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A B S T R A C T   

The analysis of degradation mechanisms of photovoltaic (PV) modules is key to ensure its current lifetime and 
the economic feasibility of PV systems. Field operation is the best way to observe and detect all type of degra-
dation mechanisms. This paper presents the main signs of degradation on 56 m-Si PV modules caused by outdoor 
exposure after a period of 22 years in Seville, Spain. Results are compared with other research works conclusions 
that analyse the degradation of identical PV cells and same manufacturer, after an exposure period of 12, 15 and 
17 years. The analysis was conducted by visual inspection, infrared thermography, electroluminescence (EL) and 
electrical performance evaluation. The mean peak power degradation has been 30,9% in the 22 operation years, 
equivalent to 1,4% per year, which corresponds mainly to a loss in short-circuit current and, in a less degree, to 
loss in fill factor and open circuit voltage. The most significant defects found were severe browning, milky 
pattern and oxidation of the metallization grid. Those defects seem turns severe failures when exposure period is 
more than about 20 years and could explain the high degradation rate based on a comparison performed with 
other research works.   

1. Introduction 

The PV systems market is rapidly expanding to significant penetra-
tions in grid-connected markets in an increasing number of countries 
(International Energy Agency, 2019). To support this market expansion, 
it is required the access to reliable information on the performance and 
sustainability of PV systems because they have a direct impact on the 
estimation of the financial return on investment, the levelized cost of 
energy (Jordan et al., 2016) and the possible warranty claims according 
to photovoltaic module manufacturerś specifications (LG, 2020; SUN-
POWER, 2020). 

A thorough understanding of PV module degradation mechanisms 
and field operation rates are required to promote this market expansion. 

Degradation of PV modules leads to results in generation of various 
types of defects in the frame, junction box, front and back side of the PV 
module. The most frequent defects are encapsulant browning, hot spots, 
milky pattern, delamination and bubble formation in the encapsulant, 
back sheet polymer cracks, junction box connections corrosion, busbar, 

front grid and anti-reflection coating corrosion and discoloration and 
junction cables insulation degradation (Jahn et al., 2018) affecting, with 
other failures of the PV system, to the energy yield (Lillo-Bravo et al., 
2018). 

According to IEA-PVPS TASK13-01 (2014) and (Jahn et al., 2018), in 
the initial period of operation, degradation rates of the nominal power 
tend to be higher than during the rest of the operating life due to the 
stronger action of specific degradation modes, such as light induced 
degradation (LID), glass breakage, contact failures in the junction box 
and string interconnects and loose frame. Other defects, at a lower level, 
are potencial induced degradation, diode failure and cell interconnect 
breakage. The ethilen-vinil acetate (EVA) discoloration, delamination, 
antireflecting (AR) layer degradation and cracked cell in turn, mainly 
affects the degradation rate of the nominal power during its mid-life 
period, reducing the short circuit current of the modules. Oxidation 
affects significantly the module during last years of life. 

Degradation of PV modules is highly dependent on the climate 
(Mussard and Amara, 2018) but also depends on lamination materials, 
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solar module processing, aggressive environmental parameters, PV 
technology, period of exposition, the installation method, solar tracking 
system, solar radiation concentration mechanism and PV system 
voltage. Dubey et al. (2013) observed that discoloured PV modules tend 
to correlate with hot and dry climates, while corrosion is more common 
in hot and humid zones. It also depends on lamination materials, cell 
technology and manufacturing technology (Sharma et al., 2014). IEA- 
PVPS T13-09: 2017 (Köntges et al., 2017) shows that in most cases in-
teractions between materials in the PV module are the main root cause 
for PV module degradation. Ndiaye et al. (2013) points out that corro-
sion and discoloration are the predominant modes of PV module 
degradation. To a lesser extent, degradation of PV modules depends on 
the installation method -specially in BIPV applications- solar tracking 
system, solar radiation concentration mechanism and PV systems 
voltage (Jordan et al., 2017a). 

The qualification tests for PV modules are performed mostly ac-
cording to the standards IEC 61215-1(2016), IEC 61215-2 (2016); IEC 
61215 1-1(2016) until EC 61215 1-4 (2016). Those tests do not have the 
ability to reproduce all degradation modes observed in real-time field 
exposure (Jorgensen et al., 2003) nor to predict the degradation of a 
specific PV module failure what remains a challenging task (Köntges 
et al., 2017). As modeling of PV performance becomes more sophisti-
cated, degradation rates based on the assumption of linearity may not be 
enough accurate. Non-linear trends at the beginning of lifespan or 
during the wear-out phase are important to detect and understand PV 
systems economically and technically (Jordan et al., 2017b). Although 
different statistical and analytical methods for the prediction of PV 
modules degradation rates (Gu et al., 2015; Braisaz et al., 2014; Pan 
et al., 2011; Zimmermann, 2008) have been proposed, a more accurate 
prediction of PV module performance and the capability of linking 
performance losses to relevant degradation modes is required (Ndiaye 
et al., 2013; Lindig et al., 2018). Therefore, it is required and necessary 
additional data and deeper analyses of the reliability and performance 
degradation of PV modules after a long-term field exposure under 
different scenarios using better tools (Jahn et al., 2018). Berardone et al. 
(2018) point that there are still few studies employing EL and infrared 
(IR) imagery. 

Studies on PV modules degradation carried out over the last 40 years 
show that the mean power degradation rate depends on the number of 
years of operation, encapsulant, climate and assembly type. In the case 
of crystalline silicon cells range between 0.5 and 1.9%/year have been 
observed (Sharma et al., 2014). 

Pramod et al. (2016) reported that after 22 years outdoor exposure of 
90 m-C-Si technology PV modules with nominal power 40 Wp in a 
composite climate of India that the degradation rate of the peak power 
has been an average value 1,9%/year. The defects in busbar, cell inter- 
connection ribbon, string inter-connection ribbon and chalking in back- 
sheet were the most frequently observed defects. Chandel et al. (2015) 
reported that after 28 years outdoor exposure of 12 mono-C- Si tech-
nology PV modules with nominal power 33 Wp for western Himalayan 
region of Indian climate that have 1,4%/year average power degrada-
tion. Main defects observed in PV modules are encapsulant discoloura-
tion, delamination, oxidation of front grid fingers and anti-reflective 
coating, glass breakage and bubbles in back sheet. 

Due to their direct relation with this work, the studies carried out by 
Sánchez-Friera et al. (2011), Moreton et al. (2013) and Ferreira da 
Fonseca et al. (2020) are specially interesting. Those three works anal-
yse the PV modules degradation from the same manufacturer Isofoton, 
with the same mC-Si cell, 103x103 mm size, manufacturing process and 
encapsulant that this study. These studies, located in three different 
sites, Malaga (Spain), Porto Alegre (Brasil) and Madrid (Spain) and with 
different number of operation years, 12, 15 and 17 respectively show 
slightly different results. 

The specific objectives of this work are to evaluate the defects and 
degradation rates of 56 PV modules manufactured by Isofoton, made up 
of m-C Si cells, 103x103 mm size and that have operated for 22 years in 

the city of Seville, located at the South of Spain and to compare the 
obtained results with the ones of reference studies mentioned above. 

The paper is structured as follows: In Section 2 we describe the PV 
modules and inspections methods. Section 3 shows the results and dis-
cussion. Section 4 shows the comparative analysis with other research 
works. The main conclusions of this study are outlined in Section 5. 

2. PV modules and inspection methods. 

It has been analysed a set of 56 PV modules manufactured by Iso-
foton (Spain) in 1991, model M− 55− L with the nominal characteristics 
in standard test conditions (STC), (incident power density: 1000 W/m2, 
spectrum: AM 1,5G, module temperature: 25 ◦C) of Pmp = 53 Wp, ISC =

3,27 A and VOC = 21,8 V, Imp = 3,05 A and Vmp = 17,4 V, fill factor (FF), 
FF = 0,743 and efficiency of 12,74% . The Nominal Operating Cell 
Temperature (NOCT) of the PV module is 47 ◦C and dimensions of 1330 
mm × 340 mm. This module is composed of 36 series-connected mono- 
crystalline silicon solar cells of size 103 mm and about 300 μm thickness. 
The cells are textured and have a TiOx antireflecting coating. They are 
interconnected with tinned copper ribbons. The cells are encapsulated 
with EVA between a high transmittance flat tempered glass and a 
composite backsheet of a polyvinyl fluoride (PVF) film, also called 
Tedlar, and polyester (PET), with a PVF/PET/PVF configuration. It was 
extensively used as back-sheet for PV modules until about 2010 when 
cheaper multi-layer films having similar properties and resistance to 
weather were developed. Each module contains two IP 65 protected 
junction boxes with by-pass diodes in parallel with 24 cells. The lami-
nate is surrounded by an anodized aluminium frame, with a silicone 
joint. 

Those modules were installed in two different locations in Seville 
(Spain). From August 1991 to July 2001 they were installed in a location 
whose coordinates are 37◦24′26.9′′N 6◦00′08.8′′W. Those modules were 
part of a network connection installation for the lighting of the Spanish 
Pavilion offices of the Universal Exposition of Seville (1992). From July 
2001 to July 2007 the modules were stored without being connected in 
an enclosed place. From November 2007 to March 2020 they were 
operating on the roof of a house sited in Seville, whose coordinates are 
37◦20′54.7′′N 5◦59′05.9′′W. The distance between both locations is 8 km 
in a straight line. Fig. 1 shows a general view of the installation and a 
close view of the PV modules. 

The PV field of the Spanish Pavilion had a total peak power of 27,67 
kWp, made up of 522 PV modules, arranged in 18 parallel rows of 29 
serie-connected PV modules each, on a horizontal surface on the roof of 
the Pavilion offices. It also had 29 gel batteries of C10 = 155 Ah, 12 V, a 
voltage regulator and a 25 kW single-phase inverter whose input voltage 
range is 300 /405 V and output voltage of 220 V. 

PV modules on the roof of the house were tilted 14◦ above the hor-
izontal and the azimuth angles were − 95◦ (East), − 5◦ (South) and + 85◦

(West) in three different solar fields. The West field of 1,378 kWp, (A) 
with a total of 26 modules, distributed in two parallel rows of 13 
modules connected in series each. The South field (B) of 3,392 kWp, 
with a total of 64 modules, distributed in four parallel rows of 16 
modules in series each. The East field (C) of 2,703 kWp, with a total of 51 
modules, distributed in three parallel rows of 17 modules also connected 
in serie each. Each field is connected to a Fronius inverter, model IG-30, 
single-phase, input voltage range between 150 V and 450 V and output 
voltage 230 V. The PV modules were installed on 4 cm high galvanised 
steel structure on slanted roof. Modules of field B have been the selected 
for this study, those modules have been operating for 22 years and 4 
months, their useful life is 28 years and 4 months and throughout all 
their useful life the PV modules have been operating in Seville. 

Seville is located at an altitude of 34 m above sea level and has a 
“Csa” climate, according to the Köppen-Geiger classification (Peel et al., 
2007). Seville has a Mediterranean and subtropical climate character-
ized by hot, dry summer and wet and cold winters. The annual mean 
temperature is 19,2 ◦C and the monthly mean temperature ranges 
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between 10,9 ◦C in December and 28,2 ◦C in July. The annual mean 
relative humidity is 59%, monthly mean values range from 44% in July 
to 74% in December. The daily global horizontal irradiation (GHI) 
ranges between 3,0 kWh/m2⋅day and 7,3 kWh/m2⋅day (AEMET, 2020). 

Visual inspection, together with EL imaging and IR thermal imaging 
are among the most useful methods to identify the PV modules defects 
(Jahn et al., 2018). Visual inspection of PV module is a useful tool also to 
provide us a quick view of the general condition of the PV module (cells, 
front and back encapsulants, frame, juntion box). Specific procedures for 
visual inspection based in questionnaires have been developed (Corinne 
et al., 2012) but the most standard method is based on the standard IEC 
61215-1(2016) .In this paper, the visual inspection was performed ac-
cording to the IEC 61215-1 (2016) standards and the IEA report 
(Köntges et al., 2017). 

The infra-red thermal imaging has been performed with infrared 
camera Flir E6 with 160x20 pixels. The modules were grid-connected 
approximately at their maximum power during the measurement 
campaign. To complete the visual inspection and the infra-red thermal 
analysis, an EL imaging of the 56 PV modules was used to identify finger 
interruptions and affected areas due to cracked cells. For the rest reali-
zation a HAMAMATSU C11440 CCD camera and a continuous power 
supply for the reverse polarization of the PV modules, model XFR60- 
20MGA, were both used. 

The I–V curves were individually measured for all the PV modules, 
being ensured previously that all modules were completely clean, under 
natural sunlight following the recommendations from the standard 
60904–1 (2006). Digital multimetres were used to acquire the voltage 
and current signals, as well as the required meteorological variables 
right before and after each measurement. The module temperature is 
also registered, using RTD Pt100 thermal sensors with appropriate 
thermal coupling to the back of the modules. The global irradiance is 
measured with a Kipp & Zonen pyranometer, calibrated periodically to 
ensure the traceability of the measurements. In order to minimize 
measurement and conversion errors, the following conditions were 
imposed to all measurements: time of measurement within an hour of 
solar noon; global irradiance in the measurement plane higher than 820 
W/m2; the diffuse solar irradiance fraction lower than 10%; maximum 

variation of irradiance during time of measurement lower than 1%; wind 
speed lower than 0,5 m/s and a maximum variation of module tem-
perature during time of measurement lower than 1 ◦C. Both sets of 
measurements were carried out during the month of July in 2020. The 
maximum relative uncertainty of the power measurements was 1%. The 
experimental I–V curves were translated to the standard condition using 
the method proposed by Bühler et al. (2014). Uncertainties for voltage 
and current measurements were of ± 0,01 V and ± 0,02 A respectively, 
1% for the pyranometer and 0,5% for the module temperature. 

Depending on the assumptions, degradation calculations may be 
significantly impacted. Assumptions of this study are the following:  

- This study is referred to degradation rather than failure because 
degradation leads to lower performance but not necessary a failure.  

- To assess the percentage of degradation of the module, we have no 
choice but to compare the measurement to the nameplate rating 
because we did not have the flash report of each PV module. In the 
90́s, PV module manufacturers usual warrant tolerances of +/-10%.  

- Beginning-of-life LID effect has been considered.  
- Incident irradiance has been measured using a calibrated 

pyranometer.  
- PV modules have been cleaned, so soiling losses have not been taken 

into account.  
- PV modules had been mounting according to Fig. 1. 

3. Results and discussions 

3.1. Defects 

Various types of defects were detected after a thorough visual, 
electroluminiscence and infra-red thermal inspection of the modules. 
The type and frequency of the observed defects are shown in Table 1. 

A more detailed explanation of these defects is the following 

3.1.1. Frame defects 
All the module aluminium frames were in good conditions. Never-

theless the silicone joint is cracked and the grounding screws present 

Fig. 1. General view of the two installations: Spanish Pavillion (a and b) and roof of a house (c and d) Line red in the Spanish Pavilion (10 years) (a)…Green, yelow 
and blue color in the roof of a house (12 years) (c). Close view of the PV modules in both installations.(b and d). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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oxidation in 100% of PV modules, as shown in Fig. 2. 

3.1.2. Junction box defects 
All modules have junction box conduits degraded. Another defect 

found is that 4% of junction boxes (2 per PV module) are bad attached to 
the backsheet as it is shown in Fig. 3. 

During the IV measurements it was verified that none of the by-pass 
diodes had failed. 

3.1.3. Milky pattern 
EVA is the dominant encapsulant material used in the lamination of 

c-Si PV modules. The milky pattern is the most common type of 
delamination observed in all PV modules but the degree of affection is 
not identical among all of them. A severe milky pattern is observed on 
large areas over the solar cells, mainly at the proximity of the inter-
connection ribbons and at the cell discoloration perimeter, and, to a 
lesser degree, at the cell perimeter as shown in Fig. 4. 

The origin of this defect could lie in a chemical reaction between the 
cell antireflecting coating and certain additives in the module 
encapsulant. 

Other delamination has been observed between the cell and EVA in 
about 20% of the PV modules reaching about 5% of the PV cell surface. 
This delamination has been mainly observed at the edge of the PV cells 
and more frequently in the cells located at the perimeter of the PV 
module. 

Both the selection of packaging materials and the lamination process 
are crucial to avoid delamination defects. But this delamination can also 
be affected during the exposure period by corrosion, mechanical shocks, 
cell breaks and entry of moisture. Compared to the packaging materials, 
the effect of the PV module lamination process, namely the preheating 
step, the curing step and the cooling step, is relatively poorly studied 
(Köntges et al., 2017). 

3.1.4. Darkening 
The darkening of EVA is a common and severe visual defect of Iso-

foton PV modules after 22 years under UV exposure and at elevated 
temperature caused by a bleaching process that could be accelerated by 
cracks in cells. This is a well-known problem for PV modules manufac-
tured before the 1990 s, of EVA (Han et al., 2018). It affects 100% of the 
cells of 100% of the inspected modules. 

This discoloration is not totally homogeneous in cells. Inside the 
cells, the discoloration is lower at cells perimeter. Additionally, two 
levels of discoloration with almost square shape have been observed. 
These are either a more intense discoloration inside the cells intercon-
nection ribbons and also a squared less intense discoloration that sur-
rounds the previous one up to approximately 0,5 cm from the cell 
perimeter, as shown in Figs. 5 and 6. 

Moreover, cells located on the PV module perimeter tend to show a 
less discoloration at the cell perimeter close to the frame of the module 
and a greater discoloration at the cell perimeter close to the other cells. 
This may be due to a lower temperature of this part of the PV module in 
comparison to the rest due to the thermal influence of the frame, as can 
be seen from the thermographic analysis and is shown in Fig. 6. 

IEA-PVPS TASK13-01:2014 and Jahn et al., 2018 pointed out that 
this is one of the most important wear-out failures of the PV modules. A 
likely explanation of the difference between the center and the edge of 
the PV module is the bleaching of EVA due to the oxygen diffusion that is 
more important at the edge of the module than at the center of the cells. 
As a result, the transmittance of EVA measured at the edge of the cell PV 
module is higher than at the center, for wavelengths from 380 nm to 
1200 nm. However, the transmittance of EVA at the center is higher than 
at the edge in the wavelengths in the 300–380 nm wavelengths. This 
difference maybe caused because the ultravoilet absorbers in EVA in the 
center have been completely consumed (Pern et al., 1991). Discoloration 
is almost always located at the center of the cells due to a so-called 
“photo-bleaching” process. Photobleaching occurrs where oxygen is 
provided in enough quantity, been diffused through the back-sheet be-
tween cells or through cells along the cracks, to bleach the EVA that had 
been discolored by UV (Jordan et al., 2017a). 

With the EVA discoloration the short circuit current decreases 
because the discoloration leads to a lower light transmissivity. Pramod 
Rajput et al. (2016), have found that the discoloration has a significant 
effect on the degradation of the module short-circuit current and hence 
the module power degradation but it does not affect its fill factor and 
open-circuit voltage. Nevertheless, when discoloration is not homoge-
neous over the cells, as it is the case, it impacts on the decrease of the 
parallel resistance and consequently on the reduction of the fill factor 
and open circuit voltage. 

The discoloration in the cells called ‘‘snail trails”, or ‘‘snail tracks”, 
which appear as irregular dark stripes/ brownish coloured contact fin-
gers across the cells has not be found in any module. This may be due to 
that this defect appears during the first years of exposure (Liu et al., 
2015). 

3.1.5. Cell cracks 
Cell cracks have been detected during the visual inspection test when 

they were large enough. Micro-cracks have also been detected during 
the EL imaging test. A 4% percentage of the cells present visible cracks. 
Nevertheless 8% of the cells show micro-cracks with the EL test, 
distributed into 50 PV modules. 

It has been observed that some cracks in the back-sheet have been 
located at the same location as a crack in the cell. Nevertheless, it has 
been observed cracks without any kind of defects at the same location in 

Table 1 
Types of defects in modules and percentage of affected modules and cells.  

Type of defect (%) % affected modules % affected cells 

Frame defects 100 NA 
Junction box defects 100 NA 
Defective by-pass diodes 0 NA 
Hot spots 3,57 0,01 
Physical impacts 5,35 0,4 
Backsheet delamination and burbles 21,42 6 
Darkening 100 100 
Milky pattern 100 100 
Cell cracks 89,29 12 
Front grid and AR layer oxidation 100 100  

Fig. 2. Frame defects: silicone joint cracked (a) and grounding screw oxida-
tion (b). 

Fig. 3. Juntion box defects: Degraded conducts (a) and detached junction 
box (b). 
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the back-sheet. Fig. 7 shows the visual image (top) of a typical crack in 
the back-sheet of a module and the corresponding crack in the cell at the 
same location. 

The cell cracks may have been formed during mechanical or thermal 
stresses on the cells during manufacturing, transport or bad handling 
during loading and unloading of the container or installation, disas-
semble and reassemble and the exposure period. In this study, it has 
been observed, Fig. 7, that about 50% of the cell cracks have just been 
origined in the solder point between the interconnections ribbons of two 
cells according to Itoh et al. (2014). 

Solar cell cracks and micro-cracks are a well-known and they have a 

significant influence on the Pmax when the cracks leave part of the cell 
completely isolated (Köntges et al., 2011). In this study cracks were 
classified based on their size, shape, position, direction or their severity 
and the factors affecting them were loosely considered as two-fold: (i) 
those deriving from mechanical properties and (ii) those resulting from 
their geometrical properties. 

Depending on the size, shape, position and length of the crack, the 
impact on the PV module performance is very different (Papargyri et al., 
2020). While single cracks perpendicular to the busbars cannot electri-
cally separate any area of the cell from the busbars, cracks parallel to the 
busbar may lead to high separated cell areas, up to 25% for cells with 
two busbars (Kajari-Schröder et al., 2011). In our research, more than 
70% of the cracked cells were due to perpendicular breaks to the bus-
bars. Fig. 8 shows the utility of the EL test to identify defects in the cells 
of the PV module. For instance, the cell with the yellow circle is defec-
tive. Only with a visual inspection the cell does not seem to be in bad 
conditions but with EL image the defect is detected. Other defects such 
as craked cells (red square in Fig. 8) with the non-operative part can be 
easily identified. 

3.1.6. Hot spots 
Two solar cells corresponding to two different PV modules, have 

been affected by hot spots, causing breakage of the cell and burning of 
the backsheet. Hot spots are caused by localized dirt, shadows, damaged 
cell or severe mismatch between the PV module strings. The string with 
the reduced short-circuit current is forced to work in inverted polarity, 
consuming the power generated by the other strings and potentially 
reaching very high temperatures (Zhang et al., 2017). 

3.1.7. Front grid and AR layer oxidation 
Front grid and AR layer oxidation have been observed in 100% of the 

Fig. 4. Milky pattern at the proximity of the interconnection ribbons (a) and at the cell discoloration perimeter (b).  

Fig. 5. Concentric discoloration levels in the cell.  

Fig. 6. Non-symetrical discoloration levels in cells located on the perimeter of 
the PV module (red box) and two concentric discoloration levels in both cells. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. Two cracked cell origined in the welding of the interconnection ribbons 
between two cells. 
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cells and 100% of the analysed PV modules. This oxidation is not totally 
homogeneous in cells and it is reasonable to believe that the oxidation 
process has not stopped during the storage time of the modules (8 years). 

Acetic acid is a by-product of hydrolysis within EVA that occurs in 
the presence of moisture, heat and UV radiation. This acetic acid acts as 
a catalyst in the corrosion of the cell metallization and metallic in-
terconnects copper core and its tin coating (Gagliardi et al., 2017). The 
copper core causes a brown discoloration of the EVA when it is directly 
exposed to EVA. Usually the tin or tin-based coating and solder material 
should protect the copper core of the interconnect ribbon, but it may not 
be robust enough to resist corrosion. This metallization, or intercon-
nection, corrosion leads to an increased series resistance and therefore 
losses in module performance. Due to the long diffusion paths from the 
encapsulant to the backsheet, acetic acid can be accumulated in front of 
the solar cells and lower the local pH value, leading to even faster 
corrosion (Kempe et al., 2007; Köntges et al., 2017). 

The oxidation process has been accentuated over the last 10 years, 
cells show two concentric squares, the inside one shows greater decay 
and corrosion than the perimeter square. This impact is observed in all 
cells of all PV modules. 

3.1.8. Physical impacts 
Physical impacts could result in breakage of the glass or cracks of the 

backsheet. These physical impacts are generally caused by weather, 
mishandling upon relocation or major thermal expansion mismatches. 
Three modules with physical impacts in the backsheet but neither in the 
glass nor junction box have been observed. In two of those modules, the 
cell on the front side is cracked too. 

3.1.9. Backsheet delamination, bubbles. 
In 14,29% of the PV modules bubbles were observed and in 7,14% of 

the PVmodules delamination of the backsheet was detected as shown in 
Fig. 9. This delamination took place at the interface between the outer 
PVF and the PET, and between the PET and the inner PVF, mainly in the 
place of the junction box, but not only there. The inner PVF remained 
well attached to the EVA. This could indicate a stability problem of the 
proprietary adhesive used at the backsheet. In general, delamination 
defects depend on encapsulant materials, climate and exposure time 
(Julien et al., 2020) 

3.2. Electrical performance 

The original actual power output of the PV modules is assumed to be 
± 10% of the nameplate value as it was typical at the time of 
manufacturing of these modules. Without any more reliable data about 
the initial power output, we accept the uncertainty on the power loss 
that is calculated as the difference between the measured output and the 
nameplate value. 

Fig. 10 shows in a column the degradation percentages of Pmax, and 
in another column the degration percentages of Isc, Voc and FF for all 
the 56 PV modules analyzed. 

Fig. 10 shows that the degradation of the maximum power of most of 
the analysed PV modules is due to a greater extent to the short-circuit 
current degradation, followed by the degradation of the fill factor and 
the open circuit voltage. Likewise, it has been obtained that the Pmax 
value shows an average degradation of 30,9% throughout the 22 oper-
ation years, having a maximum of 38,0% and a minimum of 22,2%, 
which corresponds at an annual ratio between 1,0–1,7%/year with an 
average of 1,4%/year. Moreover, the average degradation of the Isc has 
been 16,4%, which corresponds to an annual ratio between 0,4–1,0%/ 
year with an average annual ratio of 0,8%/year. The average FF 
degradation has been 13,0%/year which corresponds to an annual ratio 
between 0,3–0,9%/year, with an average annual ratio of 0,6%/year. The 
Voc average degradation has been 4,9%, which corresponds to an 
annual ratio between 0,1–0,5%/year, with an average annual ratio of 
0,2%/year. 

EL image Photo 

Fig. 8. Electroluminiscence image of a PV module with a PV cell photo.  

Fig. 9. Backsheet delamination (a) and bubble (b).  
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The loss of short-circuit current could be partially related to the loss 
of optical coupling at the cell-encapsulant interface originated by the 
milky pattern delamination, the front delamination, the degradation of 
the AR coating layer, cracked cells and an inherent degradation of the 
p–n junction, related to the cell process fabrication, which has been 
described by several studies carried out at IEA, task 13:2014 (Köntges 
et al., 2014). 

The loss of open circuit voltage could be related to corrosion between 
cell interconnections, short circuits of one cell with another or even a 
failure in the by-pass diode. It could also be due to the effect of light 
induced degradation (LID) or potential induced degradation (PID). For 
example, module No. 50 (676) has less corrosion compared to others, 
milky pattern and a broken cell, but without cell short circuits. 

Fig. 11 shows the electrical parameters dispersion of the PV modules, 
(a) maximum power, (b) short circuit current, (c) open circuit voltage 
and (d) fill factor. 

4. Comparative analysis 

There are three PV modules degradation studies from the same 
manufacturer, with the same cell and the same encapsulant, located in 
three different locations with very similar climates and with different 
number of operation years, 12 years (Sanchez-Friera et al., 2011), 15 
years (Ferreira da Fonseca et al., 2020) and 17 years (Moreton et al., 
2013). 

Table 2 shows the operating and testing conditions and defects found 
in the four studies. All of them are based in m-C-Si PV cells, size 103x103 
mm and of the same manufacturer, Isofotón. 

The works selected for comparison with this study analyse different 
locations but these fall within the same climatic classification as Seville, 
type Csa, according to Köppen-Geiger (Peel et al., 2007) except Porto 
Alegre which has Cfa climatic classification. According to IEA-PVPS 

T13-09 (2017) (Köntges et al., 2017) the climatic conditions covered 
with Köppen-Geiger groups are covering temperature and humidity 
stress which does not cover all important stress factors for the applica-
tion in PV degradation studies such as UV irradiance, soiling, tempera-
ture cycling, humidity. The temporal resolution of the data are annual 
and monthly averages that seems too low. In this case, Malaga and Porto 
Alegre are in the coastal zone. Madrid has a colder and drier climate 
than Malaga and Seville. Relative humidity in Malaga is slightly higher 
than Madrid and Seville. 

It is noteworthy that in the Porto Alegre and Madrid studies a cali-
brated cell and a module have been used to measure global irradi-
ance instead of a pyranometer, which can lead to an underestimation 
of irradiance (Lillo-Bravo et al., 2020). In addition, not all the studies 
have the same reference, there are studies that degradation rates are 
referenced to nameplate, other to initial measurements rating as 
reference, other use indoor with solar simulators or outdoor mea-
surement conditions (Jordan et al., 2016). 

The main difference found is that as the number of years of operation 
increase, around 20 years, the presence of severe and higher percentage 
of oxidation of the metallization, discoloration of EVA and milky pattern 
stands out. In the other studies, these effects are not severe or are not 
even detected, as is the case of oxidation and delamination in Madrid. 

The factors that difficult the evaluation of the degradation rate are 
due to the uncertainties associated to the measurement of the electric 
and climatic parameters, the extrapolation uncertainty of the Pmax from 
experimental conditions to standard conditions and the initial mea-
surement reference (if is a nameplate, with or wihout LID effects, …). 
Typically, a good measurement of electric parameters has uncertainty 
values lower than 1%-2%. The irradiance is the major source of uncer-
tainty and affects directly the short-circuit current. However, maximum 
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power is the most sensitive parameter, because it suffers simultaneous 
interference from climatic paramters (irradiance and temperature) and 
electric parameters in the initial and final measurement periods. 

Table 3 shows the total degradation and the annual mean ratio of 
Pmax, Voc, FF and Isc in the current study and in the other three 
research works. 

For the four studies, it is observed that there is difference among the 
annual average maximum power degradation rates with the operation 
years. In all the studies the decrease in the short-circuit intensity is the 
parameter that has suffered the most reduction, fundamentally based on 
the defects of the encapsulant browning and the antireflective layer 
degradation. The low rate degradation of Pmax in Madrid with respect 
to the other studies can be explained by the absence of oxidation and 
delamination, while in Malaga and Porto Alegre reports this has not 
been highlighted. 

However, although all studies show discoloration symptoms, as the 
operating time increases, the severity of discoloration, cell oxidation and 
milky pattern increases. Fig. 12 shows the appearance of the cell in three 
of the four studies. With these images, the difference in the severity of 
discoloration, milky pattern, and especially of oxidation of cell and in-
terconnects. According to the IEA-PVPS T13-09: 2017 (Köntges et al., 
2017) and Ferreira da Fonseca et al. (2020), oxidation defects expo-
nentially affect degradation and would partly explain the higher 
degradation rate in our study, added to the FF and Voc degration rate. 

These differences in defects together with others such as cell crack 
show that when the defects tend to be more severe, the degradation 
grows in a non-linear way. This coherent with what is indicated in the 
IEA-PVPS T13-09: 2017 (Köntges et al., 2017). 

This is confirmed in other degradation studies that contemplate more 
than 20 years of operation, such as in Pramod et al. (2016) where the 
Pmax degradation rate has been found with average value 1,9%/year, or 

in Chandel et al. (2015) where the Pmax degradation rate has been 
found with average value 1,4%/year. In those cases, and in our study a 
severe discoloration and the corrosion in busbar, string interconnection 
ribbon, cell interconnection ribbon is a commonly observed as defects in 
all PV modules that have been increasing with the time. That is reflected 
in a more significant degradation, not only in Isc, but in the FF and Voc, 
and consequently in the Pmax. This is in accordance with IEA-PVPS T13- 
09: 2017 (Köntges et al., 2017), confirming that severe degradation is 
frequently observed in PV modules subjected to outdoor exposure con-
ditions over 20 years. So, degradation rates based on the assumption of 
linearity may not be sufficiently accurate (Jordan et al., 2017a). In the 
initial period of operation, about the first year, degradation rates tend to 
be higher than in the middle-period of the operating life due to the 
stronger action of specific degradation modes, such as LID (Ishii and 
Masuda, 2017). During the wear-out period of operation, approximately 
more than 20 years, degradation rates tend to be higher due to the 
stronger action of corrosion and to the severity of the defects. 

5. Conclusions 

The analysis of the degradation mechanisms of 56 PV modules after 
22 years of exposure and its comparison with other three research works 
has been presented. PV modules inspection revealed severe damage of 
junction box tubes, golden brownish discoloration, delamination of 
encapsulant with severe milky pattern, oxidation of front grid metal 
fingers, busbar and AR layer. To a lesser extent, delamination and 
bubbling in back sheet. Degradation of power output of PV modules 
reached a total value of 30,89% and a mean annual value of 1,4%. This is 
attributed to a loss in short circuit current, but also to losses in open 
circuit voltage and fill factor. 

There is a significant difference between most studies of degradation 
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rates applied to shorter and higher exposure time periods of around 20 
years, nearly to warranty period limit. The severity of the discoloration, 
milky pattern and oxidation processes significantly increases the 

average degradation rates in studies applied over 20 years. Electro-
luminiscence test has identified in even greater detail cracked cells and 
the effect on the inactive zone of the cell. 

Table 2 
Comparison of operating and testing conditions and defects.  

Reference Present study Moreton et al. (2013) Ferreira da Fonseca et al. (2020) Sanchez-Friera et al. (2011) 

Location 
(Longitude, 
Latitude, 
altitude) 

Seville, (Spain). 
(37,4N, 5,9W, 16 m) 

Madrid, (Spain). 
(40,5N, 3,7W, 667 m) 

Porto Alegre (Brasil). 
(30,0S, 51,2W, 1 m) 

Malaga, (Spain). 
(36,7N, 4,4W, 4 m) 

Operation period 22 years 17 years 15 years 12 years 
Köppen- Geiger 

Classification 
Csa Csa Cfa (Humid temperate climate with 

hot summer) 
Csa 

Sample 56 PV modules 
53 Wp, 36 cells. 

76 PV modules 
90 Wp, 60 cells, 

48 PV modules 
100 Wp, 72 cells. 

42 PV modules 
53 Wp, 36 cells. 

Testing Visual, Thermography, EL and I-V 
curve. 

Visual, Thermography, Electrical 
insolation and I-V curve. 

Visual, thermography, Electrical 
insolation, EL and I-V curve. 
EL, thermography and Electrical 
insulation were applied only a 
sample of eight modules. 

Visual, Thermography and I-V 
curve. 

Mesaurement Outdoor, Kipp & Zonen 
pyranometer. 
Uncertainties for voltage and 
current measurements were of ±
0.01 V and ± 0.02 A, respectively 
The curves were translated to 
standard test conditions (STC) 
following the procedure described 
by Bühler et al. (2014). 

Indoor, reference PV modules. 
Uncertainty of the power measurements is 
not shown. 
The curves were translated to standard 
test conditions (STC) following the 
Procedure 1 described in IEC 60891 
(2009). 

Outdoor, reference cell. 
Uncertainties for voltage and 
current measurements were of ±
0.01 V and ± 0.02 A, respectively 
The curves were translated to 
standard test conditions (STC) 
following the procedure described 
by Bühler et al. (2014). 

Outdoor, Kipp & Zonen 
pyranometer. 
Uncertainty of the power 
measurements was 2% at the 
beginning of the period under 
study and 1% at the end. 
The curves were translated to 
standard test conditions (STC) 
following the Procedure 1 
described in IEC 60891 (2009). 

Defects: Darkening: 100% 
Milky pattern: 100% 
Oxidation: 100% 
Module with cell cracks: 89,29% 
Backsheet delamination 21,42% 
Junction box: 100% 

Cracks in the junction boxes :7% 
Backsheet delamination: 69% 
Darkening.: 83% 
Cracks frame joint :37%. 

Milky pattern 79,2% 
Darkening: 100% 
Oxidation 100% 
Cell cracks 27%. 
Backsheet delamination: 2,1%. 

Milky pattern: 93% 
Oxidation :100% 
Cell cracks: 60% 
Backsheet delamination 7% 
Junction box: 100% 

Relevant defects: Severe oxidation of the 
metallization and discoloration of 
EVA. 
Severe milky pattern. 
Many cell cracks. 

Backsheet delamination at the polyester/ 
polyvinyl fluoride outer interface and 
cracks in the terminal boxes and at the 
joint between the frame and the laminate 

Oxidation of the metallization and 
discoloration of EVA. 
Milky pattern. 

Loss of adhesion strength at the 
cell-encapsulant interface and the 
degradation of the AR coating 
layer. 

Author 
comments: 

Severe defects. They have not observed front 
delamination (milky pattern) or grid 
oxidation. 

Encapsulant darkening and the 
anti-reflective layer degradation, 
contribute significantly to the 
reduction of short circuit current. 

Oxidation of the metallization grid 
does not seem to have any impact 
on the performance. Glass soiling 
has minor impact.  

Table 3 
Main parameters of the total degradation rates and annual average degradation rates of the PV modules for the 4 studies.  

Reference Present study Sánchez Friera et al. (2011) Moretón et al. (2013) Ferreira da Fonseca et al. (2020) 

Location Seville, (Spain). Madrid, (Spain). Porto Alegre (Brasil). Malaga, (Spain). 

Operation 
period 

22 years 17 years 15 years 12 years  

Total 
Degradation (%) 

Average annual 
rate (%) 

Total 
Degradation (%) 

Average anual 
rate (%) 

Total 
Degradation (%) 

Average anual 
rate (%) 

Total 
Degradation (%) 

Average Annual 
rate (%) 

Pmax/Rate − 30,9 − 1,4 − 11,5 − 0,96 − 9/ − 0,53 − 9,5 − 0,63 
Voc/ Rate − 4,9 − 0,2 − 1,9 − 0,16 − 1,2/ − 0,07 − 0,1 − 0,01 
FF/Rate − 13,0 − 0,6 − 0,7 − 0,06 +0,1/ 0,01 +0,77 +0,05 
Isc/Rate − 16,4 − 0,8 − 9,3 − 0,78 − 8/ − 0,47 − 9,12 − 0,61  

Fig. 12. Visual appearance of a cell after 22 years of operation (this study, photo a), compared with a similar cell after 15 years (Ferreira da Fonseca et al., 2020, 
photo b) and 12 years of operation (Sanchez-Friera et al., 2011, photo c). 
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It is important to highlight that the tested modules were manufac-
tured in the 90 s and are made up by thick and small cells (about 300 µm 
and 103x103 mm2, surface) compared with current PV modules in 
which cells are three times thinner (about 100 µm) and their sizes are 
larger (up to 200 × 200 mm). Cells analysed in the current review are 
embedded in small PV modules of approximate surface of 0,5 m2, while 
current cells are assembled in PV modules up to 4 times larger. This 
suggests that although manufacturing processes have improved and 
have been automated with respect to those used in the 1990 s, the me-
chanical or thermal stresses on the cells during shipping, transportation 
(Hsu et al., 2016), assembly process and the exposure period can make a 
large number of microcracks that should be prevented, making elec-
troluminescence inspection in each step of the installation process and 
also the adaptation of standards to this new situation. 
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