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In this paper the results of the analysis of the degradation of
a set of single-crystalline silicon modules after 21 years are
presented. The comparison of the main electrical parame-
ters and the series and of the shunt resistances measured
in 1996 and 2017 is performed, so that the annual degra-
dation rate is evaluated. In addition, a detailed analysis of
the parameter uncertainties has been performed in order to
determine its impact on the results. A visual inspection of
the modules has also been carried out in order to show the
correlation with the variation of the electrical performance.
Finally, the temperature coefficients of the degraded mod-
ules have been estimated and compared with the nominal
ones. The results shown in the paper reveal that the mean

annual degradation rate in terms of power is close to 0.9%.
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1 | INTRODUCTION

The output power of a photovoltaic (PV) device decreases throughout time. This decrease is due to its exposure to
solar radiation as well as to other external conditions. The degradation ratio, which is defined as the annual percentage
loss of output power, is a key factor to determine the long-term production of a PV plant. In-depth knowledge of
the annual degradation rate is required to have accurate estimations of the energy generation of a PV plant along its
lifetime. A full understanding of the mechanisms involved in degradation requires on-field measurements of modules
exposed for long periods of time under real operating conditions. Alternatively, in-lab accelerated ageing tests can
contribute to the analysis of these mechanisms and the rapid identification of typical failures [1]. To gain insight into
the degradation mechanisms, it is worth to quantify separately the percentage of decay associated to each of the
electrical parameters, such as short-circuit current, open-circuit voltage or fill factor, since they do not affect the
electrical performance of the photovoltaic system in the same way. It should be taken into account that the individual
degradation of a PV module can significantly influence the performance of a complete string. In addition, not all
the modules in the same installation decrease their performances at exactly the same rate. Given a set of modules
exposed to long-term outdoor conditions, the individual degradation of the main electrical parameters as well as the
increase in their dispersion have to be considered. As each module tends to degrade in a different way, the behavior
of the modules will be more and more different as time goes by, thus affecting negatively the global performance of
the plant.

According to Kontges et al. [2], a module defect is an irreversible damage that causes either a degradation in terms
of power or a security risk. These defects can be classified in different categories as a function of several criteria, such
as the moment in which they appear. Thus there might be initial defects, which arise during the installation or in the
first two years of operation, middle-age defects, appearing after some years of exposure, and wear defects, occurring
at the end of the module’s useful life. The modules considered in this paper have been in operation for 21 years, thus
their defects fall into the second/third of the above groups. Degradation mechanisms and rates depend on the climatic
conditions of the region, especially on factors such as solar irradiance, temperature, humidity and air salinity, and also
on the operating conditions of the PV system. Some of the defects can be visualized as physical anomalies that can
be detected by a simple visual inspection. Examples of common visible anomalies are: discoloration, which is related
to the degradation of the physical properties of encapsulating materials; detachment of the back layer and junction
boxes; cracks in the glass and solar cells; and burned cells due to hot-spots. Other signs related to degradation are
not easily observed by visual inspection, but they can nevertheless have a large impact in the output power. They
are, for instance, related to failures in electrical connections, shunts formation, microcracks in the cells, p-n junction
degradation, and defective bypass diodes, among others.

There are several studies dealing with the analysis of the power degradation of modules based on different PV
technologies available in the literature. Table 1 summarizes annual degradation rates for single-crystalline silicon (sc-
Si) modules, together with the total power loss and the length of the exposure period under study. It is evident that
the annual degradation of the maximum power ranges between 0.8% and 1.0%, with some exceptions above and
below.

The values of the main electrical parameters of different modules after 20 years of exposure to external condi-
tions are examined in Pozza and Sample [3]. A correlation of the obtained results with visual inspection and other
complementary techniques is performed therein. The browning of the EVA layer is recognized as the most frequent
damage and it is primarily responsible for the short-circuit current reduction. Other problems, such as the corrosion

of the metal bus-bars, are also present and affect mainly the open-circuit voltage.



Reference Manufacturer/model  Powerloss Years Annual rate
Cereghetti et al. [4] Isofoton [-110 0.8% 1 ~0.8%
Cereghetti et al. [4] Atersa A-60 0.8% 1 ~0.8%
Osterwald et al. [5] BP Solar BP-585F 2.1% 7 ~0.3%
Osterwald et al. [5] BP Solar BP-270F 2.56% 8 ~0.32%
Osterwald et al. [5] Siemens PC-4-JF 4.8% 9.5 ~0.51%

Sanchez-Friera et al. [6] Isofotén I-53 11.5% 12 ~0.96%

Ishii et al. [7] PV5a (not specified) 2.4% 3 ~0.8%
Ishii et al. [7] PV5b (not specified) 1.93% 3 ~0.64%
Ishii et al. [7] PV6 (not specified) 2.77% 3 ~0.92%
Charrouf et al. [8] Isofotén 1-75 17.4% 10 ~1.74%
Lorenzo et al. [9] Isofotén (60 cells) 9% 17 ~0.54%

TABLE 1 Summary of different studies of degradation for sc-Si modules.

In Chattopadhyay et al. [10], a study of the visual defects of several modules subjected to different weather
conditions is shown. Most of the sc-Si modules have a period of operation between 10 and 30 years. Corrosion
problems appear to be typical in climatic conditions with high humidity and temperature. The loss of transparency
of the glass and of the encapsulating material in front of the cell have a strong effect on the short-circuit current.

Likewise, the corrosion of the metal tapes between the bus-bars cells increases the series resistance.

In Kaplani [11], several crystalline silicon modules affected by long-term defects are analyzed, e.g. cell cracks,
frontal delamination, browning of the EVA layer, corrosion of the metal tapes and changes in the anti-reflective layer
of the cells. This analysis is supported by thermography, electroluminescence, fluorescence with ultraviolet radiation
and |-V curve measurements.

The degradation of the PV modules under analysis in this paper had already been studied in a previous article.
Sanchez-Friera et al. [6] present an analysis of the system after 12 years of operation, showing some evident defects
related to the variation of the electrical parameters. The main defects were permanent soiling, i.e. blurred or dark area
at the bottom edge of the modules, oxidation of the front metallization finger and the anti-reflexive layer, and frontal
delamination. They are the main contributors to the registered 9.2% decrease in the short-circuit current during these
initial 12 years. In terms of maximum power, the total losses have been 11.5% in comparison with the measurements
12 years before, so that the average power decreased by 0.96% per year.

In the present research, the analysis of the sc-Si PV module degradation in the above study is further extended,
so that it now covers a 21 year exposure period, from 1996 to 2017. The comparative analysis is based on the main
electrical parameters, on the values of the series resistance R;, and of the shunt resistance Ry, that are identified from
the measured I-V curves. The results of visual inspection are shown and the different defects have been identified
and classified, so that a relationship between the visual defects and the decrease of the main electrical parameters is
determined. Finally, the temperature coefficients of the degraded PV modules have been estimated and compared to
the nominal ones provided by the manufacturer.

This work is organized as follows: in Section 2 the procedures used to extract the information about the PV
modules health state at the beginning and at the end of the period under analysis are explained. The results of the

comparative analysis are presented in Section 3. The main conclusions of the study are summarized in Section 4.



4]

2 | METHODOLOGY

The PV modules under study were manufactured by Isofotén S.A. and are of the model 1-53, whose main features at
standard test conditions (STC) are summarized in Table 2. They are composed of 36 pseudosquare sc-Si cells with
side ~ 103 mm, all connected in series [12]. The values of the series resistance (Rs) and the temperature coefficients
(a, B, y and «) were provided directly by the manufacturer through an internal communication.

N Prax Isc Voc Ipmax Vbmax R, « B8 Y K
(W) (A) (V) (A) (V) (mQ) (MA/°C)  (mV/°C) (mW/°C) (mQ/°C)
36 53 3.27 216 3.05 17.4 288 +1.29 -80 -256 +0.86

a, B, y, and k are the temperature coefficients of Isc, Voc, Pmax, and R respectively.
TABLE 2 Nominal parameters of the Isofoton [-53 at STC.

The modules used in this work have been selected from an installation located on the terrace of the Laboratory
of Photovoltaic Systems of the University of Malaga. This generator had initially 42 PV modules, but a few years
later it was extended to 54 units. It has been operating under real conditions for 21 years, with several series/parallel
configurations as the system was used to test different grid tied inverters. The main characteristics of the system are
shown in Table 3.

Latitude Longitude Elevation Inclination Azimuth Initial year Intermediate year Final year
36.715° N 4.478°W 50m 45° 10° W 1996 2008 2017

TABLE 3 Information about the location of the installation.

In addition to the measurements from the 1996 and from 2017, the PV modules under study were also charac-
terized in the summer of 2008, as reported in [6], so that it is possible to distinguish between two different exposure
periods. The meteorological conditions given in both periods and in the total exposure time have been provided by

AEMET [13] and they are summarized in Table 4.
Mean daily Meandaily Meanannual Meanwind Mean daily

max. temp.  min. temp. rain speed sun hours
(°C) (°C) (L/m?) (m/s) (h)
First period (from 1996 to 2008) 23.6 14.3 561 2.5 8.1
Second period (from 2008 to 2017) 24.2 15.2 516 2.3 8.3
Total period (from 1996 to 2017) 23.9 14.7 546 2.4 8.2

TABLE 4 Meteorological conditions in the different exposure periods

2.1 | Characterization of the PV modules

All the I-V curves were measured outdoors at around solar noon and under perfect clear-sky conditions in all three
measurement campaigns, conducted in the summers of 1996, 2008 and 2017. Since in our emplacement, the typical
values of the normal irradiance G at noon in these conditions are significantly greater than 1000 W/m?2, we placed
the modules on a 2-axis solar tracker and modified manually the inclination in order to obtain the desired value of G
on the module plane. For each module, a value of G as close as possible to the value of the 1996 measurement was
selected. In addition, several curves were measured at different cell temperatures, with the procedure described in
detail in Section 3.5, so that also the value of the temperature could be chosen to be as close as possible to the one
of the 1996 measurement. This procedure was used to minimize the errors associated to the -V curve translation

process.
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FIGURE 1 Schematic block diagram of the measurement system layout.

Instead of using a commercial I-V curve tracer, we have designed our own system [14], based on several laboratory
instruments connected to a computer that commands all of them. A bipolar 4-quadrant power supply is used to bias
the operating point of each PV module gradually between the short-circuit and the open-circuit states while the
current-voltage points are measured by means of two high-precision multimeters using a four-wire connection as it
can be seen in Figure 1. The current is obtained by the measurement of the voltage drop across the shunt resistor.
The measured data are retrieved from the internal memory of the multimeters by the computer and the -V curve is
stored in a database. Subsequently, it is possible to access and download the measured I-V curves through a WEB
platform accessible from any computer with internet access [15]. The main differences between the instruments used
at the beginning (1996) and at the end (2017) of the exposure period are summarized in Table 5 (the measurement

system in 2008 is exactly the same from 2017 except for not yet having replaced the pyranometer used in 1996).

Function 1996
Bipolar Power Supply | Kepco BOP 100-4M  V, 3,5 = £100 V

2017

Kepco BOP 100-10MG Viange = =100 V

Irange =+4A

Irange = *10A

Voltage meter

Fluke 8842A [16]

Vrange = £200 V
100 readings/s
A/D: n =16 bit

Agilent 34411A [17] Viange = =100 V
300 readings/s

A/D: n = 22 bit

Current meter*

Fluke 8842A [16]

Viange = £200 mV
100 readings/s

Agilent 34411A [17] Viange = £100 mV

300 readings/s

A/D: n =16 bit A/D: n =21 bit
Shunt resistor Kainos 4A / 150mV Celsa 10A / 100mV
class 0.5 class 0.1
Pyranometer Kipp & Zonen CM21 [18] EKO MS—-80A [19]
Thermometer thermo-couple TC type-K thermo-resistance RTD Pt100 class B
Data logger Fluke Hydra 2625A [20] National Instruments Compact FieldPoint [21]

ch. G:mode VDC V,;4ge = 300 mV

ch. T : mode °C

TC type: K

ch. G : mode ADC
ch. T : mode °C

Irange =4 — 20 mA
RTD type: Pt100

* The current is sensed by the voltage drop across the shunt resistor
TABLE 5 Different sensors and instruments used in 1996 and 2017.



For estimating the electrical parameters, the procedure described by Emery [22] is followed. For Isc and Voc,
linear regressions can be performed using a selection of points around V = 0.0 V and I = 0.0 A respectively (see
Table 6). The slopes of the regression lines are also estimated (Ryg = —Z—\; and Rspo = —% ). In order to
determine Pmax, a fifth-degree polynomial is fitted to the points in the range l;;:3(2eciﬁed in Table 6, anvd:(\J/pmaX is set to

be the real value that makes zero the first derivative of this polynomial. Substituting this value in the polynomial gives
Pmax

us Pmax, and Ipmax = . In Table 6, I is the current value of the closest point to the V = 0.0 V axis, V; is the
P
voltage value of the cIosergacxpoint to the I = 0.0 A axis, and Py is the power value of the discrete point with maximum

product I(i) -V (i).

Parameter Min. voltage = Max. voltage  Min. current Max. current  Min. power Max. power

Isc o.0v 0.20- W Ip—0.04- Iy In+0.04 - Iy
Voc Vo—-0.10-Vo W+0.10- W -0.20 - Isc +0.20 - Isc
Prax 0.85- Py 1.00 - Py

TABLE 6 Ranges for selecting the points to determine Isc, Voc, and Pmayx using regression.
In order to estimate the parasitic resistances of each module, a curve fitting procedure to the double-diode model
(DDM) equation was followed [23]. This model is described by (eq. 1):

V + IR V + IR V + IR
I=I,,—-1 -1 -1 -1 - 1
ph S [exp( Vi ) ] %2 [exp( 2V ) ] Rsh @

where I and V are the output current and voltage, V; = NgkT /q is the thermal voltage of the module (being T the
temperature in kelvin, N the number of cells in series, k is the Boltzmann constant, and q is the elementary charge),
I, is the photo-induced current, R; is the series resistance, Ry, is the parallel resistance, and {I,,I5, } are the dark
saturation currents of the diodes. Therefore, there are 5 parameters to be identified. These are shown in Table 7,
together with the search space and the guess solution required by the trust-region algorithm, a non-linear curve-

fitting tool which was implemented in Matlab [24].

Lo I, I, R, R,
unit A A A Q Q
Interval  [0.1,10] [le-12,1e-5] [1e-9,1e-3] [0,5] [50, 500]
Initial Isc 5¢-6 5¢-4 Rso Rsho

TABLE 7 Feasible region and guess solution for the curve-fitting tool.

2.2 | Applying "procedure 1” of the IEC 60891 standard

For each PV module measured in the year 1996, we have an |-V curve measured at an irradiance G; and module
temperature T;. In 2017, we have performed several measurements under the same irradiance and within a range of
temperatures wide enough. Then, it is possible to select among all the |-V curves of 2017 that one with T, closest
to T (and with a value G, similar to G;). Even so, there will be a small difference between both set of conditions.
The "procedure 1" of the IEC 60891 [25] allows us to correct measured -V curves to other conditions, using the
series resistance Ry and the temperature coefficients a, 8 and «, provided by the manufacturer. Instead of correcting
both curves to a fixed set of reference conditions (applying twice procedure 1), we have decided to correct only each
individual I-V curve measured in 1996 to the exact conditions of the selected curve measured in 2017. In such a way,

only the curve measured in 1996 is corrected, and the curve from 2017 is exactly the measured one.



Let {(\/1“), If” )suins (V1(’"), I1(’"))} be an I-V curve with m points measured at an irradiance G; and module tem-
perature Ty (with a short-circuit current Isc ;). In order to calculate the corrected curve {(Vz(1 ), Iz(” ) P (Vz('"), Iz(’") )}
that corresponds to G, and 75, each point (V1U), IU)) of the first curve is translated to the point (VQU), Izg)) of the
second curve following (eq. 2) and (eq. 3):

. ; G
L) =1 +Iscs - (G% _1)”(62) (T~ T1) @

v =vD Ry (1) 1) -k IV (T =T+ (T2 - Th) (3)

The values for 8 and « that appear in Table 2 can be used directly. However, as it is highlighted by King et al. [26], o
depends linearly on the level of irradiance, in such a way that its value (usually reported at STC) must be scaled by
(eq. 4) to the target irradiance G, before being used:

G
a(Gy) = ascr - (sz) (4)

STC
Analogously, R; depends non-linearly on the temperature [27], although in a narrow range of operation, this depen-
dency can be assumed to be linear. Therefore, the value R, stc cannot be used directly in (eq. 3). This previous value

should be corrected to T; using (eq. 5):

Rs(Tq) = Rsstc +k - (T = Tstc) (5)
2.3 | Analysis of uncertainty

According to ISO/IEC Guide 98-3 [28], and taking into account the specifications in terms of accuracy of the instru-
ments used in 1996 and in 2017, the type-B uncertainty of a single measurement of voltage and current is deter-
mined. For measuring the current-voltage pairs, 1-year time span from the last calibration is assumed, maximum
reading speed is set, and no temperature drift correction is applied. For the irradiance and cell temperature measure-
ments, the data logger is set at the minimum reading rate in order to increase the measurement accuracy. For all the
instruments, we have assumed a Tolerance Uncertainty Ratio (TUR) of 4:1. By applying the approach described by
Whitfield and Osterwald [29], it is possible to calculate the expanded uncertainty for a single voltage measurement

V in 1996 and 2017 using (eq. 6) and (eq. 7), and for a single current measurement I using (eq. 8) and (eq. 9):

up*=2. \/4.3e—10 -V2149e-8-|V|+1.4e-6 (6)
uR = 2. \/5.6e—10 -V24+59e-8-|V|+1.5e-6 (7)
uPB=2. \/8.3e—6 .12 +2.6e—8 - |I|+1.0e-7 (8)
U = 2. \/3.3e—7 -I2+6.5e-8 - |I|+1.2e—6 9

Finally, the expanded uncertainty (95% of confidence; coverage factor k = 2) associated to the individual power
at a point (V, I) can be estimated by applying the uncertainty propagation rule [28] leading to (eq. 10) and (eq. 11):

Uy = 2\/8.3e-6I2 V2+49e-812|V| + 1.4e-6I2 +2.6e-8V2|I| +1.0e-7V?2 (10)

U7 = 2\[33e-712V? + 5.9e-8I7|V| +1.5e-612 + 6.5¢-8V2|I| +1.2¢-6V? (11)



The uncertainties of Isc and V¢ are calculated by taking into account that both are estimated by means of a linear
regression. The procedure used to estimate Pnax described by Emery [22] involves an iterative procedure with its own
fitting uncertainty. In any case, the uncertainty of a single measurement should be combined with the uncertainty of
the intercept in a linear regression as it can be seen in (eq. 12).

2 2 2
Urge = 2\/(UI(;SC)) + (urfi)? Uyge = 2\/(UV(2VOC)) + (uy-rit)? Uppax = 2\/(UP(ZmaX)) + (uprie)?  (12)

The value of U (Isc) is determined by applying (eq. 8) or (eqg. 9) to the estimation of Isc. Analogously, Uy (Voc)
and Up (Pmax) can also be calculated. For a simple linear regression, the uncertainty of the intercept can be estimated
from the coefficient of determination RZ [30] as it is indicated in (eq. 13), where m is the number of selected points.
However, in the case of up_rj;, it is more complicated, but Emery [22] provides a relative expanded uncertainty of
0.06% (which means that up_f;; = (0.0006/2) - Pmax)-

1 [1/R2-1 I V2 1/R2 -1 XJ, I?
— A\ uy-fit = Rso\| ———— -
Rsho m-—2 m m-—2 m

ur-fit = (13)

On the one hand, the expanded uncertainty associated to an estimation of the fill factor FF is a direct application of
the propagation rule [14]. On the other hand, when identifying the values of R and R, using the trust-region method,
the own algorithm [24] returns as an optional output an uncertainty interval for each parameter (95% confidence level).

The uncertainty of a reading of irradiance is estimated following the work of Kratzenberg et al. [31]. In addition
to the resolution, the measurement error and the calibration error of the multimeter (combined in the expanded
uncertainty Ug,), as well as other several sources of uncertainty related to the pyranometer must be considered,
such as the directional error and the spectral sensitivity, among others (combined in the expanded uncertainty Ug,).
Finally, some pyranometers include an internal signal conditioner (from mV to 4-20 mA). In the case of the one used
in 2017, this implies a maximum error e;c = 1.7 W/m? at 1 SUN [19]. The global expanded uncertainty Ug (95%
confidence level; coverage factor k = 2) is the result of combining previous ones and it is reported in Table 8 for 1996
and 2017 for a value of G around 1000 W/m?2.

In order to estimate the uncertainty of T, the most important term is the maximum error of the specific type of
sensor ess (2.2 °C in 1996 for a type-k thermocouple [32] and 0.6 °C in 2017 for a RTD Pt100 class B [33]). Other
sources of error related to the data logger resolution, accuracy and calibration, are also taken into account to estimate
the expanded uncertainty of temperature due to the data logger U;,. In addition, as we are not measuring the actual
cell temperature (the sensor is attached to the back module surface), a last source of uncertainty e, = 1 °C must to
considered [14]. Finally, assuming a reading of T € (40, 50)°C, the expanded uncertainty Ur (95% confidence level;
coverage factor k = 2) for 1996 and 2017 can be seen in Table 8

Year Ugmlk=2) Ugplk=2) U, (k=V3) Uslk=2) erslk=V3) Umlk=2) ealk=v3) Urlk=2)
1996 2.3W/m? 30 W/m? - 30 W/m? 0.8°C 22°C 1.0°C 3°C
2017 23W/m? 15 W/m? 1.7W/m?2  15W/m? 0.7°C 0.6°C 1.0°C 1.5°C

TABLE 8 Sources of error and expanded uncertainties for irradiance and cell temperature measurements.



Finally, the uncertainty of the individual measured I-V pairs will be propagated when using the procedure 1 of
the IEC 60891 [25]. To rigorously quantify this uncertainty, it would be required to know the uncertainty of the
temperature coefficients and the series resistance. Although we do not have those uncertainties for this specific PV
module, Dirnberger et al. [34] provides these generic conservative values of relative standard uncertainty: vy = 25%,
ug = 10%, and ug, = 5%. Applying the rule of propagation of the uncertainty to (eq. 2) and (eq. 3) two expressions
are obtained for the uncertainty for an individual corrected I-V pair, but assuming G;, G, € (950, 1050) W/m?2 and
(T, = T7) < 5°C, some terms can be neglected obtaining (eq. 14) and (eq. 15) for obtaining the expanded uncertainty
(95% confidence level; coverage factor k = 2) of the corrected I-V pairs. Once the corrected I-V curve has been
obtained, the main electrical parameters and their uncertainties should be again estimated.

U ’ Isci-Go Usy ’
Urcorr =2 - 2 ) G 2 (14)
[ 22 s
Uy (v9))\? U (19)\?
W) ) +(Rs<m-2 ) .
(15)

; 2
ur (Y : , 2
T2 +((.rz(f) -1 -uRs)+

Uv-corr =2- +(RS(T1) )

Ur,

U 2 2 2
+(ﬁ‘7) +(ﬁ'7) +((T2 = T) - up)

—

3 | RESULTS

3.1 | Visual inspection

The selected PV modules have been disconnected and uninstalled from the solar generator. After a deep cleaning,
they have been visually inspected and the different types of faults have been identified (see Figure 2) and classified
(see Table 9). The classification proposed in this paper is similar to others proposed in the literature [2, 6, 9, 35].

type description figures #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
T1 Glass break - 0 0 0 0 0 0 0 0 0 0
T2 Permanent soiling (2a) 1 1 1 1 2 1 1 1 1 2
T3 Connection-box anomalies  (2b),(2c) 1 2 1 1 1 1 1 1 1 2
T4 Frame corrosion (2d) 1 1 1 1 1 1 1 1 1 1
T5a EVA bubbles - 0 0 0 0 0 0 0 0 0 0
T5b  EVA milky pattern (2e) 1 0 0 0 1 2 2 2 0 0
T5c¢ EVA browning (2f) 1 1 1 1 2 2 1 2 1 1
Té6 Back-layer detachment (2g), (2h) 1 2 2 0 2 0 0 0 0 2
T7 Bus-bars corrosion (2i) 1 2 1 1 2 2 1 2 1 1
T8 Cell cracking (2,22 1 2 2 1 2 2 1 2 2 1
T9 Burned cell (2k),(21) 0 0 2 0 0 0 2 0 0 0

0 means no problem / 1 means moderate presence of the problem / 2 means severe problem
TABLE 9 Valuation of the presence of the different problems in the PV modules.



(d) Frame corrosion - T4 - mod#1 (e) Milky pattern - T5b - mod#6

(g) Tedlar delamination - T6- mod#2 (h) Tedlar delamination - T6 - mod#10 (i) Corrosion/cell crack- T7,T8 - mod#5

(j) Cracked cell - T8 - mod#2 (k) Burned cell - T9 - mod#3 (I) Burned/cracked cell - T8,T9 - mod#7

FIGURE 2 Result of the visual inspection of the modules under study.
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All the PV modules present a permanent soiling band (defect T2, Figure 2a) between the edge of the lower frame
and the row of cells closest to that side. Since the distance between the frame and the first row of the cells is very
small in the module type [-53, this could have consequences on the electrical behavior. However, it is not sufficient
to generate a clear step in the I-V curves as a consequence of the activation of a by-pass diode, as it can be seen in
Figure 3. This is a typical defect on modules operating for long periods of time [6, 36, 37]. This anomaly is significantly
more intense in modules #5 and #10, that are the only ones with burned cables (defect T3, Figure 2c). Burned cables
and defective boxes are much more common than one might expect [38]. All the modules present detachment of the
screw terminal block inside the connection box (classified as T3 and also reported in the literature [39]).

All the PV modules have a slight level of frame corrosion (defect T4, Figure 2d). This could be considered a security
risk, but according to previous findings [40], its impact on the electrical performance can be neglected. In many cases,
the back layer surface has been partially detached (defect Té, Figures 2g and 2h). This defect has been reported also
in previous works [2, 9, 41]. Another type of defect, which is not present the in all the modules is T5b (known as milky

pattern [6, 9]), being more intense in modules numbers #6, #7 and #8.

However, there are other visual defects (T5c, T7, T8 and T9) which are more important from the point of view
of the degradation of the energy output of the modules. All the modules, suffer browning of the EVA layer (defect
T5c, which results in a bicolor pattern (Figure 2f) and an important loss of transparency identified in previous works
[39, 42] and analyzed in depth by Kaplanis and Kaplani [43]. In addition, there is a presence of corrosion of the
interconnecting ribbons in all the modules (defect T7 also documented by Sastry et al. [39], Figure 2i). This last defect
implies an increase in the series resistance of all the modules. There are also a large number of visible cell cracks in
every module (defect T8, Figure 2j). This problem and its effect on the electrical performance is studied by Dhimish
et al. [44]. Two modules have a cell that is completely burned (modules #3 and #7, as it can be seen in Figures 2k and
2l respectively). This phenomenon has been also identified by Kéntges et al. [2]. In both modules there is a loss of
transparency of the EVA between the glass and the cell. Nevertheless, both modules are operational, and as it will be

evident hereafter, the consequences have not been as severe as it might have been expected.

3.2 | Main electrical parameters

For each module, two [-V curves are shown in Figure 3: the one measured in 1996 and one measured in 2017 at
an irradiance and temperature conditions that are the closest to the conditions of the former curve of 1996, which
has also been translated to the conditions of the curve acquired in 2017. For each module, the values of Pmax, Isc,
Voc are shown, both for the curve of 1996 (corrected to the conditions in 2017) and the measured one of 2017. In

addition, an annual degradation rate is provided for each parameter.

In the case of Pnax, the annual degradation for almost all the modules is around 0.9%, but modules #2 and #9
have only a degradation rate slightly higher than 0.8%. This result is in line with the values reported in the previous
work over the modules of the same installation nine years before [6]. In addition, other works in the literature estimate
similar annual degradation rates in terms of power for mc-Si modules [4, 7, 45, 46]. Comparing these numbers with
the data in Table 9, we see that the two modules with burned cells (modules #3 and #7) have degraded in terms of
power similarly to the others. On the one hand, the modules that present the best visual appearance (modules #1
and #4) have not experienced lower drops in Pnax (see Table 10). On the other hand, module #3, which is one of
those with a burned cell and an overall poor appearance, is surprisingly one of the modules with the lowest power

degradation rate.
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Clearly, the main contributor factor in the power annual degradation rate is the decrease of the short-circuit
current. For almost all the modules, the annual degradation rate in terms of Isc is around to 0.7%, ranging from
0.65%/year to 0.76%/year. This relative small dispersion means that all the modules have degraded their Isc in a
similar way. This decrease in current might be a consequence of the reduction of the number of photons able to reach
the p-n junction. It is mainly related to the loss of transparency of the encapsulating materials, which is evident by
the visual inspection. Regarding to the cover glass, in the visual inspection, defect T2 (permanent soiling) is present
in all the modules. In addition, as it is stated by Sdnchez-Friera et al. [6], the loss of transparency is not equal for all
the wavelengths, so that the glass becomes more spectral selective while ageing.

Other element that has a strong impact in the decay of the current is the alterations observed in the EVA layer.
Some of these defects, as EVA milky pattern (type T5b), affect only small areas of the cell, whereas other defects, such
as the browning (type T5c) cover all the area of the cell. Doumane et al. [47] highlight the important impact of EVA
browning (that is present in all the studied modules) on the reduction of the energy output. A last cause of this photon
number reduction could be the degradation of the anti-reflective coating of the cells, that can reduce its effectiveness
throughout time. Therefore, the angular losses are more critical as the module ages, considerably reducing the energy

produced in the first and last hours of the day.

In terms of the open-circuit voltage, also all the PV modules have experienced a slight drop. This decrease of
Voc ranges between 0.12%/year and 0.23%/year. This range is specially wide, implying that the degradation of this
parameter is very different among the set of modules. The modules #1 and #2 are the ones with the highest V¢
degradation, but analyzing Table 9, it is not possible to find any visual signs which are significantly different in these
modules with respect to the others. Kontges et al. [2] state that the main reasons for this type of degradation are
the formation of short circuits between the cells or else failure of the bypass diodes. Other possible causes could
be an increase of the cell parameters mismatch or long-term effects on the p-n junction. More advanced diagnosis
technigues would be required in order to identify the cause of this voltage drop.

3.3 | Fill factor and parasitic resistances

Other parameters that could be interesting to compare between 1996 and 2017 are the fill factor FF and the parasitic
resistances: the series resistance Ry and the parallel resistance R;,. Table 10 shows the results obtained for the PV
modules under study. The expanded uncertainties of the values of FF have been calculated as explained in Section 2.3.
In contrast, the uncertainties of the values of R; and R, have been returned as an additional output of the curve-
fitting routine from Matlab [24] (95% of confidence level).

At a first glance, it could seem that there was an overall reduction of the FF for the ten PV modules under study
when comparing the curves measured in 1996 to the ones measured in 2017. However, the problem is that the
uncertainty in the estimation of this parameter (around 1%) is higher than the possible variation. In all cases the
confidence intervals of the values to compare overlap, so it is not possible to state that there has been a real decrease
of the value. In the literature there are contradictory statements about this parameter: whereas Bouaichi et al. [48]

claim that there is no variation, other authors report different significant rates of degradation depending on the climatic
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conditions [49].

Module #1 Module #2
1996 2017 % annual 1996 2017 % annual
FF (%) 70.4+1.1 70.3+1.0 0.0 70.1£1.1 69.9+1.1 0.0
Rs (Q) 0.341+0.005 0.374+0.007 +0.46 0.340+0.005 0.368+0.004 +0.39
Rsh (Q) 146+9 145+11 0.0 141+8 136+6 -0.1
Module #3 Module #4
1996 2017 % annual 1996 2017 % annual
FF (%) 70.3+1.1 69.9.3+1.0 0.0 71.8+1.1 70.2+1.0 -0.1
Rs (Q) 0.347+0.006  0.364+0.009 +0.24 0.366+0.013 0.406+0.010 +0.52
Rsp (Q) 139+10 134+13 -0.2 184+24 124+10 -1.5
Module #5 Module #6
1996 2017 % annual 1996 2017 % annual
FF (%) 70.9+1.1 70.1+1.0 0.0 72.1+1.1 72.0+1.1 0.0
Rs (Q) 0.339+0.011  0.400+0.011 +0.86 0.357+0.013  0.424+0.009 +0.89
Rsh (Q) 113+9 108+10 -0.2 268+33 240+38 -0.5
Module #7 Module #8
1996 2017 % annual 1996 2017 % annual
FF (%) 714+1.1 70.6+1.0 -0.1 70.0+1.1 69.5+1.1 0.0
Rs (Q) 0.359+0.013 0.404+0.012 +0.60 0.344+0.008 0.391+0.012 +0.66
Rsh (Q) 187+26 178+30 -0.2 155+13 138+17 -0.5
Module #9 Module #10
1996 2017 % annual 1996 2017 % annual
FF (%) 70.8+1.1 70.7+1.0 0.0 714+1.1 714+1.1 0.0
Rs (Q) 0.366+0.010 0.374+0.014 +0.11 0.364+0.018 0.399+0.013 +0.46
Rsh (Q) 145+21 123+17 -0.7 242+39 213+46 -0.6

TABLE 10 Comparative of R; and R, between 1996 and 2017.

Something similar occurs when analyzing the identified values of R;; in 1996 and in 2017. The confidence interval
of this parameter provided by the curve-fitting procedure is very sensible to the measurement noise, in such a way
that the estimated confidence interval is too wide, especially in some cases. This implies that we cannot establish
whether or not the value of Ry, has experienced a real variation during the 21 years of exposure. Very similar results
are achieved by Reis et al. [50], where there is also a high uncertainty in the estimations. An exception to the previous
discussion occurs for module #4, in which the decrease of Ry, in 2017 with respect to that of 1996 is still much
greater than the uncertainty in both measurements. This module had to have some individual problem that explains
this abrupt drop, perhaps a faulty isolation issue. However, taking into account its visual aspect (see column #4 in
Table 9), it is one of the modules in best visual conditions, having the back sheet layer in perfect condition (contrary
to some other modules where it is detached partially or totally).

The only parameter of Table 10 that experiences an increase between 1996 and 2017 is Rs. In almost all the
cases, the rate of increment of R; is significant (higher than 0.4%/year and much more). Previous literature agrees
with our results in terms of R, [50, 51]. Only in two cases (modules #3 and #9), the annual degradation rates in terms
of Rs could be considered low or even negligible. As all the cells are connected in series, the increment of the series
resistance could be due to a generalized increment of this parameter in every cell, or else, due to the contribution of
only one cell with an abnormal high resistance [2]. However, other causes of this degradation could be the corrosion
of the interconnection tabs or the soldering points. Even a failure in the connection box could represent a great
increment of Rs. From the results, the three modules with the highest increment of R, are #5, #6 and #8; if Table 9 is
considered, these modules are the group of those with the highest degree of corrosion in the bus-bars. It is easy to see
without special cameras that not all the modules present the same level of corrosion, and this could be an explanation

of the dispersion in the values of R and also of the different annual degradation rates that we have obtained.



3.4 | Mean results in both exposure periods

The intermediate values obtained in 2008 allow us to know if the degradation processes are uniform or, in contrast,
if the process has been accelerated at the last period. For each main electrical parameter, Isc, Voc and Pmax, and
for the series and shunt resistances (R; and R;,) the mean annual degradation rates (among the 10 modules under
study) corresponding to the first period (12 years), to the second period (9 years) and to the total period (21 years) are
summarized in Table 11 (next to the corresponding standard deviation). The values of other analyzed parameters (FF

and R;;,) have not been included because the uncertainty in their determination is very high with respect the observed

change.
years  Prax Isc Voc R,
First period (from 1996 to 2008) 12 -0.91+0.07% -0.73+0.06% -0.16+0.05% +0.52+0.28%
Second period (from 2008 to 2017) 9 -0.87+0.06% -0.68+0.08% -0.17+0.07% +0.53+0.27%
Total period (from 1996 to 2017) 21 -0.89+0.05% -0.71+0.05% -0.18+0.03% +0.52+0.25%

TABLE 11 Mean annual rates of degradation at different periods of time

As it can be seen from these results and analyzing only the ten PV modules under study, in terms of maximum
power, the mean annual degradation rate during the first period of exposure (0.91%/year from 1996 to 2008) is
only a bit greater than the equivalent rate for the second period (0.87%/year from 2008 to 2017). This discrepancy
is not significant if the standard deviations of both mean values are taken into account. The mean values of the
degradation rates of the Isc between the first 12 years and the following 9 years are also very close (0.73%/year
versus 0.68%/year), also smaller than the standard deviation. Similar findings are obtained for the degradation of
Voc throughout both periods of exposure. Although from the results a linear degradation pattern can be inferred,
a simulation performed by Nehme [52] suggests that the performance and efficiency follow an inverse-exponential
behavior throughout the years. Finally, it must be highlighted that the values of the degradation rates of the ten
modules under study show an abnormally high standard deviation. This could be partly due to the dispersion of the

R degradation, or also, the high uncertainty of the method used to determine the values of R;.

3.5 | Degradation of the temperature coefficients

Finally, the temperature coefficients a, B, and y of the degraded PV modules have been determined and compared to
the nominal values declared by the manufacturer. Initially, each PV module to be measured is covered by an opaque
frozen-gel wrap that is removed just before starting the acquisition of a sequence of I-V curves. Due to a natural effect
of the incident radiation from the Sun, the module temperature increases, in such a way that each curve is measured
at a higher temperature than the previous one. During the measurement, it is necessary to maintain the irradiance
level as constant as possible and around 1000 Wm~2. A linear regression is performed to fit the plot of each electrical
parameter versus the module temperature. The slope of the regression line is the temperature coefficient. The results
are summarized in Table 12, where, in addition, the mean values of the 10 modules temperature coefficients and the

nominal values are shown.



1-53 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 Mean Annual
a(mA/°C) 129 094 102 099 100 09 089 107 107 095 111 099 —1.1%
B(mv/eCc) -8 -8 -81 -75 -77 -78 -71 -74 -72 -79 -79 —71 —0.2%
y (mW/°C) —256 -189 -194 -192 -178 -182 -170 -168 -163 -185 -184 —181 —1.4%

TABLE 12 Temperature coefficients of the modules at STC after 21 years of operation.

The values of a of the degraded modules range between 0.98 and 1.11 mA/°C, with a mean value of 0.99 mA/°C,
thus showing either a significant decrease with respect the nominal value 1.29 mA/°C with a relative reduction greater
than 1.1% per year, or else, a discrepancy between the real values of a and the nominal ones provided by the manu-
facturer for a module type and not for a specific specimen. In any case, it is a safer procedure to recalculate the values
of a when intending to apply the IEC 60891 [25] procedure 1 to the |-V curve of a degraded module. Remember that
in this work, the nominal values have been used only to correct the I-V curve measured in 1996 when the module
was not degraded (the curves of 2017 have not been corrected).

As proposed by Emery et al. [53], each temperature coefficient can be reported using its normalized value, dividing
by its respective electrical parameter at STC. In our case, the value of « of a degraded module should be divided by Isc
at STC, also in degraded condition. The mean value of this normalized a,; among the 10 modules (with the standard
deviation) is 0.038+0.003%/°C, whereas for a new module is 0.039%/°C. This means that the normalization of the
temperature coefficient cancels what might be due to degradation.

Focusing on the evolution of the temperature coefficient 8, from the obtained results, we are not able to state
that its value has changed through time. As it can be seen in Table 12, 8 varies from -81 to -71 mV/°C, with a mean
value of -77 mV/°C. However, the nominal value stated by the manufacturer g = —80 mV/°C, is practically the same
obtained for the degraded modules. As in the case of a, it is also possible to obtain g,.; obtaining a mean value for
all the modules of 0.37 %/°C.

The temperature coefficient y, after 21 years of exposure, shows a significant reduction of its absolute value,
from a nominal value of -256 mW/°C to a mean value for the degraded PV modules of -181 mW/°C, between -194
and -163 mW/°C, thus resulting in an annual rate of decrease of 1.4%. However, if the normalized value is taken into
account, we obtain a mean value and a standard deviation of y,¢; = —0.46 + 0.02 %/°C, perfectly matching to the
nominal value also normalized (-0.48 %/°C), cancelling also the effect of degradation. These obtained results about
the relative temperature coefficients agree with Mitterhofer et al. [54], who state that these normalized temperature
coefficients only experiment a seasonal change, but they do not vary in the long term. In contrast, Berthod et al. [55],
find that PV module degradation could produce a decrease of the absolute values of a,/, B;e; and y,e;. Therefore,

these issues are still an open field of study and analysis.

4 | CONCLUSIONS

The visual analysis performed shows a great variety of defects. Despite this fact, all the PV modules are operational.
Some common defects do not lead to important effects on the electrical performance, such as permanent soiling,
detachment of the screw terminal block, corrosion of the frame or back layer surface detachment. However, other
visual defects can have a larger influence on the energy output. This is the case for EVA browning, corrosion of the
bus-bars and burned or cracked cells. Our analysis has shown, however, that very often there is no clear correlation
between the observed visual defects and the PV module electrical performance. Modules with severe visual defects
can show low degradation rates and conversely, modules with a lower amount of visual defects can show large decays
in their electrical performance.



For each module, a comparison has been performed between a curve measured in 1996 and another one from
2017. The annual degradation rates of Pmax, Isc and Voc, have been estimated and the mean values over the set of
modules have been obtained: 0.89%/year for Pmax, 0.71%/year for Isc, and 0.18%/year for V. Taking into account
an intermediate measurement point in 2008, these degradation rates seem to be linear throughout time.

Additional analysis about Rs reveals that between 1996 and 2017, a significant increase has happened with
a mean value of 0.52%/year. In this case, there seems to be a clear relationship between this increment and the
corrosion level of the bus-bars and interconnection ribbons. Regarding FF and Ry, in both cases the uncertainty in
their determination is similar to the possible variation of the parameter along time, so we are not able to conclude
that they have changed as a consequence of degradation.

To sum up, the coefficients of temperature of the degraded PV modules have been estimated and from the ob-
tained results it is possible to conclude that, whereas 8 seems to be stable during the 21 years of exposure, the
values of a and y have experimented important drops. However, when considering the normalized values of these

coefficients, the effect of degradation is canceled and the nominal values are still valid.
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