i]), its
partner (V3[j],l2]j]) is sought in Curve 2 so that the following condition
is fulfilled: I1[j] —I1]i]=lsca —Isc1. Then, a new point (Va4i,l[i]) of
Curve 4 is obtained by applying Equations (8) and (9). Analogously, for
each point of Curve 3(V3i],I3]i]), the best matching point (V4]j], la[j]) of
Curve 4 is selected satisfying l4[j] — I3[i] =lsca —Isc3, and the point
(Volil,loli]) of Curve O is generated by means of Equations (10)
and (11). Figure 2i,ii sketches this point-by-point process to obtain the

auxiliary Curve 4 and the final corrected Curve 0, respectively.

Valil = V1li] + - (V1i] = Va[]), (8)
la[i] =[]+ @- (I []] = 2[1]), ©)
Volil = Vlil +¢- (Va[i] — Vali)), (10)
lolil = I[i] + - (I3[i] —La[j])- (11)

2.3 | Alternative correction procedures
Although the study presented in this paper is based on the Procedure
3 of IEC 60891:2021, only for comparative purposes, the degradation
rates of both PV modules have also been estimated using other two
approaches described in the same standard, in addition to the simplest
possible method as described by Smith et al.*” (only requiring the
three temperature coefficients a,, and y). Table 4 provides a brief
summary of some of these correction methods.

Contrary to Procedure 3, which requires three initial measured

curves, all these other approaches use as start point only one

(P[11, L[]

(1[2], L[2])
(V3] LI3])

measurement under the initial conditions noted as (G1,T1). From the
initial set of I-V points, these methods can be used to estimate Isc2
and Voc,2, and Py 2 at the target conditions (G, T»).

Due to the fact that these formulas require to know the value of
several parameters, although some of them could be provided by the
manufacturer, in this work all these coefficients have been determined

1% and other

experimentally using the guides given by IEC 60891:202
useful recommendations.>? However, in this paper, this process is not
explained, reporting only the final values of these coefficients for a
new module (a nondegraded one) of each type (see Table 5). Finally,
although in the literature there are approaches to perform a correction
by the angle of incident (see the Sandia Performance Model*?), we

have not applied this type of correction to our measurements.

3 | RESULTS

Each measured I-V curve is associated to a row in Table 6, whose
identifier Mxn = ((K|P)(a|b|c|d|e)(1]2|3)) refers to the module (K:
Kaneka / P: Phoenix Solar), the measurement point (noted in Table 3

as a, b, ¢, d, and e), and the selected measured curve (with the subfixes

TABLE 4 Methods of correction of I-V curves to different
conditions of irradiance and temperature

Method Reference Required parameters®

Simple Method Smith et al.*”

rel; Prels Vrel

Anderson's Method Anderson*® Qrels Prels Yrel» Orel
IEC 60891:2021 proc. 1 IEC 60891 a,f,Rs,k

IEC 60891:2021 proc. 2 IEC 6089133 relr Brets Rs 6, B1, B2
IEC 60891:2021 proc. 3 IEC 6089132 None

IEC 60891:2021 proc. 4 IEC 60891 el Rs, €

?Meaning of the parameters:

*a: Variation of Isc respect to device temperature.

*aei: Relative variation of Isc respect to device temperature.
*p: Variation of V¢ respect to device temperature.

°Brei: Relative variation of Voc respect to device temperature.
°vrei- Relative variation of Py respect to cell temperature.
°Rs: internal series resistance of the device.

°k: Variation of Rs respect to device temperature.

*5: Irradiance correction factor of Voc (quadratic fit).

°B1, By: Irradiance correction factors of Voc (quadratic fit).

°e: Material parameter dependent on the bandgap energy and the diode
factor.

OLLND) 0431 LB)
‘ 21412/ (V31,403

N

(V2[31, LI31)

g (Vil4], L,[4D

Isc2-Isci
N

TAS 73 -a—3
3 iI Iscafsey [\ |\ [Isco-dscr

(7,[4], L4])

Isca-Iscs

2

current (A)

(AN
FIGURE 2 Two interpolations to obtain 0

the corrected Curve 0 from 3 measured curves
and the auxiliary Curve 4

0 20

(Va[2], L2

(i[21, 112D
V[0, 401D

0!
voltage (V)
i. Curve 4 (green) from Curve 1 (blue) and Curve 2 (red)

: 1 T T bertses F1 hseutsck ™20 (541, 414D
o e Ye 1 \ (7141, 5[4])
’ (;0 [72]‘11“[22])) (5131, 13]) (ValS) LuIsD
(15121, 5[2] G sy |\ ATK T
Vol1], L[ 1])
(AL L) (K151 5150

80 100 120 0 20 40 60 80 100 120
voltage (V)
ii. Curve O (purple) from Curve 3 (cyan) and Curve 4 (green)

i[sczf[su
3], 1[3])
Vi[4], 1,[4])

current (A)

(Vi[41, 114D
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TABLE 5 Values of the required parameters

Kaneka Phoenix Solar
a [A/°Cl +0.0009 +0.0021
arel [1/°C] +0.00073 +0.00069
pIV/eCl —0.283 -0.214
Brer [1/°C] —0.0030 —0.0036
y [W/°C] -0.15 -0.39
Yre [1/°C] —0.0021 —0.0033
Rsstc [Q] 5.66 0.406
k[Q/° C] —0.056 +0.0028
5[-1 0.198 0.055
By [-] 0.007 0.043
By [-] 0.797 0.053

1, 2, or 3). Each final corrected curve (the auxiliary curves have not
been included) has also its row in Table 6 marked in bold and with the
subfix O (e.g., Ka0 or Pa0). As it can be seen, instead of using STC as
reference, we have defined our own ARC conditions: 800 W/m? of
irradiance on module plane and 35°C of cell temperature (values
selected based on a rough estimation trying to minimize the gap to
correct).

In addition to the main electrical parameters of each curve (calcu-
lated using the approach given by Emery>®), the value of APE, esti-
mated from the measured spectrum, is provided (see Piliougine et al*®
for the details). Table 7 shows the monthly average value of APE
obtained from spectral measurements acquired in Malaga from
January 2011 to December 2011 for clear-sky days and irradiance
values G 2 600 W/m?. As it can be seen, the measurement points c, d,
and e in Table 6 are characterized by APE values approximately rang-
ing between 1.871 and 1.894 eV, which fit well to the mean values
for October, November, and December in Table 7. Great care should
be taken when comparing measurements taken in different periods of
the year because there could be important spectral variations.

By taking into account that the measurement tests a and b have
been performed by the curve tracer PVPM and the other ones by the
Kepco/Agilent system, it has been decided to avoid comparing these
different sets of measurements when estimating degradation rates.
For example, when comparing in Table 6 the corrected curves KbO
and KcO, P« and Isc are greater in the last curve, but this is due to
the use of two different measurement systems. In other words, to cal-
culate degradation rates, we must compare measurements performed
using the same equipment.

To illustrate the IEC60891:2021 procedure 3, for each module
and set of measurements a plot in Figure 3 or Figure 4 shows in black
the three selected I-V curves of the same day used as input, and in
blue the corrected curve. The most relevant electrical points of each
curve, measured or corrected, are also pointed out with a star.

All the plots in Figure 3 are related to measurements performed
by the PVPM curve tracer. Besides the low accuracy of this system for
characterizing single PV modules, the high level of noise around the

open-circuit point is very significant, and also the lack of measured

points near to the short-circuit condition. Figure 4 shows measure-
ments acquired with the Kepco/Agilent system, with a better distribu-
tion of points that allows good estimations of Pyax, Isc, and Voc. From
our experience, procedure 3 of IEC60891:2021 is very sensitive to
noise, due to the propagation of the error of the three measured cur-
ves to the corrected one.

4 | DISCUSSION

Having estimations of each electrical parameter at the different mea-
surement points of 2010, 2011, and 2021, it is possible to determine
the respective degradation rates: (1) for the initial 9 days of exposure;
(2) for the following 12 months; (3) for the next 10 years; (4) and
finally an annual degradation rate for the entire period of 11 years.

Several facts should be highlighted from these results. Because
they are modules based on amorphous silicon, during the initial expo-
sure they experiment a very strong degradation. Only during the first
days the a-Si module experiments a power drop close to 6%, due to
the Staebler-Wronski effect.?®>* However, for the a-Si/p-Si case, this
effect is lower, although it is also very significant (around 4%) taking
into account that only 9 days of exposure have been considered.
These initial drops have not been included in the estimation of the fol-
lowing rates.

Regarding the other electrical parameters during this initial period,
both modules have similar behaviors in Isc: A significant drop of 2.4%
for the a-Si specimen and of 3% for the a-Si/p-Si case. On the other
hand, the drop in terms of V¢ is significantly lower (around 0.7 in
both modules). This suggests that the initial drop during the first hours
of exposure is related to a decrease of the current flow through the
cells. Another difference between both specimens is the evolution of
the FF: whereas the drop in the micromorph case is insignificant, for
the single junction amorphous it is close to 2.7%, also dragging the
value of Vpmax.

When analyzing the 1-year period (between Nov-2010 and
Nov-2011), it is possible to see a strong decrease of the Isc: around
2% in the a-Si module whereas the drop for the a-Si/p-Si module is
much lower (0.73%/year). However the degradation of Voc is almost
insignificant in the case of the amorphous module but strong enough
in the micromorph case. Despite the strong drop of the FF for the ini-
tial days in the a-Si module, the degradation of this indicator during
the 1-year period seems to be significantly lower. For the micromorph
module, the behavior is more stable.

Focusing on the degradation in terms of power for both modules
during the entire first year, the single junction amorphous module has
degraded a bit more than 3.02% whereas the micromorph module has
experienced an annual power drop close to 2.29%. In both cases,
these rates are in agreement to those summarized in Table 1, except

7% where the period of study is relatively short

for those works
(30 months or less). This fact suggests that studies on amorphous sili-
con technologies require long exposure periods of several years in
order to overpass stabilization and obtain realistic degradation rates.

Therefore, the most interesting analysis of this paper is the estimation
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TABLE 6 List of measured and corrected I-V curves of each PV module

G Teen APE Prax Isc Voc Ipmax Vpmax FF
Id. Date uTC W/m? °C eV W A \' A \% %
Ka1 29th-Mar-2010 09:12 623 31.9 1.886 40.8 0.717 88.58 0.594 68.60 64.2
Ka2 29th-Mar-2010 09:45 733 40.9 1.891 47.8 0.859 86.91 0.715 66.86 64.0
Ka3 29th-Mar-2010 10:45 896 422 1.901 58.5 1.052 87.40 0.876 66.81 63.7
Ka0 29th-Mar-2010 800 35.0 52.3 0.929 88.72 0.770 67.90 634
Kb1 7th-Apr-2010 09:37 718 46.2 1.886 428 0.819 84.54 0.619 64.09 61.9
Kb2 7th-Apr-2010 09:58 785 44.7 1.891 47.3 0.898 85.36 0.734 64.45 61.7
Kb3 7th-Apr-2010 10:40 890 50.2 1.872 53.5 1.029 84.51 0.844 63.39 61.5
KbO 7th-Apr-2010 800 35.0 49.3 0.907 88.12 0.737 66.92 61.7
Kc1 2nd-Nov-2010 09:44 683 36.5 1.881 38.7 0.787 83.10 0.625 61.96 59.2
Kc2 2nd-Nov-2010 11:47 893 35.2 1.886 50.4 1.013 84.71 0.806 62.60 58.8
Kc3 2nd-Nov-2010 12:29 864 38.9 1.888 48.2 0.980 83.52 0.778 61.93 58.9
KcO 2nd-Nov-2010 800 35.0 46.3 0.932 84.26 0.741 62.54 59.0
Kd1 29th-Oct-2011 09:21 633 29.3 1.885 35.0 0.709 84.13 0.561 62.38 58.7
Kd2 29th-Oct-2011 09:36 679 31.3 1.886 37.2 0.763 83.28 0.603 61.69 58.5
Kd3 29th-Oct-2011 10:06 755 33.7 1.890 41.9 0.857 83.73 0.678 61.86 58.3
Kdo 29th-Oct-2011 800 35.0 44.9 0.914 84.05 0.723 62.12 58.5
Kel 28th-Oct-2021 12:51 841 45.3 1.890 43.1 0.972 78.71 0.757 56.87 56.4
Ke2 28th-Oct-2021 13:51 742 44.7 1.886 38.0 0.854 78.48 0.666 57.08 56.7
Ke3 28th-Oct-2021 14:41 610 41.1 1.877 31.1 0.694 78.47 0.541 57.41 57.1
KeO 28th-Oct-2021 800 35.0 40.6 0.909 79.96 0.708 57.34 55.9
Pal 29th-Mar-2010 09:18 645 38.1 1.889 77.7 2.213 56.67 1.766 4403 64.9
Pa2 29th-Mar-2010 09:42 722 45.5 1.891 86.2 2401 55.81 1.999 43.11 64.3
Pa3 29th-Mar-2010 10:27 864 49.0 1.905 103.4 2.906 55.69 2421 42.70 63.9
Pa0 29th-Mar-2010 800 35.0 96.9 2.647 57.54 2197 44.12 63.6
Pb1 7th-Apr-2010 09:19 640 44.8 1.882 72.7 2.123 54.33 1.749 41.57 63.0
Pb2 7th-Apr-2010 09:55 774 424 1.887 87.8 2.509 55.67 2.060 42.62 62.9
Pb3 7th-Apr-2010 11:52 995 51.9 1.896 112.3 3.298 54.87 2.703 41.56 62.1
PbO 7th-Apr-2010 800 35.0 93.0 2.568 57.13 2.109 44.11 634
Pc1 2nd-Nov-2010 09:47 701 38.1 1.883 79.39 2321 55.52 1.872 4242 61.6
Pc2 2nd-Nov-2010 11:50 885 39.5 1.893 101.8 2974 55.95 2.397 42.47 61.2
Pc3 2nd-Nov-2010 12:41 859 40.8 1.887 98.4 2.895 55.53 2.332 42.19 61.2
PcO 2nd-Nov-2010 800 35.0 91.6 2.608 57.14 2.106 43.50 61.5
Pd1 29th-Oct-2011 09:20 631 29.6 1.885 68.9 2.041 56.20 1.630 42.27 60.1
Pd2 29th-Oct-2011 10:00 743 34.1 1.892 81.9 2.447 55.92 1.954 41.93 59.9
Pd3 29th-Oct-2011 10:16 774 35.6 1.894 85.5 2.571 55.78 2.055 41.60 59.6
PdO 29th-Oct-2011 800 35.0 89.5 2.589 56.09 2.063 43.36 61.6
Pe1 28th-Oct-2021 10:01 705 44.6 1.872 75.1 2.344 53.86 1.835 40.92 59.5
Pe2 28th-Oct-2021 12:01 859 48.3 1.871 91.8 2.890 53.86 2.259 40.63 59.0
Pe3 28th-Oct-2021 13:51 744 44.7 1.879 79.1 2470 53.93 1.934 40.88 59.3
Pe0 28th-Oct-2021 800 35.0 81.7 2.514 54.86 1.969 41.49 59.2
of the annual degradation rates by comparing the measurements silicon that are installed in the same site and by using the same mea-
before and after the 10-year period (or 11-year period if the first year surement equipment.>> However, whereas in that case the long-term
is also included). degradation was characterized by a strong decrease of Isc, in the case
By comparing the measurement points d and e, the power degra- of the a-Si module the annual drop of current can be neglected, and

dation rates in both cases are similar to those obtained for crystalline for the a-Si/p-Si module it is very low as well. In other words, whereas
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TABLE 7 Monthly averaged values of APE (eV) for G = 600 W/m? in Malaga (data from 2011)
APE Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
(eV) 1.870 1.884 1.888 1.897 1.904 1.908 1.908 1.907 1.902 1.892 1.878 1.872
1.2 3.5 FIGURE 3 Measured (black) and
50 corrected (blue) curves for both PV modules
and tests a and b (PVPM)
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iii. Kaneka results based on data from 7th-Apr-2010 (test b)

in the infancy of amorphous Si-based modules the degradation is
mainly due a decrease of the current, as the samples age, it is the
reduction in voltage that dominates the long-term degradation. In
addition, the long-term annual degradation rate for FF (around 0.4%
for both cases) is very significant in comparison to the one shown in
Piliougine et al®*? and referring to mono-crystalline silicon modules,
which is negligible.

The last column of Table 8 shows the degradation rates for the
entire period of 11 years, including the first year of exposure. The
power degradation rate for the a-Si module is 1.12%/year. By com-
paring this value with the results reported in Table 1, it emerges that
it is in good agreement with several literature achievements.”%18 On
the other hand, the a-Si/p-Si module has experienced a degradation in
terms power of 0.98%, that is a bit lower than the rates reported in
the literature.

Finally, the alternative methods which could be used to correct I-
V curves and listed in Table 4 have been tested, but IEC 60891:2021
procedure 4 has been excluded because a specific value of ¢ is not
available. For the sake of brevity, the comparative has been only per-
formed for the degradation rate of the maximum power P,y, as it can

be seen in Table 9.

iv. Phoenix results based on data from 7th-Apr-2010 (test b)

For the single amorphous module, if only the initial period of
IEC
60891:2021 are in agreement with the obtained results by the cho-

exposure is analyzed, the procedures 1 and 2 of the
sen method, whereas the other two approaches overestimate a bit
this initial degradation in terms of power. A better agreement is
achieved between all the methodologies in the case of the
micromorph module. However, much stronger differences between
the correction methods are found when analyzing the other periods
of exposure. During the first year, for the a-Si module, only IEC
60891:2021 proc. 1 has obtained a result similar to IEC
60891:2021 proc. 3. On the other hand, for the a-Si/p-Si module,
all the methods seem to overestimate the degradation in terms of
power. For long-term degradation, there is also no agreement
between the different approaches. From the results of this compara-
tive, we must conclude, as other authors have stated in the
literature,®® that there is a dependence of the estimated degradation
rate on the method of correction used, and this fact requires further
study. One possible reason are the high uncertainty associated to the
determination of the required parameters to apply some of these
methods,>* specially if their determination is performed based on out-
door measurements.
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FIGURE 4 Measured (black) and
corrected (blue) curves for both PV modules
and tests c, d, and e (Kepco/Agilent)
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Phoenix Solar a-Si/p-Si

TABLE 8 Degradation rates for each module considering different periods of time
Kaneka a-Si
avs.b cvs.d dvs.e cvs.e avs.b
(9 days) (1 year) (10 years) (11 years) (9 days)
IEC 60891:2021 Procedure 3
Prmax (W) 5.74% 3.02%/y 0.96%/y 1.12%/y 4.02%
Isc (A) 2.37% 1.93%/y 0.05%/y 0.22%/y 2.98%
Voc (V) 0.68% 0.25%/y 0.49%/y 0.46%/y 0.71%
Ipmax (A) 4.29% 2.43%/y 0.21%/y 0.40%/y 4.01%
Vpmax (V) 1.44% 0.68%/y 0.77%/y 0.76%/y ~0%/y
FF (%) 2.68% 0.85%/y 0.44%/y 0.48%/y 0.31%

cvs.d dvs.e cvs.e

(1 year) (10 years) (11 years)
2.29%/y 0.87%/y 0.98%/y
0.73%/y 0.29%/y 0.33%/y
1.84%/y 0.22%/y 0.36%/y
2.04%/y 0.46%/y 0.59%/y
0.32%/y 0.43%/y 0.42%/y
0.32%/y 0.39%/y 0.34%/y
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TABLE 9 Comparative of power degradation rates for each module using alternative methods of correction

Kaneka a-Si Phoenix Solar a-Si/p-Si

avs.b cvs.d dvs.e cvs.e avs.b cvs.d dvs.e cvs.e

(9 days) (1 year) (10 years) (11 years) (9 days) (1 year) (10 years) (11 years)
Simple method
Prmax (W) 6.89% 2.48%/y 0.23%/y 0.43%/y 4.71% 7.24%/y 0.30%/y 0.94%/y
Anderson's method
Prmax (W) 6.47% 4.34%/y 0.54%/y 0.86%/y 4.55% 5.44%/y 0.30%/y 0.51%/y
IEC 60891:2021 Procedure 1
Prnax (W) 5.82% 3.26%/y 0.43%/y 0.68%/y 4.05% 6.13%/y 0.36%/y 0.43%/y
IEC 60891:2021 Procedure 2
Prnax (W) 5.92% 7.06%/y 1.02%/y 1.51%/y 4.49% 4.57%/y 0.32%/y 0.71%/y

In any case, in order to identify the most suitable correction pro-
cedure to be used when estimating degradation rates, it is necessary
to perform a detailed comparative study among all the several
approaches published in the literature, even testing them with mod-
ules of different technologies. This can be done using each correcting
method to translate an initial measured curve to the conditions of
another target curve, also measured, and comparing the corrected
curve to the measured target one. Some preliminary experiments in
this line have been done in our laboratory, in such away, we can for-
ward that IEC 60891:2021 proc. 3 outperforms significantly all the
other alternatives, giving a corrected curve almost indistinguishable
from the measured one.

In fact, using a test set of 100 measured curves, IEC 60891:2021
proc. 3 is able to correct the curves with a mean error in Py, of only
0.6%, whereas proc. 1 and proc. 2 have errors of 1.9% and 1.8%,
respectively (the other two methods have error greater than 2% when
correcting Pyax). However, this issue is out of the scope of this paper

and deserves to be analyzed in detail in a future publication.

5 | CONCLUSIONS

In this paper, the degradation of two amorphous silicon-based PV
modules that were exposed in Malaga for 11 years has been analyzed.
The I-V curves have been measured outdoors by using a suitable mea-
suring system and by converting the selected curves to an identical
set of operating conditions by using procedure 3 of the standard
IEC60891:2021. The calculations described in the standard have been
improved by introducing a new equation which makes the computa-
tion faster.

The electrical parameters for the same set of operating conditions
have been compared at different stages of the exposure period. The
obtained degradation rates are in line with those ones reported in the
literature. An initial significant degradation, during the first 9 days of
exposure, has been observed: this leads to a power decay of 6% and
4% for the single junction a-Si and the micromorph, respectively. The
power decay is due to significant ohmic losses and, to a lesser extent,
also to losses related to the voltage, together with a significant

decrease in FF for the a-Si module. After this initial drop, the FF deg-
radation reduces, but the power decay continues with annual rates of
slightly over 3% for the a-Si module and nearly 2.3% for the
micromorph module. Finally, for the whole 10-year period, the degra-
dation is dominated by the FF decay, and the annual power degrada-
tion rates stabilized to values of nearly 1.0%/year for both modules.
These results are not much higher than those ones obtained for crys-
talline silicon PV modules measured at the same location during the
same exposure period. If the first year of exposure is included in our
calculus (11-year period), the degradation for the amorphous case is
only around 1.12%/year and for the micromorph case around 0.98%/

year.
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