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Abstract 9 

This paper studies and analyzes the results of performing several laboratory tests of a sample 10 

from a PV-plant with 2.85 MW of nominal power that has been in operation for 11 years and 11 

whose PV-modules are from different manufacturer and classes. The main purpose is to develop 12 

a proper quality inspection that allows knowing the degradation in a PV-plant with these special 13 

characteristics. The total sample has been taken in proportion to the size of each class through a 14 

proportionate allocation stratified sampling strategy. The tests performed on each sample were 15 

detailed visual inspection, power rating, electroluminescence (EL), and electrical insulation. The 16 

PV modules tested have been analyzed and evaluated according to an acceptance/rejection 17 

criteria established by the laboratory which has been based on International Electrotechnical 18 

Commission standards, bibliographic contributions and the warranty conditions of PV-modules. 19 

Considering the age of the plant and the criteria established in the power rating, the 80.01% of 20 

the sample modules were in good conditions, the 10.27% degraded and the 9.72% rejected. The 21 

results also show that the total annual average degradation rate of the PV-plant after 11 years of 22 

operation is 0.94%/year.  23 

Keywords: Electroluminescence (EL), I-V curves, Visual inspection, Quality inspection, Annual 24 

degradation rate 25 

 26 

1. Introduction 27 

The reduction of carbon and greenhouse gas emissions to limit climate change impact are 28 

global issues which have led to a change in electric energy markets worldwide. Among all 29 

renewables technologies, large-scale solar photovoltaic (PV) power plants have been broadly 30 

installed around the world in recent years. According to Solar Power Europe in [1], the total world 31 

installed PV power capacity reached 633.7 GW by the end of 2019, resulting in a 23% year-on-32 

year grown compared to 2018 (509.3 GW). Furthermore, the future projection based on IRENA 33 
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analysis, which is reported in [2], cumulative solar PV capacity is expected to grow sixfold by 2030, 34 

with a compound annual growth rate of nearly 9% up to 2050.  35 

For current and future large-scale PV plants, stakeholders are interested in improving its 36 

reliability optimizing operational and maintenance (O&M) cost to secure the invested capital and 37 

profit [3]. In this context, to secure the profitability and to provide effective follow-up along the 38 

lifetime of a PV plant, quality inspections, which could be scheduled in preventive maintenance 39 

plans, gain a particular interest [4]. 40 

The study of the degradation, defects and failures in PV plant has taken certain significance 41 

through times due to the importance of getting an accurate prediction of the performance of these 42 

systems [5]. Environmental conditions may have an important influence on the degradation rate. 43 

Therefore, the degradation rate studies from diverse geographical locations are of great interest 44 

[6], since ageing, performance and degradation are a phenomenon that affects the power system 45 

output and consequently financial figures of merit [7]. In ref. [7] has been also observed that 46 

higher degradation rates are reported when harsher climatic regions are studied. The value 47 

reported in [8] resulted greater than the 0.8%/year in only 3 years of outdoor exposure in 48 

Morocco. 49 

To determine the annual degradation rates of PV modules, three parameters are usually taken 50 

into account: energy efficiency, output performance ratio and electrical power [9]. These 51 

parameters could be studied through the performance of different tests that are usually based on 52 

visual inspection, infrared thermography [10], [11], [12] and electrical monitorization, which can 53 

sense the overall behaviour of the PV plant [13], [14] or performing diagnoses at the panel level 54 

[15]. However, each monitorization technique used for the diagnosis, the measuring of the 55 

equipment and the quality of the data may lead to different results [16]. An example could be 56 

observed in [17], where some authors have measured the output power of a PV plant to study the 57 

presence of dust on the panel surface. It has been also applied alternative methods which have 58 

been performed in small plants to measure both the IV curves of each module [18] and the 59 

electrical monitorization in different technologies [19].  60 

PV panel laboratory tests have also been carried out to study degradation, power losses and 61 

efficiency. In this case, test mainly used for failure detections, which are defined in [20], are visual 62 

inspection [21], IR thermography [22], [23], indoor and outdoor power measurements using I-V 63 

curve tracers [24], [25] and electroluminescence (EL) [9]. To get a different evaluation of the 64 

possible defects found in a PV-plant, as may be the power induced degradation (PID), results of 65 

PV modules tested in laboratories can be contrasted with those tested outside, which may lead to 66 

improve the reliability of the outcome [8]. Furthermore, several tests may be performed over 67 

several sample modules of a PV plant as has been done in [26], where 48 sample modules have 68 

been submitted to visual inspection, electroluminescence and I-V curves measurement resulting 69 

in several defects founded and a global average degradation of 9.5% during 15 years of outdoor 70 

exposure. 71 

The paper presents a quality inspection methodology through laboratory test with an acceptance 72 

and rejection criteria established by the laboratory itself that get practical results about the 73 

degradation of a PV-plant operating with different classes of PV modules. Results allowed to 74 
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estimate the annual average degradation rate of the PV-plant according to each manufacturer. 75 

Although they all were operating in the same emplacement, the results obtained were different to 76 

one from another due to the quality of the PV modules presented by each manufacturer. 77 

This article is structured as follows: the second section shows the experimental data of the PV 78 

plant, the third section shows the methodology established by the laboratory, the fourth section 79 

shows the acceptance and rejection criteria, in the fifth section is where the results are shown and 80 

discussed, the sixth section presents the annual degradation rate of the PV plant estimated by a 81 

Gauss-Newton algorithm, and finally, in the seventh section, the conclusions are bulleted. 82 

2. Experimental data  83 

The PV plant has a rated power of 2.85 MW and was commissioned in 2008. It is located in the 84 

south of Spain and consists of a total of 29 inverters, of which 28 have a rated power of 100 kW 85 

and 1 has a rated power of 50 kW. The PV plant is nowadays composed of a total of 18 classes of 86 

different PV modules of polycrystalline technology from 5 different manufacturers. Table I shows 87 

the electrical features of the PV-modules which were operating in the PV power plant. 88 

Table I: PV-modules electrical features. 89 

PV module  Brand 
PV module 
class (Wp) 

Vmp 
(V) 

Imp 
(A) 

Voc 
(V) 

Isc 
(A) 

Maximum Power 
(MPP) (W) 

 
MPP Tolerance 

rating (%) 
Number of 

samples 
ET SOLAR 1 270 36.40 7.42 43.63 8.10 270.00  ±3 98 

TYNSOLAR 220P6 2 

195 24.53 7.96 29.52 8.46 195.00  ±5 3 
200 24.96 8.03 29.76 8.52 200.00  ±5 10 
205 29.58 6.93 35.94 7.47 209.90  ±5 33 
210 29.64 7.09 35.94 7.60 214.90  ±5 30 
215 29.94 7.18 36.00 7.83 219.90  ±5 30 
220 30.12 7.30 36.06 7.95 224.90  ±5 72 
225 30.36 7.41 36.42 8.10 229.90  ±5 49 
230 30.48 7.55 36.60 8.17 234.90  ±5 8 

CANADIAN SOLAR 3 

210 46.60 4.51 57.90 4.94 210.00  ±5 5 
220 46.90 4.69 58.40 5.10 220.00  ±5 7 
230 47.50 4.84 58.80 5.25 230.00  ±5 10 
235 29.80 7.90 36.90 8.46 235.00  ±5 3 
240 48.10 4.99 59.30 5.40 240.00  ±5 2 

ATERSA 4 
210 28.99 7.38 36.02 8.03 210.00  ±5 - 
215 - - - - -  ±5 - 
220 29.47 7.59 36.14 8.38 220.00  ±5 - 

SOLARDAY PX72 5 260 34.10 7.60 44.40 8.17 260.00  ±5 - 

 90 

A PV modules inventory database, which has been provided by the electric company responsible 91 

for the operation of the plant, has been studied.  According to the database provided, PV modules 92 

brands 1, 2 and 3 were initially installed in the solar plant, which currently represent the 27.12%, 93 

64.50%, and 6.67% of the total PV modules installed. PV modules brand 4 and brand 5, which 94 

represent 1.42% and 0.28% respectively, were used to replace defectives PV modules of brands 1 95 

and 2. PV modules were replaced directly by PV modules according to their rated power in STC. 96 

No string reconfiguration was done, no photocurrent testing or annual degradation was taken into 97 

account. This procedure may aggravate the degradation of the PV-arrays due to electrical 98 

mismatches by the use of different classes or manufacturer [27].  99 
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In this work, only brands 1, 2 and 3, which represent the 98.29%, has been taken into 100 

consideration to the study of the degradation of the PV plant during its years of operation. A 101 

sampling method has been used to select PV panels, which has been described in the methodology. 102 

A total of 360 sample modules has been analyzed. 103 

Since sample modules had to be disconnected by an experienced technician, each sample was 104 

previously labelled during an on-site visit. The electrical coding available on the layout did not 105 

allow easy identification of the modules in the plant, so, a new codification focused on the physical 106 

location instead of an electrical code was established to label all sample modules [28].  107 

To minimize the impact of disconnecting and connecting PV modules in the plant, PV modules 108 

were disconnected and sent to our labs in 3 different packs. Until a pack of PV did not return to 109 

the PV plant the second was not sent. The transport and reloading of PV modules cause cell cracks 110 

[21], so, to minimize it, they were conveniently packed up. 111 

The on-site PV visit has been performed in May 2019. Apart from the labelled of the sample 112 

modules, a quality inspection was also performed. It consisted of three different tests: visual 113 

inspection, IR thermography and electrical monitoring. Tests have been based on the standard 114 

and technical specification published by the International Electrotechnical Commission (IEC) 115 

61215-1-1:2016 [29], 62446-3:2015 [30] and 61724-1:2017 [31] respectively. Results were 116 

published in [28], and according to the IR thermography inspection performed, less than 1% of 117 

PV modules installed in the power plant shown thermal defect, while, according to the electrical 118 

monitoring, it was noticeable that those inverters whose PV arrays contained different classes of 119 

PV modules injected slightly less energy. 120 

All sample modules were subjected to four tests; detailed visual inspection, I-V curve tracing, 121 

electroluminescence and electrical isolation. Before carrying out the tests, all of them were 122 

cleaning with neutral detergent and distilled water to remove surface dirt deposits from the glass. 123 

The methodology employed in each test is described below. 124 

3. Methodology 125 

3.1. Sampling method 126 

A stratified random sampling with proportional allocation has been applied to obtain the size of 127 

the sample getting results with a 95% of confidence level. The population has been divided into 128 

several homogenous groups. The size of each stratum has been taken randomly and in proportion 129 

to the size of each group. Thus, the size of the sample represents the total number of PV modules 130 

tested while each stratum represents each PV module brand found in the PV plant. The sampling 131 

procedures applied in this paper has been based on the standard published by the International 132 

Standard Organization 2859-1:1999 [32]. 133 

The population considered in the probability sampling method proposed was the 98.29 % of the 134 

PV modules installed in the PV plant. This percentage included PV modules from brands 1, 2 and 135 

3 which have been operational since the commissioning of the PV plant. PV modules installed to 136 
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replace defective PV modules has not been included, which represent the 1.71% of the PV plant. 137 

As a result, a total of 360 sample modules were tested. The number of sample modules needed for 138 

each brand is shown in Table I. 139 

Once the sample modules were chosen and labelled in the PV-plant, they were disconnected and 140 

carried to our labs, where were subjected to different tests.  141 

3.2. Visual Inspection 142 

The detailed visual inspection has been performed on all the sample modules to find observables 143 

defects. It has been based on the standard  IEC 61215-1-1:2016 [29], whose images have been also 144 

studied according to [21]. Visual inspection was performed exteriorly and always with an 145 

illuminance greater than 1000 lux. A picture of each PV module was taken while a checklist was 146 

used to write down all visible failures detected.  147 

3.3. Electrical inspection: power rating 148 

To be able to evaluate the total power loss and the yearly degradation of the sample modules, the 149 

current-voltage (I-V) curve of each one were measured with the I-V tracer PVPM 6020C under 150 

field conditions. It was measured based on the proceeding published by IEC 61215-2:2016  [33], 151 

where, to get good results, the minimum required irradiance level for the measure was set to 700 152 

W/m2 over PV modules surface.  Measurements were conducted between 12:00 and 2 p.m. local 153 

time.  154 

Once taken, I-V curves were then extrapolated to standard test conditions (STC) based on 155 

procedure 1 described in the IEC 60891:2009 [34]. The translation parameters α and β were 156 

supplied by the PV modules datasheets while the incident irradiance and the operating cell 157 

temperature was measured using a calibrated PV cell included in the I-V tracer.   158 

The PV panel total degradation (RT) was obtained using ∆Pmax as shown below: 159 

𝑅𝑇(%) =
∆𝑃𝑚𝑎𝑥

𝑃𝑚𝑎𝑥,0
=

𝑃𝑚𝑎𝑥,0 − 𝑃𝑚𝑎𝑥,𝑆𝑇𝐶,𝑖

𝑃𝑚𝑎𝑥,0
                            (1) 160 

Where, 161 

− 𝑃𝑚𝑎𝑥,0; PV panel maximum peak power according to the datasheet in STC conditions. 162 

− 𝑃𝑚𝑎𝑥,𝑆𝑇𝐶,𝑖; PV panel maximum peak power tested and extrapolated to STC in the year i. 163 

3.4. Electroluminescence 164 

To analyze cell cracks in PV modules, all the sample modules were subjected to 165 

electroluminescence (EL). During the EL test, several images with high spatial resolution were 166 

taken. EL images provided with high spatial resolution allow detecting even the most insignificant 167 

PV cell cracks. This test was performed in an indoor laboratory by the EL CAM XENICS SWIR 168 

camera Bobcat 320. EL images were taken based on the technical specification published by the 169 
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IEC 60904-13:2018 [35], where, each sample has been polarized in a dark environment through 170 

the injection of direct current (DC). Polarized PV cells emit radiation that is captured by an 171 

electroluminescence camera [21].  172 

The control of the operation of the EL camera was made by a specific software which was included 173 

in the CAM equipment. This software allowed selecting the optimal filter, as well as the 174 

modification of settings, among other functions. A filter is used to reduce the interference light 175 

from other sources. 176 

For each sample, it has been obtained three EL images. The first EL image was taken without 177 

polarizing the sample. The second EL image was taken polarizing the sample with a current 178 

similar to 10% of the PV module short-circuit current in STC. And finally, the third EL image was 179 

obtained polarizing the sample with a current similar to 100% of the PV module short-circuit 180 

current in STC. This procedure allows getting the size of the cracks in different operating 181 

condition. Fig. 1 shows an example of different PV modules subjected to both currents. It can be 182 

seen that results can vary significantly from one to another, being the size of the cracks more 183 

marked when the sample is polarized with a current similar to 100% Isc. 184 

            185 

         186  
a)                              b)           c) 187 

 188 
Fig. 1. Electroluminescence (EL). a) 100% Isc, b) 100% Isc (Zoom), c) 10% Isc 189 

3.5. Electrical insulation. 190 

To evaluate the electrical insulation of the sample modules, the insulation resistance has been 191 

measured through the FLUKE 1550B. The test has been made based on the standard IEC 61215-192 

2:2016 [33], which mainly consist of two stages:  193 

− Stage 1: The PV module is subjected to a ramp voltage of 500 V/s up to 3000 V, maintaining 194 

such voltage for 1 minute. 195 

− Stage 2: The PV module is subjected to a ramp voltage of 500 V/s up to 1000 V, maintaining 196 

such voltage for 2 minutes.  197 
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The final result is taken from stage 2. 198 

 199 

4. Acceptance/rejection criteria 200 

The PV modules tested have been analyzed and evaluated according to an acceptance/rejection 201 

criteria established by the laboratory which has been based on the level of degradation presented 202 

by each module. Considering the age of the plant, the location and technology used, the criteria 203 

establish fit those modules with less than 15% of degradation, degraded with a degradation 204 

between 15% and 20% and unfit those modules with a degradation greater than 20%. 205 

The remaining tests that were carried out intend to expand information on the origin and nature 206 

of the defects/failures, considering reference values to evaluate them. 207 

4.1. Visual Inspection 208 

According to [21], defects may be the reason for some PV modules no performing as well as 209 

possible while module failures are no-reversed defects that produce power loss or safety issues. 210 

So, as rejection criteria, it has been considered as non-acceptable those failures who produce a 211 

considerable power loss or safety issues. Although this has been discussed in results and 212 

summarized in Table II, those sample modules with the front glass broken or affected by burned 213 

marks in PV cells have been rejected. It is because the sample modules which suffer from these 214 

failures shown greater power loss, safety issues or both at the same time. For example, as it has 215 

been also reported in ref. [36], PV modules with broken front glass counted as a severe/strong 216 

damage which has a direct impact on the yield of the PV-plant apart from being a hazard safety 217 

issue. 218 

4.2. Electrical inspection: power rating 219 

According to [6], where nearly 2000 degradation rates have been assembled, the majority of the 220 

data reported a degradation rate of <1%/year, whose mean and median values are 0.8%/year and 221 

0.5%/year respectively. However, the degradation also needs to be interpreted in the context of 222 

the useful life of a solar panel and the manufacturer warranty, being both commonly established 223 

in 25 years in [6] and [37]. During its useful life, PV modules are expected to not get a power loss 224 

greater than the 20% [7]. So, with exception of early exposure and end-of-life stages, if the module 225 

degradation is considered linear [7], [38], the average annual degradation rate of the module´s 226 

maximum power according to  the manufacturer warranty (WADRPmax)  is determined as:  227 

𝑊𝐴𝐷𝑅𝑃𝑚𝑎𝑥 =
𝑊𝑃𝑙𝑜𝑠𝑠

𝑤𝑦
                            (2) 228 

Where  𝑊𝑃𝑙𝑜𝑠𝑠 is the power loss in % and 𝑤𝑦 the years of modules warranty. The manufacturers 229 

guarantee a maximum PV module power loss during a certain time, being usually the 20% of the 230 
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rated power during 20-25 years [20]. Considering the age of the PV plant when tests were 231 

performed, the 𝑊𝐴𝐷𝑅𝑃𝑚𝑎𝑥=1%.         232 

Once I-V tracer test was performed and its results extrapolated to STC, the RT was obtained in each 233 

sample. The acceptance/rejection criteria were established by the laboratory according to the 234 

exposure time of the modules, the location of the PV plant, the warranty condition, the 235 

manufacturer features, the references cited and its own experience in the field. Thus, the results 236 

were then clustered in three levels of degradation: 237 

− Fit modules for those that presented a power degradation lower than 15%. This level of 238 

degradation has been established taking into consideration the 𝑊𝐴𝐷𝑅𝑃𝑚𝑎𝑥 , the age of the 239 

PV plant when tests were performed and the most unfavorable manufacturer tolerance 240 

shown in Table 1. 241 

− Degraded modules for those that presented a degradation between 15% and 20%. This 242 

level of degradation tries to cluster those sample modules that had a considerable 243 

degradation but it did not get over the threshold of 20% of power loss. 244 

− Unfit modules for those that presented a degradation greater than 20%. 245 

Finally, as acceptance/rejection criteria, those sample modules with a power loss greater than 246 

20% were labelled as non-acceptable since it fell below the minimum acceptable level established 247 

by the laboratory. So, those sample modules with a power loss lower than 20% were labelled as 248 

acceptable, evaluating as degraded those whose power loss were closer to the warranty threshold.  249 

Once all the sample modules were evaluated according to the acceptance/rejection criteria 250 

established, there was a need for more deep analysis and try to obtain the annual degradation of 251 

the PV panels installed in the PV power plant. Therefore, the annual degradation of each sample 252 

has been obtained.  253 

In this paper, the module degradation has been assumed as linear during the exposure time. Ref. 254 

[6] reported that the degradation appeared to be linear for 22 years of exposure, however, it 255 

appeared to increase after 30 years of exposure. A linear degradation through time has been 256 

already considered in similar studies, such as [7] and [38]. So, the annual degradation rate of each 257 

sample (ADRPmax) was determined as:  258 

𝐴𝐷𝑅𝑃𝑚𝑎𝑥 =
𝑊𝑃𝑙𝑜𝑠𝑠

𝑦
                         (3) 259 

Where  𝑊𝑃𝑙𝑜𝑠𝑠 is the power loss of the PV modules in the maximum power point in STC and 𝑦 the 260 

exposure time.  261 

4.3. Electroluminescence 262 

To evaluate the EL images, three types of cracks were established based on the technical 263 

specification IEC 60904-13[35], where three cell crack types (A, B and C) are distinguished 264 

according to the power loss causes on the sample. A-cracks do not cause significant cell power 265 

loss, B-cracks do not imply a significant power loss and C-cracks delimit electrically disconnected 266 
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areas from the PV module which can lead to a significant power loss. Each cell crack type is shown 267 

in Fig. 2.  268 

            269 
                                           a)                                             b)                                              c) 270 

Fig. 2. Types of cracks in several sample modules. a) A-cracks, b) B-cracks, c) C-cracks 271 

Depending on the pattern of the cracks observed in an EL image, the PV cells can be affected by 272 

inactive areas, which will no longer contribute to the power output of the PV module. In this 273 

context and according to [39], when an inactive part of a PV cell is greater than 8% of the total cell 274 

area, it results in a significant power loss which increases linearly with the inactive cell area. Since 275 

cell cracks class A and B are not involved with a considerable power loss, as acceptance and 276 

rejection criteria, those sample modules whose inactive area was greater than 8% due to cracks 277 

class C were considered as non-acceptable. 278 

4.4. Electrical insulation 279 

The acceptance/rejection criteria of this test have been based on IEC 61215-2:2016 [33], where 280 

those sample modules with an area greater than 0.1 m2, the product of the insulation resistance 281 

measured in stage 2 of the test procedure and the total area of the PV module must not be lower 282 

than 40 MΩ/m2.  283 

5. Results 284 

The results obtained through the different test done in labs are developed in this section. The 285 

results are shown in an orderly manner according to the followed methodology; detailed visual 286 

inspection, power rating, electroluminescence and electrical insulation. 287 

5.1 Detailed visual inspection 288 

Several defects have been found in the detailed visual inspection. Fig. 3 shows the different defects 289 

found for each PV module class, where it can be seen that the browning is the most recurrent 290 

defect, with a 29.95% of the total, followed by yellowing, back sheet scratches and anti-reflective 291 

layer, with the 21.39%, 12.57% and 12.03% respectively. 292 
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 293 
Fig. 3. Detailed visual inspection results by PV module class 294 

Once the defects were quantified, they were clustered in two groups according to the power loss 295 

associated. The first group contain defects which do not have a strong relationship with the power 296 

loss and do not suppose any safety issues. In this group, there is not any way to relate the visual 297 

defect with a severe power loss, since it can vary from little to great value. The second group 298 

contain failures which had a strong relationship with a considerable power loss or safety issues 299 

and may be detected by a simple glance.  300 

In Fig. 4 several graphics are presented where each one represents the defects found. For each 301 

graphic, it is shown the relationship between the presence of the defect and the power loss in each 302 

sample, where it can be seen that the majority of the defects do not have a strong relationship 303 

between its occurrence and its power loss associated. For example, in Fig. 4. d) there exist lots of 304 

sample modules which suffer from yellowing and had a different power loss associated, which can 305 

vary from 0% to 100%. The same occurs with the rest of defects except for broken front glass and 306 

burn marks in PV cells, which graph are shown in Fig.4. a) and Fig.4. I), and had always a 307 

considerable power loss associated.  Additionally, all the sample modules affected by these two 308 

defects may also cause important safety problems according to [21].  The analysis of each visual 309 

defect found is summarized in Table II. For this reason, broken front glass and burn marks in PV 310 

cells were categorized as a failure and considered as non-acceptable under the visual inspection 311 

test. 312 

 313 

 314 
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      315 
a) Broken front glass    b) Back-sheet bubbles 316 

      317 
c) Delamination     d) Yellowing 318 

      319 
e) Anti-reflective layer discoloration  f) Slightly damage front glass 320 

      321 
g) Browning     h) PV cell browned more than others 322 
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      323 
i) Back-sheet scratches    j) Visible cracked cells 324 

      325 
 k) Snail tracks     l) Burn marks 326 

Fig. 4. Relationship between visual defects and power losses in the sample modules. 327 

 328 

It has been assumed that the impact of each defect on the power loss is independent. However, it 329 
may be possible that some defect combined had a stronger impact on the power loss. Fig. 5 shows 330 
defectives PV modules and their associated power loss. In this figure, it can be seen that the 331 
maximum number of defects found in a single PV module is 4. 332 

 333 
Fig. 5. Total number of visual defects in PV modules and its power loss associated 334 
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PV modules have been grouped according to the number of total defects found in each one. Fig. 6 335 
shows the groups created and its power loss, where each point represents a single PV module. It 336 
can be seen that power loss can vary widely without having any correlation. However, there is a 337 
light growing trend in the case of PV modules affected by 4 defects.  338 

PV modules with 100% of power loss were due to internal disconnection in the junction box or 339 
connectors internal failure, which were not visible during this test. 340 

 341 
Fig. 6. Grouping of defectives PV modules and its power loss associated 342 

 343 

 344 
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Table II: Analysis of visual defects 345 
Defects 
founds 

Power loss 
range 

Power loss over time 
Ref. [21] 

Safety 
Ref. [21] 

Occurrence 
 

Interpretation of results Final decision 

Broken front 
glass 

48.36 - 80.66% Loss of mechanical integrity. The operation 
of the module would be impaired. Power 
loss below the detection limit. 

Fire, electrical 
shock and 
physical danger. 

1.94% Great power loss and 
several safety problems 

Non-acceptable 

Back-sheet 
bubbles 

9.77-17.33% Power loss degradation saturates over time 
Degradation in steps over time 

Electrical shock. 1.39% Wide range of power loss Acceptable 

Delamination 3.13-48.36% Power loss degradation saturates over time 
Degradation in steps over time 

Electrical shock. 1.39% Wide range of power loss Acceptable 

Anti-
reflective 
layer 
discoloration  

0 - 43,34% Lower short-circuit current, likely caused 
by loss of transparency 
Linear-shaped power loss degradation over 
time 
Degradation in steps over time 

This defect has no 
effect on safety. 

12.78% Wide range of power loss Acceptable 

Yellowing 0 - 21.08% Lower short-circuit current, likely caused 
by loss of transparency 
Linear-shaped power loss degradation over 
time 
Degradation in steps over time 

This defect has no 
effect on safety. 

22.22% Wide range of power loss Acceptable 

Slightly 
damaged 
front glass 

3,13 – 12,43% Linear-shaped power loss degradation over 
time 
Degradation in steps over time 

This defect has no 
effect on safety. 

1.67% Wide range of power loss Acceptable 

Browning 1,13% - 55.31% Linear-shaped power loss degradation over 
time 

This defect has no 
effect on safety. 

31.11% Wide range of power loss Acceptable 

Back-sheet 
scratches  

3.68 – 43,82% - It may affect the 
insulation 
properties. 

13.06% Wide range of power loss Acceptable 

Burn marks 13.06 – 22.15% Power loss degradation saturates over 
time. 
Degradation in steps over time 

Fire, electrical 
shock and 
physical danger. 

0.56% Considerable power loss 
and several safety 
problems. 

Non-acceptable 

PV cell 
browned 
more than 
others 

8.74 – 30.65 % Power loss degradation saturates over time Fire. 1.11% Wide range of power loss Acceptable 

Visible 
cracked cells  

10.17 – 80.66% Power loss degradation saturates over time  
Degradation in steps over time 

Defect has no 
effect on safety. 

5.00% Wide range of power loss Acceptable 

Snail tracks 6.97 – 17.92% Linear-shaped power loss degradation over 
time 

Fire. 2,22% Wide range of power loss Acceptable 

346 
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5.2. Electrical inspection:  Power rating  347 

Results obtained to all the sample modules have been grouped according to the manufacturer and 348 

presented in Fig. 7-9. In such figures, the measured peak power of each sample extrapolated to 349 

STC is shown. To be able to evaluate the results obtained, it has been added in these graphs the 350 

rated peak power in STC of each sample and several thresholds according to the degradation 351 

levels established in the acceptance/rejection criteria. Thresholds are defined as the value of peak 352 

power proportional to the limits established by the laboratory in the year 11 (<15% of RT), the 353 

peak power when the sample will be considered as degraded (15-20% of RT) and the peak power 354 

when the sample is considered as rejected (>20% of RT).  355 

Fig. 7 shows the peak power measured in STC of sample modules brand 1, where the 87.76% as 356 

resulted as fit, the 5.10% as degraded and the 7.14% as unfit. 357 

 358 
Fig. 7. Power rating results of PV modules brand 1  359 

Fig. 8 shows the peak power measured in STC of sample modules brand 2 from 200Wp to 230Wp 360 

classes, where the 74.47% as resulted as fit, the 13.62% as degraded and the 11.91% as unfit. 361 
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 362 
Fig. 8. Power rating results of PV modules brand 2  363 

Fig. 9 shows the peak power measured in STC of PV modules sample modules brand 3 from 364 

210Wp to 240Wp, where the 100% as resulted as fit. Based on the results obtained, this PV 365 

module brand has the best quality compared with the other brands installed in the PV plant. Due 366 

to the positive tolerance given by the manufacturer which is shown in Table I, in some cases, the 367 

peak power of the sample modules obtained got over the rated peak power obtained from the 368 

utility database.  369 

 370 
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Fig. 9. Power rating results of PV modules brand 3. 371 

 372 

5.3. Electroluminescence 373 

All the sample modules have been analyzed according to the level of cracking presented in the 374 

acceptance/rejection criteria. Results are shown in Fig. 17. c). Additionally, other studies have 375 

been done to evaluate the relationship between PV cell cracks type C and power loss. These results 376 

are shown in fig. 10. 377 

In this figure, it can be observed that there exits some kind of relationship between the PV cell 378 

cracks type C and the power loss. However, although the correlation between both parameters is 379 

better than what has been obtained in [40], it has been considered that it remains weak 380 

(R2=0.5151). Others author in [21] considers that this relationship between the number of cell 381 

cracks in a PV module and its power loss is very noisy. 382 

The red line drawn in Fig. 10 is the limit established by the laboratory for the evaluation of EL test. 383 

Thus, all sample modules that got over the red line had an area greater than the 8% affected by 384 

cracks type C and were all considers as non-acceptable. So, a total of 19 sample modules were 385 

rejected, of which 5 were modules brand 1 and 14 were modules brand 2.  386 

 387 
Fig. 10. Relationship between the PV module area damage by C-cracks and the power loss of the 388 

sample modules tested. 389 

Prior to the laboratory tests, an IR inspection of the complete PV plant was carried out in order to 390 

evaluate the behaviour and thermal impacts under real operating conditions. The thermographic 391 

inspection was carried out from the rear of the modules in accordance with the IEC 62446-3 [30] 392 

standard and considering predefined criteria for the location and configuration of the 393 
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thermographic equipment [41]. Fig. 11 shows for each brand the percentage of PV modules with 394 

thermal incidents and the percentage of PV modules with hot spots or hot cells. In addition, the 395 

value of the maximum temperature measured in each case is indicated. In global terms, 0.79% of 396 

PV modules in the plant have some kind of thermal incidence, while 0.73% of PV modules have 397 

hot cells or hot spots. 398 

 399 

Fig. 11. Summary of IR inspection result according to PV module brand. 400 

According to [12], cracks in cells, which temperature depends on the fracture characteristic and 401 

the ambient condition, may strongly impact the module performance. IR and EL test have not 402 

commonly shown similar results when both images are compared. Since both tests has been 403 

performed in different conditions, it may be caused because the contact resistance between the 404 

two sides of the micro-crack varies with module temperature and could be much larger during 405 

the day (when hot-spots are observed) than during the night or in a dark environment when EL 406 

images are obtained [40].  407 

However, it has been observed that some results obtained from EL and IR images show a certain 408 

relationship between the inactive area and the hot-spot. Those modules affected by both cracks 409 

and hot cells have a greater impact on the module performance [42]. An example has been 410 

presented in this paper with the result obtained in the IR inspection made in-situ [28] and the EL 411 

test performed in the laboratory. The sample chosen was the PV module brand 1 of 270Wp, which 412 

showed a 49.49% of power loss during the I-V tracer test and some visible failures, such as broken 413 

front-glass and visual cracked cell, were found in the detailed visual inspection. Both defects are 414 

shown in fig. 12. 415 
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   416 
a)    b) 417 

Fig. 12. Visual Inspection a) Cracked cells b) Broken front glass 418 

Fig. 13 shows both images, the IR image when the PV module was working under operating 419 

condition, and the EL image from the sample chosen. In this case, the EL test has been performed 420 

in a laboratory according to the methodology presented in this paper. The EL image shows several 421 

cracks in solar cells. The affected PV cell area of C-cracks was 40.28% of the PV module 422 

respectively, which meant that 59.72% of the area had non-significant power loss. The IR image, 423 

which was taken at the rear of the PV module, shows that a total of 7 PV cells were affected by 424 

thermal abnormalities.  425 

 426 

 427 

a)       b) 428 

Fig. 13 a) IR thermography (at the rear of the module), b) EL front-image at 100% of Isc  429 
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Both images were compared and it could be observed that all the thermal abnormalities found in 430 

the IR image were also reflected in the EL image, which have been highlighted in a green box. 431 

According to [43], this correlation occurs when the temperature of the cell increases 10-20°C, 432 

having the unproductive cracked area a similar behaviour of a shaded area. 433 

5.4. Electrical insulation 434 

Fig. 14-16 show the results of the electrical insulation test for sample modules brand 1, brand 2 435 

and brand 3 respectively. The orange line drawn in such figures is the rejected criteria reference 436 

value established by the IEC 61215-2:2016 [33]. 437 

 438 

Fig. 14. Electrical insulation results in sample module brands 1. 439 

 440 

Fig. 15. Electrical insulation results in PV module sample module brands 2. 441 
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 442 
Fig. 16. Electrical insulation results in PV module sample module brands 3. 443 

From all the sample modules tested and as it is shown in fig. 14, only one module has resulted as 444 

non-acceptable. The PV module insulation resistance measured in such rejected sample was 24.06 445 

𝑀𝛺 ∙ 𝑚2.  446 

5.5. Overall result following the acceptance/rejection criteria established 447 

The overall results of the 4 test performed following the evaluation of each one and the 448 

acceptance/rejection criteria established in section 4 are shown in Fig. 17. Results for each test 449 

are shown by PV module class. 450 

    451 

a) Detailed visual inspection results   b) Power rating results 452 
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   453 

c) Electroluminescence results   d) Electrical insulation results 454 

Fig. 17. Overall result by each test performed 455 

Fig. 17. a) shows the results of the detailed visual inspection where the accepted ones have been 456 

colored in green while rejected ones have been colored in red. The PV module class with the 457 

greatest percentage of failure has been the brand 2 of 225Wp with the 8.16% followed by brand 458 

2 of 215Wp and 210Wp, both with the 3.33%. Clustering by manufacturer, the percentage of 459 

failures found in brand 1, brand 2 and brand 3 would be the 4.08%, 3.83% and 0.00% respectively. 460 

Globally, only the 3.61% were rejected in the detailed visual inspection.  461 

Fig. 17 b) shows the results of the power rating test and the acceptance/rejection criteria, where 462 

accepted, degraded and rejected sample modules were colored in green, orange and red 463 

respectively. In this case, the PV module brand 2 of 225Wp, 215Wp and 220Wp, with the 20.41%, 464 

16.67% and 11.11% respectively, were the classes with the greatest percentage of non-465 

acceptance. In terms of degradation, the PV module brand 2 of 200Wp, 215Wp and 210Wp, with 466 

the 30.00%, 20.00% and 16.67% respectively, were the most affected by. Clustering by 467 

manufacturer, the percentage of rejected of brand 1, brand 2 and brand 3 were 7.14%, 11.91% 468 

and 0.00% respectively.  If all the sample modules are grouped, the 80.00% of the PV modules 469 

tested were found to be in good condition, the 10.27% degraded and the 9.72% rejected.  470 

Fig. 17 c) shows the results of electroluminescence test clustered by PV module class, where the 471 

percentage of accepted and rejected PV modules classes are colored in green and red respectively. 472 

The PV module class with the greatest percentage of non-acceptance has been the brand 2 of 473 

225Wp, with the 10.20%, followed by the PV module brand 2 of 215Wp and 200Wp, both with 474 

the 10%. Clustering by manufacturer, the percentage of rejected PV modules in brand 1, brand 2 475 

and brand 3 was 8.16%, 7.66% and 0.00% respectively. As a global result, the 7.22% of the sample 476 

modules were rejected.  477 

And finally, Fig. 17 d) shows the results of the electrical insulation test, where only one sample 478 

was rejected which corresponded to the brand 1 of 270Wp. 479 
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6. Annual degradation rates  480 

Once all the sample modules were evaluated according with the acceptance/rejection criteria 481 
established, the 𝐴𝐷𝑅𝑃𝑚𝑎𝑥 , which eq. is showed in (3), was obtained for each one. The 𝐴𝐷𝑅𝑃𝑚𝑎𝑥 482 
(3) of each sample were clustered by the manufacturer to evaluate and compare the degradation 483 
between them. Then, the histogram and its corresponding probability density function (PDF) has 484 
been obtained. All the PDFs obtained resulted in fitting well with a normal distribution. These 485 
PDFs have been obtained applying a non-linear regression fitting the least square using the Gauss-486 
Newton algorithm.  487 

Fig. 18, 19 and 20 show the histogram and its corresponding PDF of PV module brand 1, 2 and 3 488 
respectively, which are all compared in Fig.22.  Table III shows, the annual average degradation 489 
rate for each manufacturer and the lower and upper bounds with a confidence interval (c.i.) of 490 
95% according to a normal distribution.  491 

Table III: annual degradation rate for each manufacturer PV-module 492 

  lower c.i. mean upper c.i.  
PV module sample brand 1 0.624992 0.6813 0.737608 %/year 
PV module sample brand 2 1.063434 1.1134 1.163366 %/year 
PV module sample brand 3 0.110553 0.2792 0.447847 %/year 

 493 
Fig. 18. Histogram and approximation of PDF (normal distribution, 𝑥̅ = 0.00683, 𝑠𝑑 0.002844) of 494 
the PV module sample brand 1. 495 

 496 
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 497 
Fig. 19. Histogram and approximation of PDF (normal distribution, 𝑥̅ = 0.011134, 𝑠𝑑 =498 
 0.003908) of the PV module sample brand 2. 499 

 500 

 501 
Fig. 20. Histogram and approximation of PDF (normal distribution, 𝑥̅ = 0.002792, 𝑠𝑑 =502 
0.004471) of the PV module sample brand 3. 503 

Although all the sample modules presented in this study came from the same areas which shared 504 

the same climatic conditions, a different average annual degradation was obtained in each one. 505 

Fig. 21 shows the comparison of the resulted PDF for each manufacturer, where it can be seen that 506 

the greater annual degradation comes from PV sample brand 2. By contrast, the PV module that 507 

showed the lower annual degradation was brand 3. If both average results are compared, there is 508 

a difference between them of 0.83%/year, which highlight the importance of using one brand or 509 

other. 510 
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 511 
Fig. 21. Comparison of PV-module brand 1, 2 and 3 PDFs 512 

Fig. 22 shows the histogram and its corresponding PDF when all the sample modules are studied 513 
together. In this case, the PDF obtained also resulted in fitting well with a normal distribution, 514 
which has been obtained applying a non-linear regression fitting the least square using the Gauss-515 
Newton algorithm.  The average annual degradation rate resulted in 0.94%/year while its lower 516 
and upper bounds with a c.i. of 95% according to a normal distribution were 0.89%/year and 517 
0.99%/year respectively. 518 

519 
Fig. 22. Histogram and approximation of PDF (normal distribution, 𝑥̅ = 0.009480, 𝑠𝑑 =520 
0.004658) to all the sample modules.  521 

The variation of Pmax losses with losses in Isc, Voc and fill factor (FF) has been also studied, where 522 

Isc and FF losses were dominant while Voc had weakness correlation. According to [7], the impact 523 
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of the Isc on the power loss may be caused by the influence of some observable defects that lead 524 

to reduce the light transmission to the solar cells. 525 

7. Conclusion 526 

− The probability method selected was a stratified random sampling with proportional 527 

allocation. A total of 360 PV modules were subjected to the following tests: detailed visual 528 

inspection, power rating, electroluminescence, and electrical insulation.  529 

− An annual degradation of 0.681%, 1.113% and 0.279% were obtained to brand 1, 2 and 3 530 

respectively. Which meant that despite being all of them working under the same 531 

conditions of location, operation and maintenance, some PV module brands showed worst 532 

levels of degradation after its years of operation.   533 

− When all brands were grouped together, a global average annual degradation of 0.9480% 534 

was obtained, being the losses in the short-circuit current and fill factor the dominant 535 

factors. 536 

− The browning, yellowing, back sheet scratches and anti-reflective layer were the most 537 

observed defect over the sample modules. 538 

− In global terms, the 0.79% of PV modules in the PV plant had some kind of thermal 539 

incidence and the 0.73% of PV modules had hot cells or hot spots. 540 

− According to the power rating test, which authors considered as the most suitable as a 541 

global result, and its acceptance/rejection criteria established in the methodology, the 542 

80.01% of the PV modules tested were found to be in good condition, the 10.27% 543 

degraded and the 9.72% rejected. 544 

This evaluation could be applied to other photovoltaic plants with different conditions to analyze 545 

its performance. 546 
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