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Executive Summary

The 2016 All-India PV Survey ofPhotovoltaic Module Reliabilitysi thethird in a series of such surveys
conducted to assess the health, reliability and durability of photovoltaic (PV) modules put up in different parts
of India. It was conducted betwedfarch and May 2016.The suggestion that dusurveys be conducted
aroseaameeting in March 2013 of the AHiIigh Powered Ta
As in the case with the 20E3d 2014Surveys, the 2016urvey was also conducted jointly by the National
Centre for Photovoltaic Research and Education (NCPRE)ealndian Institute of Technology Bombay

(IITB) and the National Institute of Solar Energy (NISE).

The 2016Survey wassimilar tothe 204 Survey with a major difference: the number of large power plants
surveyed was increasetithe expense of smaiiledium plants A total 0f925 modules were inspect at37

sites in all the 6 climatic zones of India. The age of the modules varied between 1 year to more than 25 years,
and 6 different technology types were represented. The sites visited are shbBign InThe typesof
inspection undertaken in 2016cluded: visual inspection, measurement-& characteristics under light and

dark conditions, infraed (IR) thermography under light and dark conditions, electroluminescence (EL)
imaging, interconnedhtegrity test, insulation resistance test, and measurement of irradiance and ambient and
module temperatures. We also performed a detailed analysis to ascertain the statistical significance of our
data. Another important difference from the 2014 Sukvayg that we also calculated thimear Degradation

Ratefor Pnax (in %/year) in addition to th®verall Degradation RateWe assume that there is a rapid initial
degradation of 2% (for-8i modules only) due to Light Induced Degradation (LID), followed by an almost
linear fall in power; the.inear Degradation Ratefers to the latter (which discounts the initial LID), wdwses

the Overall Degradation Ratefers to the net rate including LID. This distinction is useful while comparing

the performance of young and old modules.

Leh & Hanle

I Hot & Dry
Warm & Humid

Chennai Composite

Pondicherry
Malurai I Woderate
d Cold & Sunny

Kochi .{
Kayamkulal y - Cold & Cloudy

=

Fig. 1: Climatic zones of India and sites visited during the 201@rAdla Survey

The distibution of the 925 modules surveyed in the 37 sites was as shown in Fig. 2. At each site, about 25 to
30 modules were typically taken up for the survey. Some modules (34 in number) sOverad
DegradatiorRates of more than 5.1%/year, and these mod es, ter med Ooutl i erso,
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main analysis as they appeared to suffer from serious quality problems and other extraneous issues, such a:
overrating.

Number of Sites of Different Capacity Number of Modules from Sites of Different Capacity

318

B Large sites B Large stes
B Small'Medium sites BB SmallMedum sites

Number of Modules of Different Technology Number of Modules in Different Climatic Zones
124

243

106
= mono Z;Si ot & Ory 20
I Mutti cSi B Wsrm & Humid
I CdTe B Composite
[ Yellel] I Moderate 278
HIT W Cold & Sunny
N Amorphous Si {71 Cold & Cloudy

Number of Modules in Different Age Group
192

139

880 14
- 0-5 years
N 5-10 years

N 10-20 years
S 20-30 years

Fig. 2 Distribution of sites and modules in terms of installation size, technology used, climatic zone, and age.
Largesize refers to installations 00 kW, and small/medium to installationd460 kW.

One of the most significant observations of the survey thas there was a wide distribution in the
performance of the modules. The histogram of@rerall Degradation Ratef the modules, that is, the rate

at which the output powd? . decreases per yeaithoutdiscounting for LID, is shown in Fig. 3. It can be

seen that the rates vary over a large range, from less than 0 %/year to more than 4 %/year, with the average a
1.55%/year. (This average is lower than the 24year seen in the 2014 Survey, mainlledo more large

power plants included in 2016.) It can also be seen that some modulesegfadiverates; this is mainly due

to underrating and also lighsoaking and spectral mismatch issues associatedhiritfilm modules
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All Technologies
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Fig. 3: Histogram ofOverall P,,ox Degradation Rat&uo/year)for all modules of all technologies.

As can be seen, many of the modules are performing well with low degradation rates, while others are not. To
understand and analyze this wide variation, we havidethonly the ¢Si sites (which form the majority of

sites and modules surveyed) into two categoi@siup X sites and Group Y sites. The criterion for the
division is that sites whose modules showaarrageOverall DegradationRate of less than %/yearwere
considered to be 6égooddé sites, and | abverhgeQuerallas Gt
DegradatiorRate of more than %/ year wer e consi dered to be o6probl
We emphasize that the 2% criteriorbased on theite average, (since performance depends on both intrinsic
module quality and installation procedures), and individual modules in Group X sites may show degradation
rates of more than @&/year, just as individual modules in Group Y sites rslagw degradation rates of less

than 2%/year. Having made this distinction, we now plot the histogram fdDveeall Degradation Ratdsr

the ¢Si modules. Fig. 4(a) shows the histogram for all 782 modules (called Group A), and Figs. 4(b) and

4(c) show the histograms for the modules in the Group X and Group Y sites respectively. It can be seen that
the average for Group A is 1.90 %/year, which is rather highagtbepted international benchmark is between

0.6 to 1.0%0/year). It may be noted that90 %/year is higher than the 1 %f8year for all technologies, since

thin films modules show lower rates, partly because of the point mentioned earlier. The modules in Group X
(6goodé6é) sites do better at 1. P and % expeced, thé inaddlesint i |
Group Y sites perform significantly worse.

Since theOverall Degradation Rat@cludes the 2% rapid LID drop for®i modules, we have also plotted
histograms for thd.inear Degradation RatesThese are shown in Figga¥(c) for Group A, Group X and
Group Y modules. We wi | | someti mes refer to modules in G
similarly for Group Y). Naturally, these linear rates are improved, but still higher than the benchmark rates.
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Fig. 4 Histogram ofOverall P, Degradation Rat&ab/year) for €Si (mono and multi) technologies orityr
(a) allmodules (Group A) (b) modules in Group X sites (¢) modules in Group Y sites
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80} I | Average: 1.47 %/year 80 i Average: 0.89 %/year 50 | Average: 2.21 %/year ':
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Fig. 5. Histogram ofLinear P, Degradation Rat&uo/year) for €Si (mono and multi) technologies only for
(a) all modules (Group A) (b) modules in Group X sites (¢) modules in Group Y sites

The climatic variation is analyzed for modules falling in Group X. This is done dineeste ar e t he
sites, where extraneous effects are presumably not playing a role, and therefore the effect of climate is being
correctly captured. While we have looked at the rates in all the 6 climatic zones, we find it is most instructive
to separte these zones into two broad categorie$i o t & (camprisiagsthe Hot & Dry, Warm & Humid,

and Composite zones), adN eHro t 6  (zoonprigirsg Moderate, Cold & Sunny and Cold & Cloudy
zones). Theiinear Degradation Ratder Group X ¢Si modules in the Hot and Nétot zones is shown in

Fig. 6 (the open and filled symbaisspectively represent young (<5 year) and okl year) modules. It is

clear that modules in the Hot zones degrade distinctly faster. This is af@aosacern since many of the

solar installations in India will come up in Hot zones (which also have plentiful sunshine). Our detailed
visual, IR and EL analysis indicates that the main reasons for modules to degrade faster in Hot zones is that
the encapulant (EVA) discolors faster, there is more metal and interconnect corrosion, and there are more

interconnect breakages in the Hot zones.

c-Si Technology

7
- Group X
» 6F Esmasisabald
g Open: Young
» z‘ 5 - Filled: Old
g X 4 [106)[145] [70][76]
o o .
5 5 3
o X
£ e 2F "
- O ~
= 1F (0.39)
S [—-,e-'—-
&7
2t
_3 A A

Hot zone Non Hot zone

Fig. 6: Comparison of theéinear Degradation Rataf P, for Group X modules in Hot and Néthot climatic

zones. The open and filled symbotsspectively represent youngy(year) and old (>5 year) moduleBhe
numbers on top represent the total number of modules in that zone and age group, and the horizontal red bar is
the average degradation rate in that zdéeor bars due to nameplate and measurement error are also shown.

The histograms shown in Figs. 4 and 5 refer to all the 732nsodules which have been analyzed. To see
how the large power plants in Group X perform, we have looked at the breakupeaf Degradation Rates

~ viii ~
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in terms ofsizeof the installation. This is shown in Fig. 7(a). It is comforting to note that modules in large
(>100 kW) sites perform better than modules in small/medium sites. However, it is illuminating to do a more

fine-grained analysis.

Fige 7(b) shows the degradation rates for a subset of Group X modules in Hot

climates, and Fig. 7(c) shows how the modules in large Group X sites separate out in terms of young and old
sites. As can be seen, even among the Isitgs, in Hot zones the rate is 1.12 %/year, and more worrisome,

for young large sites in Hot zones it is3 %/year. These findings reinforttee observation that Hot climates
enhance degradation, and also show that young sites are performing worglel $ites. This indicates that

the quality of the modules themselves or the installation practices being adopted in recent years are
inadequate. Also, the possibility that some of the young modules areategrcannot be ruled out. The

latter point § especially true for modules in Group Y sites, though the corresponding data is not shown here.

<51 Tochsalagies
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Fig. 7: (a) Effect of installation size duinear P, Degradation Rate for Group X modules ifopHot zones
only and (c) the 200 kW sites in Hot zones separated for clarity into Young and Old sites

The problem of young modules as compared to old modules emerges clearly in Fig. 8 which shows the
agewise histograms fomll ¢-Si modules (Grop A).
Degradation Ratef 1.68 %/year, and the many modules with rates > 3 %/year hint at the possibility of
unethical overrating. For the young modules, the main contributor P, degradation ishe fill factor (FF)

which is often related to poor quality and cracks (and may also be indicative eftng), whereador the

old modules, it ishort circuit currenls) degradationsymptomatic of encapsulant discoloration.
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The young €Si modules have an averag@ear
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Fig. 8 Histograms otinear Py, Degradation Rate®r Young and Old Group A (all-6i) modules

Another observation which calls for serious consideration relates to the relative performancearaiuoiad

versus grounanounted modules. To make a fair companmi, pof-(rack}mountedand grouneémounted €Si
modulesof only the small/medium size (<100 kW) were compared, and these shomest Degradation
Ratesof 2.02 %/year and 0.99 %/year respectively. The higher rate fomroohted modules is correlated

with more cracks in the cells seen on rooftops, indicating poor quality of modules and/or improper installation.

~ix~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

This meansspecial attention s needed f or the desi and deployn

rooftop target

gn

We performed a detailestudy of the visual degradation seam linodules, using an enhanced NREL visual
checklist. Some of the key results are as folloEacapsulant discoloration (yellowing or browninghown

in Fig. 9(a),occursin all climatic zonesbut at a faster rate iHot zones. Though discoloration is generally

seen in older modules, we have seen discoloration also in young Group Y modules, indicating poor quality,
and this is one of the reasons for the poor performance of Group Y mo@dksnination (Fig. 9(b)) is seen

to occur most frequently in Warm & Humid climates, and again is more widespread among Group Y modules.
Snalil trails, shown in Fig. 9(c), are usually associated with cracks in the cells, and are seen mainly in Hot
climates. Further, many young modules (especially in Group Y sites) show snail trails. Metallization
discoloration or staining (Fig. 9(d)) is seen in all climatic zones, but the severity is higher in Hot zones. Metal
discoloration/staining can be due to coiosor improper soldering. Many young modules, especially in
Group Y sites, also show metal discoloration, indicating poor soldering quality. Backsheet degradation,
including chalking and cracking, has been seen in both old and young modules. 40%aoafnidpenodules
display backsheet problems, indicating again issues with quality and/or installation in recent years.

@)

Fig. 9: (a) Encapsulant browning (b) Delamination (c) Snail trails (d) Metallization discoloration

(b)

(d)

We have correlated the visual defects with power degradation. Fig. 10 shows the correlation between power
degradtion and (a) encapsulant discoloration, (b) metal discoloration and (c) backsheet degradation. Note
that in all cases, the-axis shows théotal percentage power loss suffered by the module since installation, and
not the annual power degradation ratecan be clearly seen that visible defects do indeed result in power loss.

c-Si Technology ¢-Si Technology ¢-Si Technology
35
L] N 8 © i K&, 11%2) an) [C]] {E]] 0] 70} Heg ®7) 194] [ n
30 Group A =3 e
=z v Group X =z T . 2 L : Group A
T 2 v g @0 E o ¥
% 20 : 5 =r »._"‘“' Ty 3 u;.m‘
'E ey % ol _.!:. 'a . M )
« > 3 o Wl . -
§,5. % i R §‘°' azo s ps0n g !
AR TE g '| o
%3 10}
10} (L] a
a 5l " ! o . + ol —hsn
-
(L — 4 10— A0 H

4
an-psulunl Dlscomuon Calegory

(@)

1 2 3 “ )
Matallization Discoloration Category

(b)

1 2 3 & 5
Backsheet Degradation Category

(€)

Fig. 10: Correlation of TotaP,.xdegradation with (a) Encapsulation Discoloration Category, (b) Metalliz
Discoloration Categorgnd (c) Backsheet DegradatiGategory. A higher Category number indicates m:
visible degradation. Group A refers to atbcmodules.

Using a special lovlight electroluminescence (EL) technique developed for the 2014 Survey, and a rugged
lightweight DSLR based EL camera developed for the 2016 Survey, we have taken EL images of 202 modules
during the survey. The EL images allow us ttedemicrocracks in the-8i solar cells which cannot be seen
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with the naked eye, and help to ascertain the origin of snail trails, identify interconnect breakage and diode
failure in short circuit, and indicate the presence of PID. Thus EL is a veryfpbvezhnique to identify
problems in modules in the field. Fig. 11(a) shows an example of an EL image of a module in the Hot climate.
Using EL, we have observed: (i) there are about 6 times more cracks in Group Y modules than Group X
modules; (ii) theg are about 50% more cracks in young modules compared to old modules; (iii) there are about
50% more cracks in rooftop modules compared to granadnted; and (iv) there are about 20% times more
cracks in modules in small/medium installations comparedrgelinstallations. Power output decreases with
number of cracks, as shown in Fig. 11(b). This data shows that microcracks are a major cause of poor
performance in Group Y modules, and also contribute to the poorer performance of modules which are young,
rooftop-mounted or in small installations. Prevalence of large number of cracks indicates low manufacturing
guality, poor packaging/transport and/or improper/hasty installation.

L

o
T

N a
—a—
—t
-

}

4 L 2 1
0to10 10to20 20to 30 >30

Average Linear
Pmax Degradation Rate (%/year)
- w
b d

Total no. of cracks
€Y (b)

Fig. 11 (a) Field EL image of a module seen in Hot & Dry climate (b) Correlatidvingfar P, Degradation
Ratewith number of cracks in the modul@he green and red bars indicate itigtrument/STC translation
error and nameplate error respectively.

We also sed infrared (IR) thermography, which shows the temperature distribution over the module. This is
particularly useful for identifying hot spots, which can cause significanttiemmy degradation. The highest
modal temperature seen during the Surveyafonodule operating under MPPT conditions was'®,/and
highest hot cell temperature seen was"89 We have defined a Thermal Mismatch Index (TMI), where
higher TMI indicates the possibility of hot spotBig. 12(a) shows a typical IR image and FigkdZzshows

how the TotaP,,, Degradation is correlated with the presence of hot spots as measured by the TMI category.
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The 2016 Survey also undertook measurements ofledmgharacteristics, dark IR, insulation resistance and
interconnect breakage occurrence. The diarkneasurements yield the ideality factoof the diode in the
forward bias region. It was seen timawhich can be related to series resistance and/ogualty, increases

with age, and shows more degradation in Hot than-Nainclimates. Further, increasing (worsening) values

of n correlate well with power loss. The dry insulation resistance test showed that most modules (99%) pass
the test, and all1p0%) in the largaize category pass. The interconnect breakage (measured by a cell line
tester and shown in Fig 13(a)) is most prevalent in the Hot & Dry zbaeggtison most likely being thermal
cycling caused by a large difference in the day andtneghperature. The power degradatmnrelates well

with the severity of interconnect breakage, as shown in Fig. 13(b).

L (321

229y _ 220

¥ 1

“'m} iﬂ.si)

Linear Average
Pmax Pegradation Rate (%/year)

010 1120 21.30 3140 > 41
Severity of Interconnect Breakage
(% of cell affected)

(a) (b)
Fig. 13: (a) Module showing point) and line(b) breakage (b) power degradation rate versuergg of
interconnect breakage.

An important question which arises is whether it is possible to identifyskassociated with various defects

or degradation modes in different climatic zones. If so, it would be possible to check for those defects more
regularl, and thus prempt both performance and safety failures. The method of assigning a Risk Priority
Number (RPN) allows this to be done. The RPN depends on the severity of the §efiextiiequency of
occurrence®), and how easily detectablB)it is. RPN is defined &8x O x D. The RPN methodology has

been used for analyzing the field data collected for the modules during the survey. One example of the results
of the RPN analysis is presented in Fig. 14, which shows the Performance RPN vknmsusfades for old
modules in the Hot & Dry climatic zones (a higher RPN number indicate more risk). It can be seen that solder
bond fatigue/failure has the highest RPN, which agrees with the observation noted earlier that interconnect
breakage is seenast often in this climate.
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Fig. 14: Performance RPN fdtifferentfailure modes foold modulegmorethan 5 year outdoor exposre
for Hot & Dry climate. RPN_SO designhates a modified RPN calculation, where only Severity and Occurrence

frequency are included (that is, ease of Detection is ignored).

In summary, a good picture of the durability and reliability of PV modules in the country leageehirom

the 2016 Allindia Survey. Broadly, the results agree with those of the previous 2014 Survey. One of the
important observations is that there is wide variability in the quality and degradation rates. Many modules
show excellent performance,uth there are many others showing alarmingly high degradation rates.
Crystallinesilicon modules show an average Linear Degradation Rate of 1.47 %/y8amnadules in

Group X sites show reasonably good performance with an average Linear Degradtdioh (R&9 %/year;

but modules in Group Y sites show an average rate of 2.21 %/year, whiclsésfoaconcern. Larggze

(>100 kW) Group X installations perform well (0.71 %/year), which is good news, but if one focuses on a
subset of such instatians which are young and in Hot zones, the degradation seen is 1.43 %l/year. This
highlights the problems being seen in recent installations, and also flags a warning for future installations,
most of which will come up in &t climates. Further, it iseen that roemounted systems perform worse

than grounédmounted systems. This means that due consideration must be given to #tegrfodgrability of
small/medium rootop systems. The modules in the underperforming Group Y sites suffer from material
guality issues, including encapsulant and backsheet quality, as well as improper transport/installation
procedures that show up as microcracks in the cells, scratches in the backsheet, etc, all of which cause a
decrease in the module power. These probleax® perhaps been caused by the aggressive pricing and
deadlines associated with solar PV projects in recent years.

Based on the field observations, analysis and results, soméek@lrecommendations which can be made
are the following:

Due diligenceshould be exercised while selectiagd procuringnodules This may include verifying the
antecedents of the manufacturer, and independent checks on the quality of the module(s). Although most
modules available in the market carry the IEC certificatipshould be noted that the IEC certification is
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really a qualification of module design, and does not guarantee that the module will perform adequately
through its intended life.

Materialsused in modules are important. EVA and backsheet particalaniype of different qualitieand

should be specifiedly the manufacturer in the datasheet, and also in the tender for procurement.

An independent audit of modules and installations by third parsgramgly recommended. This may

include detailed testing of randomly selected modules before as well as after shipment.

Some <casersatoifng®dovoefr modul es cannot be ruled out.
calculated degradation rates, especially for young nesduDwners and installers should be vigilant about

this malpractice.

Module manufacturers and installers should place more emphasis on proper packaging and handling of the
modules during transportation since improper handling can induce cracks inatheedisland lead to long

term degradation.

Installation procedureand protocolsare importaty and standard procedures as recommended should be
strictly followed.

It is recommended that a random fidddsedelectroluminescencde() testing be performedfter receiving

the modules at site and after installation to reveal ricacks which may have been caused during the
transport and installation phases.

It has been noted that the 6Hotd <climates prese
intensive tudy of degradation phenomena imttlimates, which has not been emphasized sufficiently by

the PV communityso far, is neededThis is particularly important for India, where much of the 100 GW is
expected to come up.

The IEC certification prtocols (eg. 61215), artle BISstandards, which are currently being updatesd

to take into account thedt climate phenomena, and develop more aggressive test protocols going to
higher temperatures.

Modul es and sites pear f& rSm nwmeréy cwe lnmatien otf h d ad@dlh .
region will enjoy not only low degradation rates, but also excellent irradiance.

It is possible that some of the quality issues seen, especially in the young modules, are the result of very
aggresive pricing and commissioning deadlines for PV plants in limdiacent years

Given the reliability issues observed for small/medium rooftop installations, it would be prudent to reduce
the 40 GW rooftop target, and instead enhance the gnoaoahtedcapacity.
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1. Introduction

1.1 Introduction to the Survey

India has set ambitious renewable energy generation targets under the Jawaharlal Nehru National Solar
Mission (JNNSM) in an effort to avoid ovelependencen fossil fuels for electricity generation. The 22 GW

solar energy target by 2022 under the INN83 revisedn 2015to 100 GW(40% of which is to come from
roof-mountedprojects and rest from groudounted large scale solar power plantghich would require

rapid growth in solar installations throughout the country in the coming ydzisstarget is part of the overall

goal to achieve 175 GWofndnossi | fuel energy by 2020-21obligaionr es o
in Paris to have 40% of its electricity generated by renewables by 2089 success of thidational Solar

Mission in decarbonizing the power generation sector will depend not just on meeting the 100 GW
installation target but also on the satisfagtimgterm performance of thehotovoltaic systemswhich are

likely to constitute the major chunk of the solar @fisttions.The expected lifetime of solar PV in the field is

25 years. Considering the lack of information with regard to the-temmy performance of PV systern$

various technologiei different climatic conditions of India, the High Powered Task FofddNRE had in

March 2013 requested the National Centre for Photovoltaic Research and Education (NCPRE), at the Indian
Institute of Technology Bombay (lITB) to survey the performance of PV systems installed in the country.
NCPRE requested the Nationaktitute of Solar Energy (NISE) to partner in conducting the survey, keeping

in view the wide experience which NISE (formerly Solar Energy Centre) had in monitoring PV system
performance. Accordingly, a joint team was formed which surveyedi6@ally degaded PV modules

spread across the counirythe summer of 2018nd submitted their reporll India Survey of Photovoltaic

Module Degradation2013in early2014[1]. A more extensive survey encompassing 1148 modules in 51
sites spread over all sixiwlatic zones ofndia was undertaken in Octobidovember 2014, and the repait

India Survey of Photovoltaic Module Reliability: 20tv&s submitted in early 201j@]. Both the surveys
indicated that the PV modules were degrading at a faster rate kothgdimates (Hot & Dry and Warm &

Humid), where initlentally most of thautility-scalePV installations are expected to be concentrated. The
primary cause behind the electrical degradation was the discoloration of the encapsulant and corrosion of the
metllization but many more important and interesting details were uncovered which have now been
extensively documented . Since the 2013 and 2014 surveys were highly successful and their results very
revealing, it was decided that these surveys wouleepeated l@nnally, thereby generating a consistent and
exhaustive data base for I ndiads solar mission.

The 2016All -India Surveywas performegointly by NCPRE and NISE during the early summer months (late
March to early June). Since in 2016 many matiity -scale PV plants were operational compared to 2013
and 2014, the 2016 surveyo nt ai ned ma n¥yMW) esiteseharddarber. g A tdtal 6f 9Pgodules
were surveyed fror37 differentsites covering albix climatic zones of India. Thigeld assessment included

(as in the 2014 survey visual checklist, a detailed electrical characterization of the modules (illuminated
I-V, dark I-V, insulation resistance test, interconnect breakage tesgridffinverter performance test,
electroluminscence imaging), thermal characterization (illuminated IR and darlah@neasurement of the
relevant weather and irradiance data addition, for the first time, an esite measurement of the temperature
coefficients of the modules was performed usangechnique which had been specifically developed for the
purpose [9].

The survey methodology and a reviewsoimerelated literature are presented in the forthcoming sections of
this chapter, including arief discussion on the climatic zones of Indi€hapter 2 dals with the survey
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statistics andome general information about the survey si®ifice he field data have been collected under
various ambient conditions (different irradiance and module temperatures), it is necessary to convert all the
daa to standardestcondition(STC) of 1000 W/nf, 25°C and AM1.5G solar spectrufor comparison and
calculation of degradation rate€hapter 3 deals with this conversion and assesses the errors associated with
such conversions as well as due to othesoes. Chapters 4 to 7 deal with illuminatéd analysis, analysis

of darkl-V, dark IR and insulation resistance data, visual analysis and analysis of electroluminescence and
infra-red thermography data. Risk Priority Number (RPN) is a recent concépe iireld of photovoltaic

system risk assessment, and the results are presented in ChagteraBy, we presenbur concluding
remarks in Chapted with recommendations for the PV community.

Two important additions have been included in the analy<iseoR016 data. The first is that it was deemed
necessary to include a rigorous statistical analysis of the data to ensure that despite the multiplicity of
variables, the correct conclusions were being drawn; and the second was that it was felt desirelblde

the rapid-i ndutedl dépgrgtddati ondé (LI D) for panel s,
panels in recentlgommissioned power plants. These points are discussed in some deteipier 3.

1.2 Literature Review

A comprehensive review of the relevant literature dlesadybeen presented in the repol India Survey of
Photovoltaic Module Degradatior2013[1] and All India Survey of Photovoltaic Module Reliabilit014

[2], and the reader is referred to theseutnents for relevant scientific literature. Here, we will only briefly
mention some recent important publications which have appeared, and our review of the LID literature with
the aim to obtain the most appropriate value for the rapid initial degradation

Field surveys provide information about the performance degradation of photovoltaic modules in actual
operating conditions. A recent publication by Jordaal [10] shows that the average degradation rate in hot
climates is higher than those in caltimates This has also been the experience in thelAdlia Surveys.

They have reported that the average degradation rate of crystalline silicon modules is in the range of
0.8-0.9 %/year, while it is higher than 1% for HIT and thin film technologies. Other recent publications by
Jordanet al.[11, 12] have reviewed the relevant literature on various degradation modes and indicated that
encapsulant discoloration is the most commagraldation mode, particularly in the older systems. Hot spots
have also been identified as a matter of concern for the modules aged less than 10 years. Glass breakage an
absorber layer delamination are the common problems in thin film modules.

There are vaous nonlinearities involved in the degradation of PV modules, as discussed recently by Jordan
et al.[12], which includes the rapid initial degradation observed in crystalline silicon modules upon exposure
to sunlight, referred to as Light Induced Deatation (LID). Also, there are similar mesgabilities in various

thin film technologies, owing to which the power output decreases rapidly upon outdoor exposure (as in the
case of the StaeblWronski effect in amorphous silicon modules [13, 14]) or @aerease initially followed

by long term degradation (for example, in CdTe modules [15, 16]). In case of CdTe, the performance
enhancement due to light soaking effects can be up to 10%, and it shows a strong temperature dependence a
well [17]. LID is commonly seen in crystalline silicon modules from almost all manufacturers, and the
manufacturers usually incorporate this in their warranty documents, as a 2% to 3% initial rapid degradation in
power output within the first year of operation {28]. It isprimarily caused due to dissolved impurities like
boron, iron, and oxygen in the silicon ingot, and hence the extent of LID depends on the quality of wafer and
cell manufacturing processes [21]. Though LID varies from manufacturer to manufacturer, 8oSyate
recommends a value of 2% LID for energy generation simulations [22], which we have also adopted in our
present analysis. Table 1.1 gives the value of degradation in power, short circuit current, open circuit voltage
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and fill factor, in LID affecéd samples, compiled from the literature [21,283. In the works of Pingedt al.

[21], and Soporiet al. [25], 40% of the degradation in power output is due to short circuit curkgnt (
degradation, another 40% due to open circuit voltagg fegradtion, and the rest 20% is coming from fill
factor (FF) degradation. Accordingly, for the purpose of our analysis, we have divided the 2% LID in power
output into 0.8% foV,, 0.8% forls. and 0.4% forFF. Apart from LID, there are many other modes of
degradation which are discussed in details in our previous survey reports [1, 2].

Table 1.2 Typical values of LID reported in literature

Cell Typical Relative LID reported in Literature Reference
Technology

Pmax VOC I Sc FF

Mono ¢Si 3-4% 5-6% 2.53% -0.5% [23]
5% NA NA NA [24]
2.8% 1.1% 1.1% 0.6% [21]
2.5% 1% 0.%% 0.5% [25]

Multi c-Si 1% NA NA NA [24]
2% 0.4% 0.9% 0.5% [21]
2.5% 0.7 1.5% -0.5% [26]

1.3 SurveyMethodology

The methods and protocols usadhe field in the 2016 Survey were broadly similar to those used in 2014,
with some differences. The protocol is repeated here for completemesgtehsive array of characterization
tools was taken to the field for detailed inspection of the modageshown in Table 1.2.

The first activityon reaching the site was to collect dust samples frantop ofa few moduledor further
analysis lateiin the laboratory.Then the modules were cleaned by pouring water from top, and wiped dry
before starting an measuremenBefore disconnecting the system for electricdl measurements, infrared
(IR) thermography was performed with the system connected toV@&ghl inspection, illuminatedtV and
infrared (IR) thermography, measurement of temperature ciegffj interconnect failure test and insulation
resistance test were performed in dayligkiectroluminescence imaging was performed on selected set of
modules in the late afternoon, using a special daylight EL technique. It was followed by\dankl dark IR
measurements. The methodology of the various tests is briefly explained below.

a) Visual Inspection

Visual inspection of the modules was done to record thsigadydegradation visible igarious parts of the
module A visual inspection checklist, which is a slightly modifigad enhancedersion of the NREL Visual
InspectionChecklist[27], was filled up. fnages of the modules were taken using a high resolution camera for
future reference. The high resolution imageable us to magnify the region of interest in the captured image
to get a better view of the defect zoAesampleChecklistsheet is given in Appendix.

b) Currentvoltage (FV) Measurement under illumination

The curremvoltage(l-V) characteristicd a major diagnostic tool for determining the electrical performance of

a PV module[28]. Two sets of portablé-V tracers which were crossalibrated before starting the survey,

were used in the survey, enallusto collect data of multiple PV modulés parallel. Both the tracerdad
additional accessories for measurement of the Plane of Array (POA) global solar irradiance and module
temperature. At least 5 setsle¥ readings were taken for each module, at intesrghbboutl minute. The
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ambienttemperature and relative humidity were also recorded at the tiré wieasurema, which wouldaid
in the spectral correction during STC translation of the fiekd[29], if required

C) Infrared Thermographynder llumination

Infra-red (IR) images enable us to detect hot spots in the module which can degrade the module performance
significantly [30]. IR images were takefnom the backside of the modul®ne set of IR images were taken

with the PV array connected to load (i.gstem under MPPT) and a second set of IR images were taken with

the array disconnected, and the PV module stiartited (individually). These imagegeretaken only when

the irradiance is above 700 Wirso as to enable proper detection of hot spots.

d) Insulation Resistance Measurement

Insulation resistance is an important measure of the quality of insulating materials used in the module, like the
encapsulant and backsh¢gt]. Low values of insulation resistance can be a cause of concern witl tegar

the safety of the personnel handling such modules. The insulation resistance of the modules was checked in the
field underboth dry and wetconditiors. The insulation resistance was measured between the shorted output
terminals and the module frame.

e) Electroluminescence Imaging

Electroluminescence (EL) imaging of modules is an important diagnostic tool that provides information about
the extent and nature of cracks and various other defects in the solar[3@lls Two types of
electroluminescenceamera, havingsilicon CCDand CMOSsensos, wereusedto captue the luminescence
emitted by the selected PV module, when forward biased to carry the rated short circuit current using a DC
power supply.One of the cameras was a loast standard DSLR ng#era suitably modified to take good EL
images. An image difference technique, developedhause at IIT Bombagpecifically for such field surveys

was utilized to capture the EL images in lgte afternoorhours, in low irradiance conditions in the @ielThis
technique takes the difference tafo images 6 the module captured by tleamerai one taken with, and
another without, forward biasing the mod{88]. The EL images arkater analyzed to findut what fraction

of the short circuit currerttegiadation is accounted for by the craekslinactive areas in the module.

f) Dark I-V Measurement

The useof the illuminated and darkV characteristics of a PV moduie determinghe degradation modéss

been explained in detail by Spatatial [28]. The dark-V was taken by sweeping the applied terminal voltage
from zero to the open circuit voltage of the respective module, using a programmable DC power supply (which
was controlled by a custemade MATLAB code running on a laptop).

0) Dark IR Measurement

Dark IR imaging was done in the evening hours by covering the selected module from the front. The module
was forward biased at its rated short circuit current, and it was allowed to heat up for about 1 minute before
taking the image ursg the infrared cameraThe image was usually taken from the back side of the module,
unless the installation structure prevented access to its back side. These dark |IRverelgés analyzedand
compared with EL to assesether dark IR can servs a substitute for EL imaging in the field.

h) Interconnect Failure Test

Interconnect failure is one of the most common failure modes for PV modules installed in Hot & Dry climatic
zoneg34]. The Cell Line Checker from Togami Corporation is an innoeatinol that can detect interconnect
failures in PV module§35]. It consists of2 unitsi the transmitter (whichs connected to the PV module
output erminals) and the receiver (whidk swept on the front side dhe module over the interconnect
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ribbong. The receiver unit shows the health of the interconnect connections through flashessafnL&D
scale of 0 to 10; with no flash meaning complete failure of the assoirisgembnnect ribbon.

i) Measurement of Module Temperature Coefficient

One module at each site was cooled down to ambient temperature using water and then it was allowed to heat
up through exposure to sunlight. llluminated measurements were performed on the module as it heated up

to its operating temperature, and fromsikV curves the temperature coefficients for current and voltage
were determinefB].

i) Use of Colorimeter to Measure extent of EVA Discoloration

Testronix TP110 colorimeter has been used to measure the colour of the solar cells. Measurements have bee
done at the edge and centre of the solar cells which can give an indication of how much the centre of the cell
has browned in comparison to the edge.

Table 1.2: Equipment Specifications

Instrument Make & Specifications
Model No.
I-V Tracer Solmetric | Voltage Range (& Accuracy) 0000 V DC, £0.5%+0.25V)

PVA-1000S | current Range (& Accuracy) =20 A DC, ¢0.5%+40mA)
Irradiance Sensor Range & accuracyt:3D0 WhY, (+2%)
Infrared Camera FLIRE60 | Temperature Range20°C to 650°C

Thermal Sensitivity : <0.0%C at 30°C

Detector Type (& size) : Uncooled Microbolometer, 320 x

Pixels
Electroluminescenc{ Sensovation | No. of Pixels (& pixel size) : 3326 X 2504, (5.4 um x 5.4 um)
Camera HR-830 Sensor cooling Thermeelectric cooling to 56C below ambient

Modified No. of Pixels (&pixel size) :20.1MPixel
SONY camera | Sensor Technology: CMOS

Cell Line Checker | Togami SPLE | Voltage range : 15V DC 1000 V DC (Magnetic field mode)-

A-Y1 1000V DC (Electrid-ield mode)
Insulation Resistanci FLUKE 1550C | Insulation test voltage : 250 V /500 V / 1000 V / 2500 V / 50(
Tester Leakage current measurement range : I 2AmA

DC Power Supply GWiInstek | Rated Output Voltage: 160 V dc
PSW 16614.4 | Rated OutpuCurrent: 14.4 A dc

Digital camera Nikon D3200 | Effective Pixels : 24.2 Million
Image sensor : 23.2 x 15.4 mm CMOS sensor

Colorimeter Testronix Light Source: D65
TP110 lllumination/observation system® Blumination angle/ diffuse
viewing
ShadingAnalyzer Solar NA
Pathfinder
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1.4 Climatic Zones of India

The National Building Code of Indi§B6] divides India into 5 climatic zones based on average annual
temperature and humidifiy Hot & Dry, Warm & Humid, Composite, Temperate and ColdHowever, as
argued in our 2014 report [2], it is better to usedixezone classification system of Bansald Minke[37],

the criteria fowhich are describeth Table 1.3.

Table 1.3:Climatic Zone Classification criteria as ggansal and Minké¢37]

Climate Mean MontiEL)z:';'emperature Mean Relative Humidity (%)

Hot & Dry >30 <65
Warm & Humid >30 >55
Moderate 2571 30 <75
Cold & Cloudy <25 >55
Cold & Sunny <25 <55

Composite This applies when six months or more do not fall within any of abov

categories

As per the sixone classification, the coastal area of India (like Mumbai, Chennai and Kolkata) fall in the
Warm & Humid zone, whereas the central parts of India (including the capital city of New Delhi) fall in
Composite zonePlaces in the central western part of India like Jaipodhpur, Jaalmerand Gandhinagar

lie in the Hot & Dry zone.Bangalore falls in thé&loderateclimatic zone. Sites in Ladakh fall in the Cold &
Sunny climatic zone whereas sites in Jamikashmir \alley and Himachal Pradeséxperience Cold &
Cloudy climate. The various climatic zones in India have been shown.id.Ej@long with thesites where

the 2016 survey has been conducted @lack dots). As evident from the figure, all the zones have been
covered in this survey. The number of sites (reféo Table 1.4) is notuite evenly distributed, withmany

sites falling in theWarm & Humid and Compositeones, but nevertheless there are enough modules in all
zones to gauge climatic variationsurther, it has been foun@h 2014 and again in(6) that many aspects

of module degradation are similar between ot Zzones Hot & Brg,tWarm s&, Humid and
Composite zonesSimilarly, the coolerd Nn-Hotf climates namelyModerate, Cold & Cloudy and Cold &
Sunny zones also havanrsiar kind of module degradatiorHence thesix climatic zones willsometimese
classifiedinto Hot andNorn-Hot zones for the sake of analysis wherever found necessary.

Table 1.4:Survey site statistics

Climatic Zone No. of Sites No. of Modules
Warm & Humid 11 243
Hot & Dry 10 278
Composite 7 184
Moderate 4 94
Cold & Sunny 4 106
Cold & Cloudy 1 20
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While the sixclimate classification of Bansal and Minlkebeing used for the analysis of the survey data, we
have provided some of the important climdependent analysis also in terms of the internationally accepted
KoppenGeiger climate classification system, in Appendix B.

Srinagar Leh & Hanle

I Hot & Dry

o Warm & Humid
Chennai Composite
Pondicherry
Mlurai - Moderate
J Cold & Sunny
Kayamkula ‘/‘( - Cold & Cloudy

Fig. 1.1: Climatic Zones of India as per Bansal and Minkg [3

1.5 Summary

This chapter has given an overview of-AKitlia Surveys of PV Module Degradation undertaken in 2013, 2014

and 2016, together with a brief review of some recent and relevant literaturasurvVag methodology, types

of inspections and measurements undertaken, and the details of the equipment used in the field have beer
described. Since India experiences a variety of climatic conditions, from extremely hot climates in Rajasthan
to cold climdes in Ladakh, the sixone climatic classification has been described. Before going into the
analysis of the survey data, it is important to understand the distribution of the data, in terms of the age,
technology and various other aspedtse followingchapterdiscusses some of these vital statistics related to

the survey.
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2. Information on Modules Surveyed

2.1 Introduction

This chapter presents an overview of the diversithérhodules inspected during the 2@8vey, in terms

of the technology, climatic zone, power rating, age group, packaging material etc. A 924 mmbdules

were measured in the 6 different climaticnes of India, but these were not equally distributed among the
various categories. However, each of the categories had a respectable representation in the survey, as will be
clear from the data being presented here.

2.2 Statistics of Sites Surveyed

The survey team visited a total of 3§ites from Tamil Nadu to Ladakh, and from RajasthaMeahya
Pradeshcovering all the climatic zones in India (Hot & Dry, Warm & Huniithderate Composite, Cold &
Cloudy and Cold & Sunnykig. 21 showsthat most of te surveyed sites fall in the smatedium(having

less than 100 kW installed capacitf)so 11 number of solar power plants were surveyed which fall in large
category (installed capacity more than X0W). It should be noted that the percentage of langtallations is
higher in the 2016 survey compared to the 2014 survey (30% in 2016 versus 12% in 2014 Asieadent
from Fig. 22, 16 sites were rooftop installation®] sites were ground mounted system

Number of Sites of Different Capacity Number of Sites of Different Types

10 0

& 11

| Large Rooftop

I Large Ground
B Large sites R SmallMedivm Rooftop 16
B Small/Medium sites B SmallMedivm Ground
Fig. 2.1 Installed capacity (size)f the sites Fig. 2.2 Type of installation

2.3 Statistics of Modules Inspected

The survey module details are summarized in Figures 2.3 through 2.10. Figure 2.3 shows the distribution of
technology of the modules surveyed. Most of the modules irspece crystalline silicon modules, about
evenly distributed between the mono crystalline silicon (me89 end multi crystalline silicon (multi-8i).

Apart from crystalline silicon modules, we have good representation of amorphous si&ipmard cdmium

telluride (CdTe), as well as a few CIGS and HIT. Figure 2.4 shows the histogram of the age of the modules,
and it is seen that a majority of the modules (about 60%) fall in the young age group of 0 to 5 years, although
we also have more than 345 mibek in the older age categories. Figure 2.5 shows that thepiategower

ratings of the inspected modules mostly belong to the3BOOWp category. The maximum number of
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modules was surveyed in the Hot & Dry (H&D) zone, followed by the Warm & Humid (MY zone, but the

other climatic zones were also well represented, as evident from Fig. 2.6. Figure 2.7 shows the biasing
condition of the modules. Figure 2.8 shows the statistics with regard to the packaging materials used in the
modules, at the fronand back. A majority of the modules had glass cover on top (front) and polymer
backsheet, as evident from F@8. A few of the amorphous silicon modules had polymer on the front
instead of glass and metal at the bagtmost all of the systemsurveyed had either an inverter only (grid

tied systems), or inverter plus battery (refer to Fig. 2.9). In Fig. 2.10, we have provided statistics regarding
the various characterization tests performed during the survey. The major characterizatite testeeht

voltage (-V) characterization (in daylight), infrared (IR) thermography, visual inspection, insulation
resistance and interconnect breakage test were performed on all inspected modules at each site. Further, base
on these characterization tessome of the modules were selected for further testing, and were subjected to
dark currenvoltage (dark-V) characterization, dark IR thermography, and electroluminescence (EL) testing.

Number of Modules of Different Technology
B Mono cSi

Number of Modules in Different Age Group

amn

- MUl cSi — g'?o" ke 192
A hous S« B daqhs

= m;wp . 10-20 yoars

— g:’G: § 20-30 years

- -~
HIT P

139

363

Fig. 2.3: Technologywise distribution of inspected
modules

Fig. 2.4 Age-wisedistribution of inspected modules

Number of Modules in Different Climatic Zones
184

Number of Modules of Different Power Rating
32

258
243

481

N Hot & Dry
N Warm & Humid

Fig. 2.5 Rated power distribution of inspected
modules

B 0 - 100 Wp B Composite

S 100 - 200 Wp 154 I Moderate 278
I 200 - 300 Wp I Cold & Sunny

S0 300 - 400 Wp | Cold & Cloudy

Fig. 2.6 Climatic zonewise distribution of the
modules
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Number of Modules of Different Biasing Number of Modules of Different Packaging
Max. Power Tracked Glass - Polymer
Resistive Load BN Glass - Glass
Open Circut Polymaer - Matal
} Short Cacult T Glass - Metal

Others

825

21 141

8 750

79

Fig. 2.7 Type of biasing of the inspected module Fig. 2.8 Packaging material of inspected
modules

Number of Modules of Different BOS Configuration
654

Inverier « Battery
Inverter Only
Battery Only

I Others

250

Fig. 2.9 Balance of system configuration

1000 -(925)

(882) (882) (882) (882)

g

(273)

Number of Modules

(177) (177)
0
> [+ 4 = c o ° > [ -
= = 3 g8 $g I  ®
> 23 58§ § 3
ag ¢5 o ©
E o 8=
2 2o

Characterization Test Conducted at Site

Fig. 2.10 Characterization tests conducted at the site
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2.4 Summary

This chapter gives the distributimi the surveyed modules in terrog various categories of site size, age,
technology, climatic zone and other important aspelttss seen that the 92%odules inspected during the

2016 Survey are quite well represented in most of these categories. In particular, we generally have large
enough numbers (barring a few cases) to arrive at reasonable statistical analyses. The following chapters will
deal with the analysis of the electrical performance of the inspected modules, and correlate them with the
visual and nosvisual defects obserddan these modules.
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3. Correction Procedures and
Statistical Methods Applied to Survey
Data

3.1 Introduction

During the surveyl-V data of the P¥nodules were measured at various conditions of module temperature
and irradianceln order to understand their performance it was necessary to trahslateasurettV data to

a standard conditionThe Standard Test Condition (STC) for PV modules has been defined by the
International Electrotechnical Comssion(IEC) as1000 W/nf irradiance with AM 1.5G spectrum and 25

module temperaturd-urther, IEC 60891 defines the standard correction procedure for translating measured
I-V data between different irradiance and temperature valMleshaveutilized a modified version of IEC
60891 correction procedrl 1 [38] for translating thé-V measured during thsurvey In this chapter we
discuss the correction procedure andabsociate@rrorsintroduceddue tothe use othe modified version of

IEC 60891 especiallwhen translatindrom high temperaturéNVe will also discuss the errors associated with

the measuremeritself and the uncertainty in marum power rating of the module. For the 2016 Survey, we
have introduced and wused the OLi neid mitialDightrindacgcat i o n
degradation (LID) seen in many modules and this definition is described in this chapter. Also, wetlpeesent
data plotting format with different error barSinally, we will discuss the importance of using statistical
methodologyand, also, the results obtained through it.

3.2 |EC 60891Correction Procedure

The IEC 60891 standardefines a procedurt translate the measuréeV characteristics of photovoltaic
devices to standard test condition (STC) i.e. 1006\ irradiance an@®5 xC module temperatur€orrecting

|-V data to STC condition helps in comparing the performance of different PV modules. Three different
procedures have been defined in IEC 60891 for translatingelasured-V characteristics to other conditions

of tenrperature and irradiance (such as STRJe first procedure involves two equations, one for correcting
current and the other for voltage; therefore each point oétitiee I-V curve is corrected. In case of large
irradiance corrections (>20%) for bettesuts the second correction procedure can be used, which involves

an alternative algebraic method. In both these procedures, correction parameters must be determined prior to
the correction; whereas the third correction procedure, which is an interpotegtbod, does not require any
correction parameters. All three correction procedures have been comprehensively reviewed and presented in
the report of the Allindia Survey of Photovoltaic Module Degradation 2018 pnd elsewhere, and the
interested readeas referred to it.

3.3 Correction Procedure Adopted for Survey Data

IEC 60891 correction procedure 1 was adopted for translating\ttaata to STC condition. It requires four
correction parameters for translating the ertixecurve. These arél (t emper at ure chbef f i ¢
(temperature coefficient for voltageRs (internal series resistance of the test specimen) lkaificurve
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correction factor) It is obviously better for high accuracy if all the four parameters are used; obttiaing
values ofRs and k requiresmeasurements of temperature and irradiance dependgnitye current and
voltage We explore whether these can be negleati¢tout much loss chiccuracy.

3.3.1 Correction Procedure 1a

The valueof R; of a module is determined by using thie¥ curves at constant temperature but different
irradiances, whereas in order to determine the vallewé need threé-V curves at constant irradiance but
different temperatures. Since enough field data isnofiot available to determine the valuefRpandk, we
have considered ontyo parameters i.&J (temperature coefficient for current) abdtemperature coefficient

for voltage) while keepindR; and k equal to zeroFurthermore, we have used the values of temperature
coefficient measured in tifesld (this is different from our previous survey3he procedure of obtaining the
temperature coefficients has been described in detpt].iWwe have used the nameplatdues ofls. and Vo,

in order to convert the values Of(temperature coefficient for current) abdtemperature coefficient for
voltage)from %/FC to APC and VFC respectively. Therefore, the equatiafsCorrection Procedure 1 will
get modified as follars:

O 0 07 — p | Z"Y "Y) . (3.0)
@ o T Y 'Y 6. (3.2)

We have usedbovetwo equationdor correcting the measurdeV curve to the STC condition. We call this
procedure a€orrection Procedurga. A MATLAB code was written in order to doithin an automated way.

In order to undestand the level of accuracy obfection Procedure la, weerformed an exhaustive set of
experiments which is described in detail in Appendix C.

3.3.2 Low Irradiance/High Temperatureo@ection

As per IEC 60891, translation procedures can be applied only for 20% variation in the irradiance, that is, the
irradiance shouldie between800 W/nfand 1200W/m? for translation to STCIn order to achieve these
corditions the 2016 Survey was planned in the summer season. However it led to a high module operating
temperature duringrV measurementsin our casealmost all of thd-V data were taken at irradiance greater

than 780N/m” Moduletemperaturavas typicallybetween 50C to 70 °C.

In order todetermine the errors associated in translating {ie@lata measuredt high temperatureo STC

using Correction Procedure,hae hal performed an exhaustiset ofexperimens as described il India

Suvey of PV Module Reliability 2012]. The resultof these experimentrereproducedn Table 3.1 which

show the error associated with translation from a particular temperature & irradiance combination to STC.
The shaded cells in the table indicateadiinnce and temperature conditions not encountered during the
survey. It can be noticed thae canindeeduse Correction Procedure 1a for irradiancese than 70@V/m?

and temperature less than“@without exceeding an error limit of 4%.
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Table 3.1:Error inPovalue at STC obtained by translating using Procedure la

DPrnax (%0) Module Temperature (°C)

'”(%S;fnnz‘):e 40 50 60 65 70

500 m\\&\\k\\\\\@\\ \\&\%W\\W\\é\@ﬁa AN
S AT A Y
600 |\ EMWW%\%\ MWW‘;&@\\
650 &3\@\\ \\\?@\\1\\%\\@&\\5@\\ \NN\}‘M
700 k\\@\}ﬁ\?\@\ %\\‘\\&‘4\&)&\@\ MR
750 %\s{gm\&@\\ ANAN %W\E%N
850  NNh2BUNOY2NNDAAY 039 | 049 | 060 | 063 | 066 | 035 | 040

900 mww -0.07 | -0.03 0.07 0.07 0.07 -0.29 | -0.28

050  [NORTNNN0ERY 094 | 124 | 156 | -167 | -2.00 | -2.47 | 273 | -2.90
1000 [0DONNN0:60Y 140 | 175 | 210 | 224 | 250 | -3.08 | 336 | -358

e

3.33 Definition of Degradation Rate

In order to calculate the degradation rale, initial performance data is needed. However, in most cases, the
initial 1-V curves were not available, so the performance data was computed based on the ndataplate
Since there is usually a tolerance on the name plate power rating, we have defined the Raowgineting

as the name plate power plus average of the toletmmmkMost manufacturers of crystalline silicon modules
provide for an initial rapid degradation in their modules (usually-Z% in the first year of field exposure)
which is mainly due to Light Induced Degradation (LID), followed by a linear power migrrdo
accommodate this initial LID loss in the modules, we have assumed a 2% LID loss in power output from the
Nominal Power, andnamed it as.ID discounted power rating. LIDbss in modules varies widetlepending

on the wafer quality and we have takée 2% figure as an averages described in detail in Section 1A2.

linear power degradation rate is calculated based on this LID discounted power rating, using the relation
shownin Eqgn. 3.3 Figure 3.1 shows graphically the calculation of Linear Degjiad Rate for a 15/ear old
module. Suppose a module is rated at \bM0@nd has a tolerance €% to 5%. Then its Nomindower will

be 102.5W; applying 2% LID on NominaPower, we get 100.4V and this is taken to b@,p_giscountea- ThEN

t he Oleigmeaadratdh on Rated6 is calculated as foll ows:

00 AOI0QQ GQFHTHIKOQOI ... (3.3)

z

It should be noted thalhe LID discounting for <Si moduleshas been introducddr the first time inthe 2016

survey The reason is that it was felt that not accounting for this, and justRging instead ofP,p, discounted

gives an unduly pessimistic value of degradation rate, especially for younger modules. However, this also
means that we should not directly compare the degradation rates reported in this survey with those obtained
from the 2013 and 2014 survey analyskseve LID discounting was not done.
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3.4 Uncertainty in the Linear Degradation Rate Calculation

The |-V parameters at STC are obtained from the field measurement followed by STC translation using
Correction Procedure la. Therefore, any uncertainty in the electrical parameters at STC depends on the
uncertainty introduced by the correction procedure plusutfeertainties or errors due to the measurement
equipment.

3.4.1 Uncertainties in Measurements

Solmetric PVA1000Sportablel-V curvetracerwas used as measurement tool during the swvelt usesa

K-type thermocouple as the temperature sensdraailicon photodiode as thieradiance sensoil he typical
uncertainties of measured irradiararese fromstability, temperature coefficient, data acquisition and spectral

mi smatch. As per the manufactur er 0 sradlaace mesasuremdant, me
and +2C for temperature measurememhe manufacturer datasheet specifies the maximum measurement
uncertaintyin both voltage and current as &5

We havecalculatel the errors caused by the instrument onlthieparameters at STthrough adetailed error
analysis whichis described irdetail inAll India Survey of PV Module Reliability 2012]. Theresult of the

error analysis ipresented in Table 3.2 and it can be seen that the maximum possible error caused by the
instrument orthe Pyacvalue at STC i9%.
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Table 3.2:Errorcaused by the instrument 8pcat STC

DPrnax (%0) Module Temperature (°C)

Irradiance
(W /m2) 30 35 45 50 55 60 65 70

25 40
AN R A S
NS N

oy
NS AARANTN NIRRT
N R

2 5
AR RN
600 A O
N k ;

=

NG ANNAANAN \l
S NIRRT AR
k.

7

N AARRANAR SN
CEENTANTE AR TR R T AR AT AR
NN AR AR A T A AR R AR AN

800 W}k\{a\“ﬁ 3.99 | 397 | 396 | 3.94 | 392 | 391 | 389 | 3.88
S

|
850 N \Mh' 3.98 | 396 | 394 | 393 | 391 | 3.90 | 3.89

900 “WW 398 | 397 | 395 | 393 | 392 | 391 | 3.89

::\.
= \
950 M\&A\‘\ 401 | 399 | 398 | 396 | 395 | 394 | 393 | 3.88

1000 &}\\&%}\\ﬁa\% 400 | 3.99 | 3.98 | 396 | 395 | 3.94 | 393 | 3.92

3.4.2 Uncertainties in Power at STC

The uncertainty in the correct®,.«is the combination ofincertainties in the measurement of thé data,
temperature and irradiance in the field, and also due to the uncertainties in the temperature cosffictents
are used in the trslation equations. Table 3.3 shows the worst case error in the coPggted!| be around
6% for crystalline silicon madules, taking into account all the errors and uncertainties.

3.4.3 Uncertainties in Nameplate Data

The practical limitations of thdield survey like oursis that it isusually not feasible to get thaitial
performancedata of the module when it wéisst installed, so the name plate data has to be urstelad
Therefore, an additional uncertainty in the degradation ratérisduced by the tolerandsnd provided by

the module manufacturers in the name plate power ratings of the modsiedly( 3% but alspin a few
casesi 0%/ +5%). Therefore the actual initial rating can have any value within the tolerance band. This has
been described in more detailedAithIndia Survey of PV Module Reliability 20]2].
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Table 3.3 Totalerror caused binstrument and Correctiorrétedure 1a oRpat STC

DPrnax (%0) Module Temperature (°C)
Irradiance
(W/m 2) 35 45 50 55 60 65 70

oo T W R R W

s N B e e e

o N TR N e e e e

IR e e
. W

7

b\ \:\R. ] K s )
T
750 R R R R R R RN

800 &S\%&S\Y 495 | 491 | 499 | 513 | 522 | 533 | 554 | 583

N |
850  [WDSNNATENNAAA| 443 | 452 | 47 | 477 | 486 | 506 | 533

900 mmm 303 | 403 | 416 | 421 | 428 | 445 | 468

950 %\4\\\%&\3\“ 399 | 413 | 433 | 467 | 473 | 5.05 | 535 | 556

R N
1000 NN ::\\ : 355 | 366 | 3.85 | 415 | 421 | 451 | 475 | 501

3.4.4 Uncertainties innitial LID

As mentioned earlier, we have taken the initial rapid LID drop for crystalline modules to be 2%, but this may
vary. This can give rise to additional error, which we have not quantified.

3.5 Graph Templates

Figures 3.23.4 show theéemplatewhich will be followed for most of the graphs in this repghe values
presented in these figures are indicative anBig. 3.2 shows the histogram; the two dashed red lines indicate
the average and the median value of the data set. The boxed ingetlséwalue of average, median and the
number of samples. Fi§.3 shows template for electrical parameter degradation rates plotted against various
groups. The hollow symbols indicate Young modules (age less than 5 years) while the solid symbas indicat
Old modules (age greater than 5 years). The mean of each group (value in parentheses) is shown by the rea
horizontal line, while the red diamond shows the 95% confidence interval. The number in square brackets
above the data points represents the nurabsamples (modules). Alsthe following errors will be marked

for each group:

a) Error due to measuremeand STC correction (on right side of the plotted data, in yreen

b) Error due to unagainty in name plate (on left side of the plotted datajnk)p

The cumulative probability distribution for the data points has also been shown on the right side of the figure.
The cumulativeprobability refers to the probability that a random variable is less than or equal to a specified
value.Not all symbols fo the data points have been marked in the cumulative probability plot as it would
impair the readability of the plot, although all data points have been incorporated. From this cumulative
probability plot, one can easily understand the distribution ofdda points. The data point at 50%
probability is actually the median of the data set.
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Graphs with single dataopt per group (see Fig. 3.4vill show the errorga) and (b)as indicated abovg.e.
error due taneasuremat and STC correction in greeamd eror due to unceainty in name plate in pinkbut
there would be no mean value or confidence interval.
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3.6 Statistical Analysis

3.6.1 Introduction

The modules in photovoltaic systems are often found to degrade diffezgatlyif they are made of the same
materiab. As a result, almost all studies concerning degradation rates exhibit high variahibitia related to
electrical performance measurétence it is necessary to perforigorous statistical analysis of the dat

order tofind out whether perceived differences in central tendencies of the data sets are statistically significant
or just artifacs of the data distributiortigh variability in theP,,,, degradation ratesanging fromi 2 %/year

to as high as +8o/year has been observed ftne surveyednodulesand this aspect will be taken up for
discussion in detail later in Chapter#d this section we shall presenhe statistical methods employed for the
analysis of the survey data and it is hoped thatwuld help the readers understand the statistical analysis
presented in the forthcoming chapters.

The first step in statistical analysis is to remove outliers present in the data. The next subsection briefly
outlines the procedure used in identifyinglrs.

3.6.2 Definition of Outliers

Before doing any analysis on the dattds important to identify and separate out the outliers from the data set.
We have identified the outliers the degradation rate data based on the-tuiartile range. Thdata points

are arranged in ascending order, and then split into two halves, with the median included in both halves if the
total number of sample points is odd. Then the lower fourth (If) is the median of the lower half, while the
upper fourth (uf) is thenedian of the upper half. A measure of the spread which is resistant to outliers is given
by the difference between the upper fourth and lower fourth, which is referred to as tigypiamtde range.

Any observation beyond 1.5 times of intprartile rage from its nearest fourth is considered as an outlier. In

our case, all data points above 5%2Zear degradation rate are identified as outliers, as shown i13.6ig.

The subsequermnalysis of the data is carried out after eliminating the outlierstieroriginal data set.
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Fig. 3.5: Box plot for P.«degradation rates for®i modules irall sites(The red dot indicates the
sample mean)

3.6.3 Choice of Mean versus Median

In order to arrive at meaningful conclusions, we need to present overall trends in the measurements from the
huge set of data collected in our survey using suitable summary statistics. We have used sample mean over the
sample median for the same purposeorder to be consistent with the 2014 survey we have used the sample
mean as an estimator of the central tendency. The justification for using mean has been described in detail in
the All India Survey of PV Module Reliability 20{2].

Apart from the meaiwnf the data, and its spread, italsoimportant to understand the overall distribution of

the data points. A tight distribution of the data points close to the mean value provides us higher confidence
on the use of the mean to represent the data setp@ssed to the situation where the data points are
distributed over broad range of values, far from the mean. Hence, we have provided the cumulative
probability distributionplots in many caseso that one can get an idea about the overall distributidineof

data points.

3.6.4 Procedure for finding Confidence Intervals

Since the measurd®},,, degradation rates do not follow the normal distribution, it is not possible to construct
100(:U % confidence intervals using percentile points of nordisiribution. Hence, we have used the
bootstrap method to construct the confidence intervals. This method involves drawing a large number of
samples of size n with replacement from the original sample of size n. For each of the bootstrap samples, test
statstics of interest (the average degradation rate in the present context) is computed. This, in turn, is used to
determine the percentile points which are then used to obtain the requisitdJL@®@onfidence interval for

the unknown parameters. Fig. 3sBows the histogram of the bootstrap means and the 95% bootstrap
confidence interval (Cl) for the population mearPgf,degradation rates. For the data at hand, 95% bootstrap
confidence interval turns out to be (1.15, 1.30). These computations areohabedsample size n = 925 and

the number of bootstrap samples N = 10,000.
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Fig. 36: Sampling distribution oP,,.,degradation means basedlwotstrap samples

3. 6.5 Methodology for Statistical Analysis

The modules in the field are influenced not only by the climatic conditions but also by various other factors
like the mounting configuration and the quality of installation (which can vary depending on the system size).
The PV modules can be grouped intrious categories based on the following factors:

a) Climatic zone (Hot & Dry, Warm & Humid, Composite, Moderate, Cold & Sunny, Cold & Cloudy)

b) Age (a continuous variable)

¢) Mounting configuration (ground (rack) mounted, rooftop (rack) mounted)

d) System sizésmall/medium, large)

The above factors are considered as the explanatory variables aledjthdation rate is treated as a response
variable. It is evident from Fi@.6that the distribution of this response variable is-normal which has also

been confirmed bformal analysis involving the use of the Shapivik test

LetY =1 if theP.degradation rates of the module is greater th@giykar
= 0 if thePaxdegradation rates of the module is less than or equéldtydar

This figuryeaod fis taken based on the internati on:
module manufacturersisually 20% degradation in power output in 25 yednsprder to assess the impact of
each of the aforenentioned explanaty variables on this binary response random variadhléhe logistic
regression modeivhich isa member of the generalized linear models, is considerexhalysis This model
is given by:

g(EY)=logitlr @] =1 T-6—=Urbx+ € B, é (3.9
where,
EY denotes the expected value of response variable Y
g(EY) is a welldefined function of EY
D= (X1, %2, € p) i6 a vector of p explanatory variablesxx, € , X
U is the intercept,
b is the coefficient associated withéxplanatory variable;x( i = 1,2,¢é,p)
A @, =P[Y=1for givenq = P [theP,.cdegradation rate is greattan 1%/yearfor givend,
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This model inEquation 3.4yields two important expressions and they are:

() ~ @, =P[Y=1] = P [theP.xdegradation rates greater than %/year unded,

| 1 E 1
_ 0D _ b ¢ 39
| 1,% E 1B
and,
(i) —— =the odds of th€,xdegradation ratare greater than%/year unded,
=AgPp 1@ E 1 @ e (68

The logistic regression has been performed on the degradation data with R software package\aalddabe p
of the results are used to judge whether the explanatory variables are statistipafigant or not. An
explanatory variable ;xis considered to be statistically significant if thevglue corresponding to the
estimator, of its unknown parameter, is less than 0.05. The use of the above model is illustrated below by
considering data corsponding to (i) climate (6 levels), (i) age (continuous variable), (ii) mounting (2
levels), and (iv) system size (2 levels) as the explanatory variables.

17— | 1 Al EI AQAAI Ei AIOAIT EI AIOAIT EI AIOAT EiI AOA

I ACAr 117 01 OET QQUO@AIUA é (73.
where,

climate = Hot & Dry

climate; = Moderate

climate, = Composite

climate, = Cold & Sunny

climate; = Cold & Cloudy

mounting = Ground mounted

system size = Large systems

It can be seenthat for each of the categorical variables, the number of dummy variablesatlatbeen
introduced in theegressionmodel is equal tdnumber of levels of the variable 1) and this essentially
ensureghat there isno redundancy in the levels of the given categorical variables.parameter estimates
obtained after fitting the above model to the degradation rate data are given in3¥ablde climate
categories, like Hot & Dry, Moderate and Cold & Cloudy, for whjevalues are greater than 0.05 do not

have any significant effect on the degradation rates, while the Cold & Sunny climate condition seem to have
significant effect. Also, the age of the system and system size appear to have insignificant effect on the
degradation ratedn view of this, a revised logistic regression model consisting of two categories of the
climate variable, namely Hot and Nétot, along with the other variables of the above model has been
entertained in Chapter 4. The parameter estsratevide us a measure of the effect on the response variable,
with negative estimates meaning the response variable (here, power degradation rate) reduces as the level o
corresponding covariate increases. For example, the parameter estimate is ragivmbunting structure,

so power degradation rate is lower for ground mounted systems (mounting level = 1) as compared to rooftop
systems (mounting level = 0).
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Table 3.4:Parameter estimates andiglues forsix climatic zone model

Covariates Estimates p-value
Intercept 2.71410 3.22el15
Climate Category 2
(Hot & Dry) 0.43965 0.07953
Climate Category 3
(Moderate) 1.12257 0.15015
Climate Category 4 0.76486 0.00706
(Composite)
Climate Category 5
(Cold &Cloudy) -16.52064 0.97544
Climate Category 6
(Cold & Sunny) -2.98704 1.05e12
Age -0.03544 0.11454
Mounting (=1 for ground mounted) -2.61777 < 2el6
System size 0.07216 0.77676

(=1 for large system size)

3.7 Summary

We have used the STC Correction Procedure 1a (a modified version of IEC®&®864tion Procedure 1) to
translate measured field data to STC, and estimated errors due to this procedure. We have also assesse
various errors originating from measurement uncertainties.measurement and STC translation procedures
together have beeassessed and total error By, degradation rate has been found to be withift for
crystalline silicon modules measured ab8@® W/n?. A further error arises due to uncertainty in nameplate
rati ng. We hlanea DedradhtiomRaddvhich koasidess the LID of thenodulein degradation

rate calculations. We have also presented the significance of various statistical models used in the analysis.
We have laid a lot of emphasis on the errors involved, as the degradation rates calculated ated [mese
succeeding chapters need to be appropriately qualfitdistical analysis has been performed to ascertain
whether the differences among various groups of data are significant or just random errors. Statistical analysis
has shown that many of tleimatic conditions of the six climatic zone classification do not have significant
effect on the power degradation rates of PV modules, so the climatic zones have been combined into two
categories Hot and NorHot climates. In the following chapter tle¢ectrical degradation data is analyzed in

detail and the results are verified through statistical analysis.
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4. Analysis of Electrical Degradation

4.1 Introduction

There is presently a wordide push for renewable energy as a consequainadich large utilityscale solar

PV installations have increased significantly. It is important to accurately measure the power generation of the
deployed modules and determine the average degradation rate per year which can help us to predict the
perfamance over the long term. In this chapter we shall present the degradation rate analysis for the surveyed
modules.

The fieldmeasured-V dataof themodules is translated to standard test conditions (STC) using Procedure l1a
of IEC 60891, as explained ©@hapter 3The extrapolated STGV data of the module enable us to compare

its presentday performance witlits initial performance at the time of installatioand thus calculatthe

Overall Degradation Rat@b/year)of the output power P,) and othelimportant electrical parameters like
shortcircuit current [s0), open circuit voltage\,,) and fill factor £F). For those modules whose initial
performance data was uNoav aial d&blval we sh aV e(dvérageat | telt ¢
the higher and lower emthmeplatesalues as defined in Chapte).3rhe outliers have been removed from the

initial dataset using statistical techniques and then the data of the remaining modules has been analyzed. LID
discounting has been done on tNeminal value for crystalline silicon modules to arrive at tlieear
DegradatiorRateas explained in the previous chapteR% LID discounting has been dofog power rating,

split up as 0.8% discounting fog.andV,., and 0.4% foi-F. It may be notethat the 2% LID figure has been
arrived at after a literature survey (detailed in Chapter 3). It is applicable for Aluminium BSF based crystalline
silicon modules, and not for PERC modules which may suffer much higher LID depending on the cell
manufacturig process. The thin film modules also show different types of instability when exposed to
sunlight, owing to which the power output may increase over the initial value, as in case of CdTe [17], or
decrease as in case of amorphous silicon [14]. The lafkisg effects can cause up to 10% increase in
power output of CdTe modules with respect to the initial value (depending on the ambient temperature) [17].
Also, since silicon photodiode based sensor was used for the irradiance measurementl-¥uring
charaterization, the spectral mismatch of the thin flm modules also comes into picture and can introduce
some error in the irradiance measurement. However, the light soaking effects are much greater than the
spectral mismatch effects and it is difficult to gtify the extent (or even sign) of the light soaking effect in

the inspected modules. So, th& data of the thin film modules has been presented after irradiance and
module temperature corrections ithout considering any spectral mismatch or lighildéag effects

Unlike the previous survey of 2014, in the 2016 survey all modules were measured above 70 \Where

is no rejection of data due to low irradiance. Similar to the 2014 survey data, the 2016 data also shows a wide
variance in the degradation rate, so we have again separated out the surveyed sites (but®néjtés) mto

two different catgoriesi Group X and Group Y based on the average degradation rate of the site in order to
draw meaningful conclusions from the analysis.

In this chapter, w@resent the degradation of the electrical parameRais (so Voo, and FB with respect to

climate, technology age group and X/Y group. The modules have been segregated into young (installed
in/after 2011 so age is less than or equal to 5 years) and old (installed before 2011 so age is more than 5 years
categories to understand the differentdhie degradation rates of the recent installationstvia the older

ones. TheP,. degradation rate with respect to the system size is also presented in order to capture the
difference in performance for large plants (more than 100 kW) and meadiamell installations (less than
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100 kW). The template used for the graphs has been explained in Chapter 3 and the reader can refer to
Section 3.50 clearly understand the information conveyed in the figures presented here. Statistical analysis of
the data bs been presented in order to check whether the results of the electrical degradation analysis are
statistically significant or not. Finally, the degradation of the modules/sites which were repeats (in 2014 and
2016 surveys) has been compared in the &gios.

4.2 Overall P, Performance and Classification of €Si Sites into
Group X and Group Y

A total of 925 modules have been inspected during the survey, out of whikl thfe26 modules could not

be translated to STC due to fault in temperature measurementof Ghe remaining 899modules, 34
modulesshowed highP,,.,d e gr adati on rates above 5.12 %/ year, a
(based on statistical alysis discussed in Chapter 3). Their performance is discussed sepdmnately
AppendixG. The histogram of the remaining 865 modules havihwgrall P, DegradatiorRate within 5.12

%lyear is shown in Fig. 4.1. Ti@verallDegradatiorRateand thelinear DegradatiorRateare both shown in

the figure. From Fig. 4.1(a), we can see that the average (mean) valuéoktiad P,,,DegradatiorRate of

these modules i%.55 %/year with a median value of 1.51 %/yé&dre Overall P,,,xDegradatiorRate of the

2016 survey is less than tiverall P, DegradatiorRate of survey 2014 (2.0%/year) and the reason for

this is probably the inclusion of more large power plafite averagéinear DegradatiorRateis 1.2 %/year.

As the initial rapid degradatiofi.ID) of the ¢Si modules is already taken care of, this is still higher than the
normal warranty conditions (20% degradation in 25 years implyibigp@ar Degradation Raté Py, 0f less

than 0.8%l/year). It can be seen that there is a wide variahilitthe degradation rates. Based on these
observations, we can conclude that the quality of the modules and/or installation procedures vary widely, as
also reported in the 2014 survey report.

It can be seen from Fig. 4.1 that there are many modules Wwaighanegativedegradation rate. It turns out
that many of these are thiilm (mainly CdTe) modules. This is probably due to the spectral mismatch and
light-soaking effects described earlier, and also perhaps due to conservativeatingerWe haveherefore
plotted the histograms for-$i modules only, which constitute the majority of modules (refer to Fig. 4.2).
Group A in the f-$i madules. Itisesder that theBconodales Icdntfhue ¢o show a wide
variance (in contrast, théib-film modules are rather tightly distributed). Also, the average value is now
1.90%/year and 1.47 %l/year f@verall andLinear DegradatiorRatesfor the ¢Si modules, both of which

are quite high, and cause for concern. Of course, some ofShmadules are performing quite well, whereas

others are not: there are some 6goodd sites and s
the 2014 Survey, we have divided thé&icsitesi nt o Group X (6goodoQverali t es,
DegradatiorRateis < 2%/ y e ar ; and Group Y ( 6pr obOverathegradation si t

Ratesis > 2%/year. Probably, the Group Xesthave used better quality modules and/or correct installation
procedures than the Group Y sites. Note that this division of Group A into Group X and Group Y sites has
been done only for-8i, since they constitute the majority, do not suffer from unggiés of thinfilm, and
represent the present mainstream technology. As explained previously for the 2014 survey analysis, it would
be prudent to concentrate only on the 6égoodd Gr ol
climatic zone orthe performance of the modules, so as to avoid any extraneous factor. Equally important, an
analysis of the Group Y sites will reveal the deficiencies which cause rapid degradation. The separation of
the sites into Group X and Group Y has been undentakith these objectives in mind. It should be noted

that for all further analysis, theinear P, Degradation Rat&iill be used and th®verall P, Degradation

Rate will be provided for a few cases (to enable the reader to compare with the 2014 amualesis if
needed).
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Fig. 4.2 (a) Histogram ofsroup AOverall P, Degradation Rte of crystallinesilicon modules, and
(b) Histogram ofGroup ALinearP,,,DegradatiorRate of crystalline silicon modules

Figure 4.3 shows the data for each manufacturerSifrnodules and-8i site. To preserve the anonymity of

the manufacturers, their names have bemtted as A through V (shown alongpxis in the figure) and the
different sites of each of these manufacturers have been indicated using numbers (1,2,3, etc.), which is
mentioned at the top of the figure. Further, the data is colour coded to repreggiffetbat climatic zones.

Also, the age of the modules has been shown in the figure, with open symbols indicating young modules (age
less than or equal to 5 years) and closed symbols representing old modules (age greater than 5 years). It can b
seen thathere is a wide variability at most of the sites having crystalline silicon modules, with only a few
showing a tight distribution. Further the average degradation rate (indicated by the red horizontal bar) varies a
lot from site to site. Hence, the sitgih crystalline silicon modules are grouped into 2 categdriésoup X
(siteswith average value dDverall Degradation Ratess than equal to &/year) and Group Ys(teswith

average value ddverall Degradation Ratbove 2no/year). For this categaation, we have used ti@verall
Degradation Raténstead of the.inear DegradationRate in order to maintain compatibility with the 2014
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survey analysis. Also, the demarcation value &b/2ear has been chosen to be the same as in 2014 for the
samereason.

Warm & Humid Moderate ~+ Hot & Dry
Cold & Cloudy + Composite v Cold & Sunny

8 1] T 1
- L Note: A, B, C, etc refer to module manufacturer, 1, 2, 3 etc refer to different
8 7 k| sitesfor each manufacturer, colour-coded for climatic zone
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Fig. 4.3: Manufacturer wise and site wifg,.,degradation ratesncorporating climatic zone data

The histograms oDverallPower DegradatiorRateandLinear Power DegradatiorRate for crystalline silicon
modules belonging to Group X and Group Y sites are shown in Fig. 4.4 and 4.5. In Fig. 4.4(a), we can see
that the averag®verall DegradatiorRate is 1.226/year, which is a higher value than the value promised in
warranty contrats. Also, almost 90% of the modules in Group X h&werall DegradationRate below

2 %lyear. A total of 397 modules fall in Group X sites, which represents 40% of all the surveyed modules, and
45% of the 865 modules taken for detailed electacalysis after discarding outliers. On the other hand, Fig.
4.4(b) shows the histogram of tBeerall Power DegradatiorRate for sites in Group Y, where we can see that

the average degradation rate is about 2oiear withalmost 30% of thenodules showig degradation rate

above 3%l/year. The histograms of thenear Degradation Rateshown in Fig. 4.5 also lead us to similar
conclusions (though the absolute values have come down due to LID discounting). For the Group X sites, the
averagelinear Degradatio Rateis 0.89 %/year, which, though still high, is acceptable. However, the
average degradation rate even after LID discounting for the Group Y sites (comprising 45% of Group A
modules) is 2.2%/year which is a matter of concern. The Group Y sites gfaaw performance, which may

be due to material quality issues, poor manufacturing processes, poor transportation and/or handling, or other
causes such as oveting of moduleslinaccurate rating of modules may result from poorly calibrated
measurementsithe PV module manufacturing facilitidaurthermore, deliberate oveating of modules also

cannot be ruled out, since some unethical manufacturers may be aware that for some shipsientesting

is unlikely. As mentioned before, the climatic zon#tuence is later checked only for the Group X sites, and

not for Group Y sites, in order to avoid any extraneous factors like manufacturing quality and installation
procedures from influencing our conclusionse Wave done technology and age variatioalyais for both

Group X as well as Group modules Group A is the super set comprising of both Group X and GrgumY
addition to the thin film module$n subsequent chapters, we shall analyze the Group A modules, or Group
wise modules as deemed appiate.
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Fig. 45: Histogram ofLinear Py, DegradatiorRateof (a) Group X modules and (b) Group Y module:

4.3 Climatic Zone Variation

Climate plays a major role in the performance degradation of the PV modules [10], so we slufidictiisst

the degradation rates dfV parameterswith respect tothe climatic zone. We will focus onthe climatic

variation analysigor Group X modules Bansal and Minke [37] have divided India into six climatic zones.

We shall initially present the performance data with respect to tkmosix classification system, and then also

show the data as per the internationally accepted Ke@eéger classification system. The six climatic zones

have been colour coded for the ease of understanding, using orange for Warm & Humid, red for Hot & Dry,
green for Composite, magenta for Moderate, blue for Cold & Sunny and grey for Cold & Cloudyashiso,

the 2014 survey data analysis, we shall present some of the data by clubbing the climatic zones into Hot zone
(Warm & Humid, Hot & Dry d&dnd 6CamompennyiColddaomeand and
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Moderate zones) to highlight the effedt kot climates. In addition to thB.,,x degradation ratewe also
present thearious othet-V parameter degradatioates as a function afimate zone.

We have usethe mean (average) to represent our data set which is shown by a red horizontalllitteein

figures of this chapter. The error due to measurement and STC correction has been shown using green bar or
right side and the error due to uncertainty in name plate has been shown using pink bar on left side of the
datasets. The red diamond rep@s the 95% confidence interval. The total number of data points (modules)

is indicated inside the square bracket at the top of the respective categeeyted triangle symbslhave

been usedor data representing Indian climatic zones, diansdadthe international classification and circles

for the Hot and NoiHot zonesHollow symbols have been uséamt moduleswhose age igess tharor equal

to 5 yearsand solid symbols for age more than 5 years.

4.3.1 Influence of @imate onP,,,Degradation

The Linear Power DegradationRate of the Group X modules with respect to th&-zone climatic
classification systerhas been shown in Fig. 4.6t is seenthat theaveragelinear Degradation in power is
highest inWarm & Humid climate (neglecting the 20 modules from the Moderate climate as the number of
samples is too lowand least in Cold climatavhich is consistent with the 2014 survey resuitaeeds to be
remembered here, that the power degradation rates mentioned in thise @atived at after discounting for
LID so the numbers are lower than those reported in 2014 survey rédstisthe 2016 data show lower
overall degradation compared with 2014 because of the inclusion of more large Hiteseason for the
highest detpdation rates in the Warm & Humid zone may be that discoloration, delamination and corrosion in
interconnects araccelerated at higher temperasieend humidity.tican be seen that tig,,, degradation rate
variation is tight for the Group X modules,dathis lends confidence to our assertion that climatic variations
are well captured for Group X. Some of the young modules have a ndgatdeeDegradation Ratevhich

may be due to oveatiscounting of LID, underating of the nameplate, and/or erroedo STC translation.

The power degradation rate of the Group X modules with respect to Hot adddti@ones is plotted in Fig.

4.7. In this plot, the cumulative probability distribution is also shown so that the reader can understand the
nature of the @tribution. In the cumulative plot, the points on the 50% probability line represent the median
values. We can see that modules deployed in the Hot zones are degrading at a faster rate than the modules i
the NonHot zones. Looking at the cumulative plohe can say that the young modules in Hot zone have the
highest degradation, followed by the Old modules in the Hot andHdbrzones, and the least degradation is
seen in the young modules in Nbat zone. Figure 4.8 shows théear Power DegradationRate of the

Group X modules with respect KoppenGeiger climate classification systeVe can see that modules in
Tropical climate followed byArid hot climate show high value oLinearP,«Degradation Raterhich again
confirmsthat the modules in the hot climates are degrading at a fasterlmataur survey, only thin film
modules were inspected in the Arid desert climate so the graph shows no samples for this zone.
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Fig. 4.8 Comparison otinear P Degradation Ratevith respect to Koppefseiger climate
classification for Group X modules

4.3.2 Influence of Mimate onl-V Parametersl{., V,.andFF)

The climatic-zonewise distribution ofLinear DegradatiorRatesfor the varioud-V parametes Prmax lso Voc

and FF) for Group X modules is shown in Fig. 4.Bor most climate zondsF degradation is the largest
contributor toP,.x degradation, though for thtot & Dry and Composite zonethe I .degradation rates also
significant. The reason for the hidgH degradation is probably due to cell to cell mismatch in the module
caused by cracks as evident from the snail tracks and EL images (explained in more detail in Chapters 6 and 7
respectively). The highdg.degradations probably due to the high tempenat in theselimates (especially

Hot & Dry), leading to increaseeincapsulanbrowning whichreduces the light transmission to the solar cells

(refer also to Chapter 6 wheligdegradation and encapsulant browning are corrélated
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4.4 Technology Based Variation

4.4.1 Influence of echnology orPy.xDegradation

Figure 4.10shows thd.inear P, Degradation Rat&s/year) for Group X <Si and thin film modulesd-rom

the figure we can see that mudtiystalline silicormodules arelegradingat afasterratethan monecrystalline

silicon modules. Among the thifiilm modules,CdTe modules are degraditite least.Both CdTe and 5i

modules are degrading at a much lower rate as compared to the crystalline silicon modules. It should be kept
in mind that the CdTe and%i modules are usually undeated (as a standard practice) to take care of the
stabilization effects. Bther, these modules are usually from internationally-iredwn manufacturers who

have strict control over their production (and sometimes installation) quality. On the other hand, there are
many ¢Si module manufacturers, some of whom are new to monhaleufacturing. Hence, it is not
unreasonable to find that the average degradation rates of the thin film modules are lower than that of the
crystalline silicon modules. There are insufficient samples for CIGS and HIT, so we will not comment on
these techologies.Figure 4.11shows thelinear P, Degradationper year for Group A €Si and thin film

modules. It may be noted here that we have not used colours in these plots since the technologies are nof
differentiated by climatic zone.

~32~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

All Technologies

= A [(86](192] [90](29] [12][46]  [10][0] Open: Young
o 6F Filled: Old
= b &
£ 5t
g A
@ i [751[0]
. x 3p [ox10
25 2
£s (-0.08)
L :
a -1
o -3 1 1 1 1 1 1
) 7] [) -
ax gx & ¢ &5 X
O o - %) O
= 3
g £
SO0 20

Fig. 4.1Q Linear P o« Degradatiorper year fomodules ofdifferent technologieor c-Si, only Group
X modules are considered)

All Technologies

[120][220] ([329][43] [12][46]  [10][0] Open: Young
n Filled: Old

[75][0]
[0][10]
(-0.08)

Linear

Pmax Degradation Rate (%/year)
O = N W b 0N O N

U 1]
N =

]
w

CIGSH
HITF

Mono c-Si

Fig. 4.11 Linear P Degradatiorper yearfor modulesof different technologiegall (Group A) eSi
modules are considered)

~33~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

4.4.2 Influence ofTechnology or-V Parametersi{, Vo & FF)

The degradation in the power output is caused by degradation in one or more of the electrical parameters.
Figure 4.12showsthe Linear Pray lse Voc andFF degradatiorratesfor Group X ¢Si and thinfilm category
modules. From the figure it is quite evident that for crystalline silicon mogslegradation isnainly due

to degradation ir-F, followed byls. On the other handor the thin film modulesP.x degradation is nsily
associated with the degradationvi followed by theFF. Figure 4.13 shows thienear Py, lse, Voc andFF
degradatiorior Group A ¢Si and thinfilm modules which yields similar conclusions
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4.5 Age Based Variation

We have separated out the modules into young (installed in28ftdf s o age O 5 vyear s)
before2011, so age > 5 years) categories in order to ascertain the effect of agePpp,tiegradation rate (%

per year). We have confined this analysis of age variation only to crystalline silicon modules, as we had very
few thin film modules in the old age category. Figure 4.14 shows the histogranmear Py, Degradation

of young and ola-Si modules in Group A. We can see that the aveltagsar DegradatiorRateof the young
modules is much greater (1.88year) than that of the old modules (1%lyear), and also the spread of the
degradation rates is much wider in young modules as aechpa old modules.

Figure 4.15shows the effect ainodule age on the degradatid the -V parameters of the crystalline silicon
modulesonly from Group X sites From the figure we can say that sk¢oungmodules from Group X sites
are degrading maimglly slowerthan the oldnodules Also, it is seenfrom the figurethatthe degradation in
power for young modules mntirelydue to degradation in fill factoFE). However, for the old modules, the
degradation P, is due to degradation imothlscandFF. This seems to point to the fact that old modules
degrade mainly due to encapsulant browning (which redugesell cracks and corrosion (both of which
reduce thé=F), whereas young modules degrade dudetcreasén FF, possibly caused bgracks generated
during installation (this is discussed in more detail in Chapter 7).

Figure 4.16 showthe effect of ag®n the degradain d the |-V parameters ofsroup Y crystalline silicon
modules Here, in clear contrast to the observation for Grgupodules, the degradation f,.«is higherfor

young modules. This may be indicative of ovating, if we speculate that this unethical behavior is more
prevalent in recent timesAlso, inaccurate rating of modules can be the result of poorly calibrated
measurements in the module manufacturing facilitfegain we can notice that degradation in power for
young modules is mainly due fitl factor (FF), whereas for old moduledegradationis due to botHs. and

FF. The FF degradation can be ascribed taaks caused by poor installation. THE degradation rate is

much higher in Group Y as compared to Group X young modules, which indicates that the problem of cracks
is more severe in Group Y modules as compared to Group X modules (this is confirmedabglEis as
described in Chapter 7).
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” | § Median; 1.71 %/year 1" Median: 0.94 %/year
60+ # | Average. 1.88 %/year 60 } " Average. 1,11 %Jyear
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Fig. 4.14 Histogram ofLinear DegradatiorRatesof ¢-Si modules in Group A, for (a)oyyng modules,
and (b)old modules.
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4.6 System Size and Installation Based Variation

We have separated out the sites surveygd two categories based on the size of the installation
small/medium size (less than or equal to 100 kW) and large size (greater than 100 kW capacity). In order to
maintain consistency with the 2014 survey analysis, we have chosen 100 kW as thetdemahereason

for choosing 10kW as a demarcation can also be justified from Fig 4.17, which shows the akerege

Pmax DegradationRate for different Group A sites with respect to respective system size. Also, we can see
from Fig. 4.17 that the siwise averagé.inear P, Degradation Ratés concentrated on the either side of

100 kW line.
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Fig. 4.17 AveragelinearPy.cDegradatiorrate of Group A sites with respect to system.size

Figure 4.18 shows thenear P, DegradatiorRatefor thesecategoriesfor Group A, while Fig. 4.19 shows

the corresponding data for Group X arte can clearlysee from the figurethat modules installeth large

PV systems (includinW scalepower plants) are degrading at a much lower rate than the modules in the
smaller installationsThe cumulative probability plots given on the right side of the figures show that the data
distributions are different from each other (so the differences are istdlyssignificant). This important

result informs us that large commercial and utility scale installations (even in Group A) are performing better
(0.99 %lyear)than smaller installations, but also flags a warning about poor performance of small and
medium sites(1.68 %/year) However, if we only look at installations in the Hot zone, the large sites in
Group A haveanaverage degradation rate of 1%8year (refer Fig. 4.20) which is quite high. Even for the
Group X modules, thaveragedegradation ratéor large installations in Hot zoneshggh at 1.12%0/year as

shown in Fig. 4.21. Segregating the sites into young and old, as done in Rgndi23, clearly shows that

the youngargepower plants are degradingasignificantly higher rate thathe old power plants in the Hot

zone. Since most of the large installations are going to come in the Hot zone, this data indicates that large
power plant installers also need to be cautious about the quality of the panels and installation proteelures.
difference we see between young and old modules appears to indicate that such caution has not been
adequately exercised in the newer sites.
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We have alsdried to capture the effect of roaghounted and grounchounted installatiomn theLinear Ppa
t hnaotu nmoesdtd dGarrceofact ual |y
roofs.) Figure 4.24hows thd.inear P, DegradatiorRatefor roof and grounemountedmodulesfor Group

DegradationRate

( Not e

rack

mount

A sites. Fom the figure it isseenthat grou-mounted modules are degrading at a lower rate than the roof
mounted panelfor the small size category (we do not have any-motinted large installation in our survey).
This is not unexpected, and may be due to the module quality and installatied istalies in the smaller
rooftop sites (our data in Chapter 7 rules out the conjecture thatademounted sites run hotter). Figure

4.25 shows the corresponding plot for Group X modules, and we can see a similar trend.
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Fig. 4.19 Effect of system size drinear P,,.x Degradatiorfor Group X modules

.18 Effect of system size ohinear P, Degradatiorfor Group A modules.
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From the foregoing analysis, the following overall picture emerges-&irrmodules.
especially the Group X sites, are performing reasonably well, but if we look at a subset of these in the Hot

zones, we see a relatively high degradation rate. Further, the newer sites perform worse than the older sites.
These conclusions indicate fairly clearly that (a) hot climates accelerate degradation and (b) adequate care has
not been taken in module gitgland/or installation in recent years.
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4.7 Study of Potential Induced Degradation

The high degradation rates observed in the Group Y sites raises concern about the possibility of potential
induced degradation (PID) at these sites. PID has recently been one of the major concerns of PV power plant
owners since the power output of PID atel modules drops down drastically within a short period of field
exposure [39]. PID always affects the modules that operate at a negative voltage with respect to ground (for
modules made from-fype wafers), and this means that a distinct signaturelbfsthe higher degradation at

the negative end of the string, which gradually reduces towards the positive end [39]. During the survey, the
position of the modules in the string with respect to the negative terminal of the inverter was noted down in
order to ascertain whether the module degradation rate has any correlation to the position in the string. Fig.
4.26 shows theinear Pn. Degradation Ratewith respect to the position of the modules in the string for
some of the PV power plant sites survey&bde data does not show much evidence of PID in the modules
inspected during the survey. However, at one of the sites, EL images of some of the modules have shown
degradation of the cells at the edges of the modules (which is a signature of PID) anddiheles have
degradation rate greater than 5%2 y e ar so these modules are discu
Outlierso.
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Fig. 4.26 Linear P« DegradatiorRates with respect to the position of the modules in the string
some of the inspectd®V power plarg.

4.8 Statistical Analysis

4.8.1 Nature of Degradation Rate Distribution

The histogram ofLinear P, Degradationfor the crystalline silicormodules does not follow arstandard
distribution. However, by virtue athe Central Limit Theorem, the asymptotic distribution of the average
Linear DegradatiorRateper site turns out to be a normal distribution. Also, by virtue of extreme value theory,
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the limiting distribution of the maximunkinear DegradationRate per siteis found to be the Gumbel
distribution (shown in Fig.4.27), with estimated value of the location parameter = 2.043 and
scale parameter = 1.21Based orthis informationit is possibleto computethe probability of various events

of interest and use propertiestb& underlying probability distribution, albeit approximate, to draw inferences
about physical characteristics of the phenomenon under considerdtion.example,the probability of
maximumLinear DegradatiorRate of any moduleat a particular site exceedingd/year iscalculated to be
0.905, while the probability exceeding®@year is 0.645. It should be noted that this isntaimunrate at

the site, and most of the modules will degrade at a lower rate.

c-Si Technology

Frequency

3
Linear Degradation Rate (%/year)

Fig. 4.27:Histogram for maximunhinear P,,,DegradatiorRatesfor a module at any site with Gumb
curve over histogram

4.8.2 Determination of Statistical Significance

Since there are multiple factors at any site that can influence the module degradation rates, it is important to
check the statistical significance of the results obtained from the analyses in the preceding sections. For this
purpose, statistical regressibas been performed using the logistic regression model as explaiBedtion

3.6.This is considered as Model | (refer to Eq. 4.1).

iie— | 1 Al Ei AOAAI Ei AOAI Ei AOMI Ei AOMI Ei AOA
t ACAT 11 61 OET @UODEIUA é (4.1)

where,

climate; = Hot & Dry

climate; = Moderate

climate, = Composite

climate; = Cold & Sunny
climate, = Cold & Cloudy
mounting = Ground mounted
system size = Large systems
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All six climatic zones have been initially considered for this analysis, but the results have shown that some of
the climatic zones are not statistically significant as tlielpe is greater than 0.05 (refer to Table 4.1).

Table 4.2 Parameter Estimatesid pvalues for two climatic zone model

Covariates Estimates p-value

Intercept 2.71410 3.22e15

Climate Category PHot & Dry) 0.43965 0.07953
Climate Category 8Voderate) 1.12257 0.15015
Climate Category 4Composite) 0.76486 0.00706
ClimateCategory §Cold &Cloudy) -16.52064 0.97544
Climate Category €Cold & Sunny) -2.98704 1.05e12
Age -0.03544 0.11454

Mounting (=1 for ground mounted) -2.61777 < 2el6
System size (=1 for large system size) -0.07216 0.77676

Hence, the siclimatemodel is better replaced with a tvebmate (Hot and No#Hot) model. Such a model
has been developed, with the following factors as explanatory variables:

a) Climatic (a categorical variable with two categoiie®dlotba n d -6iNb B )

b) Age (a continuousariable)

c) Mounting type (a categorical variable with tn@oftop and ground mountingategories)
d) System size (a categorical variable with #&me and smallcategories)

The twaclimate model (referred to as Model Il) has the following formulation:
iie— | 1 ACAy i1 61 OEf QUOBAIUA Ui 1A é 42

where,

climatg (climate) = Hot (NorrHot)

mounting (mounting,) = rooftop (ground)

system sizg(system sizg)= large (small)

and Jjs a fourdimensional column vector with its elements being one level of each of the categorical
explanatory variables (climate, mounting, system size) and a continuous variable, age.

Table 4.2 shows thgarameter estimates obtained after fitting the abowdel to the degradation rate data. As
the system size explanatory variable turns out to be statistically insignificaatug= 0.665> 0.05), Model

Il is refitted by dropping this explanatory variable and the resulting model is demlddel Ill. The
information about its parameter estimates is summarized in F&ble is evident from the information in this
table that each of the explanatory variabtemntioned below arstatistically significant (pralue <0.05) and
affectsthe probability ofP,.«degradation rates for the modileinggreater than %/year

a) Climatic zone (a categorical variable with two categdriet andNon-Hot)
b) Age (a continuous variable)
c) Mounting type (a categorical variable with tr@oftop and ground mountingategories)
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Table 4.2 Parameter Estimates andig@lues for tweclimatic zone model (Model )

Covariates Estimates of Parameters p-value

Intercept 1.88387 2.39el2

Age -0.10685 3.32e09

Mounting (ground mounted) -3.42402 <2el6
System size (larggystem size) -0.10387 0.665

Zone 2.41870 1.04e15

Table 4.3 Parameter Estimates anda@lues for revised twalimatic zone model (Model IlI)

Covariates Estimates of Parameters p-value
Intercept 1.86730 1.86e12

Age -0.10440 1.10e09

Mounting (groundmounted) -3.44135 <2el6
Zone 2.38193 <2el6

The parameter estimateriegative for age, whicmeans that the older modules have a lower degradation rate.
Similarly, in view of the negative parameter estimate for mounting type, modules in the ground mounted
systems have lowgrrobability of degradation ratexceeding 1%/year as compared tmodulesin rooftop
systems. The sign of the parameters estimate corresponding to zone variables isimgdyiing that the
modules in Hot zone area have higher degradation rates than thosehltotNmmes.

To understand the impact of type of mounting (ground versus rooftop), the above musfdrisulated
separately for the roof mounted and ground mounted systems. 4l4bleows the odds and probabilities for
power degradation greater than%/year for nodules installed in different mounting configurations and
climatic zones. The odds moduleP,,.,degradation rate greater thafalyearare lowest for ground mounted
systems in No#iHot zone, and highest for roof mounted systems in Hot zone. In the Hatthenchances of

power degradation greater thardyear are significantly higher in roof mounted modules than in ground
mounted modules.

Table 4.4 Effect of mounting type and climatic zone

Covariates Odds for age=1 | Probability for age=1 Odds for age=5 F;:)c;b%béh:t%/
[ (x) L&) [ (x)] [ (x) L&) :
[ (x)]

- .

GM* systems in Hot 2.02080 0.66896 1.33097 0.57099

Zone

- .

GM* systems in Non 0.18666 0.15730 0.12294 0.10948
Hot Zone

RM* Syzgenfgs In Hot 63.10767 0.98440 41.56514 0.97650
- :

RM* systems in Non 5.82936 0.85357 3.83944 0.79336
Hot Zone

* GM=Ground Mounted, RM=Roof Mounted
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4.9 Three Point Data Analysis for Repeat Sites

Figure 4.28 shows the performance of the modules installed at sites which were repeated in 2014 and 2016
survey.Each plot(a) to (j) represents a site which was repeatedly measured in 2014 and 2016 surveys. The
average power (after STC translation) of tme®dules inspected at the site is shown along with the
translation/measurement error (green bar). In most cases, the average power is monotonically decreasing
except for one site (refer Fig. 4.28(j)). The slope of the red line joining the 3 points dottheepresents the
degradation rate. In most cases, this slope is larger between the nameplate and the 2014 measurement a
compared to the slope between 2014 and 2016 measurements, which indicate the influence of the Light

Induced Degradation in the iratiyears of field exposure.
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Fig. 4.28:Performance of the modules installedlatsites(a) through (jwhich were repeated in 2014
and 2016 survey
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Table 4.5 provides the average degradation rates of the repeat sites cabyudatiefferentprocedures:

a) LID discounted degradation rate based on 2016 survey measurements

b) OverallDegradatiorRate based on 2016 survey measurements

¢) OverallDegradatiorRate based on 2014 survey measurements

d) OverallDegradatiorRate based on difference in power output between 2014 and 2016 measurements
It can be seen that the degradation rates given in the second, third and fourth columns of the table are mostly
quite clo® to each other, but differ significantly from the values given in the last column (calculated based on
repeat measurements in 2014 and 2016). The average degradation rate of these sites based on repe:
measurements is 3.04/year, whereas the average eabf the LID discounted degradation rate as per 2016
measurements is 2.48/year. In some of the sites, the degradation rate between 2014 and 2016 are very high,
which may be due to the error in translation and measuremksat. it is important to note #t the 2014
survey was conducted in Sdgov (early winter) while the 2016 survey was conducted in Mataly (early
summer).

Table 45: Degradation rates of repeat sites

Site No. (as | LID DiscountedPn.x | OverallPma(%/year) | Overall Pnax (%/year) OverallPyax
per 2016 (%/year) rate for rate for modules rate for modules (%/year) rate
survey) modules measured measured in 2016 measured in 2014 | between 2014 &

2016 2016
2 3.99 4.75 4.43 0.55
5 5.05 6.17 2.30 4.60
12 1.03 1.28 0.41 4.66
17 1.32 1.75 1.65 0.31
18 2.14 2.76 2.26 1.08
22 4.64 5.25 4.89 0.79
26 2.52 2.64 2.22 4.63
27 3.23 3.41 1.96 10.41
37 1.13 1.27 1.08 1.86
34 -0.76 -0.26 -0.83 1.52

Average of 2.43 2.90 2.04 3.04

above sites

4.10 Summary

From the electrical degradation analysis we can draw the following conclusions:

A There is a lot of variability in performance of crystalline silicon modules. Almost half of the surv&jed ¢
modules (Group X) are performing reasonably well, while theofedie modules (falling in Group Y) are
not. Some sites show excellent performance, whereas some show grave problems. These observations
point to issues regarding module quality and/or installation procedures.

A Modules in Hot zones (Hot & Dry, Warm & Huthiand Composite) show higher degradation rates than
the modules in Not#ot zones (Moderate, Cold & Cloudy and Cold & Sunny). This warrants more
attention to understanding the hot climate degradation modes, as well as accelerated testing and
appropriate ceification for these climates.

A In Group X, young modules (age <5 years) show a slightly lower degradation rate than old modules
(age >5 years). However , iiGfoupKpuGreaus Y) fire considésed,0 u p
young modules show a highéegradation rate than old modules. This indicates that young modules seem
to have problems regarding quality of modules, installation, and/or possibleatiner
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In old crystalline silicon modules the main contributor to Byg, degradation id,. followed by FF,
whereas in the case of young crystalline silicon modules the main contributorRg.jltegradation is

FF degradation. The fact that young modules show a higher degradation rate mainly due to FF
degradation indicates the possibility ofiletate overating of the power of the module.

Modules installed in large systems (size more than 100 kW) are degrading at a much lower rate
(~1%lyear averagkinearDegradatiorRatefor Group A) than modules installed in small systems z# si

|l ess than 100 kW. Al | arge systems f all in the
large sites in only the Hot zone haves an aveltagear P,,.x DegradatiorRate of 1.28%/year which is

much higher than the linear warranty. Also yloeing large systems are degrading at a higher rate than the
old large systems in Hot zones. Hence, installers need to be cautious about the quality of materials and
installation practices.

Roof mounted modules suffer from a higher degradation rate asacednfo ground mountedodules.

This needs special attentionas40@W | ndi a 6 s ark fldneGtd/betinatallgdeon rooftops

The power degradation rate for the surveye8i anodules does not follow any known statistical
distribution, but the maximum degradation rates at the sites follow the Gumbel distribution. Statistical
analysis of the data confirms that the module degrataties in the different climates of Hot are similar,

and hence it is recommended that for analysis of photovoltaic degradation, only two climatic zones be
considered Hot and NorHot. Statistical analysis has shown that while the influence of the clitypte

of mounting and age are significant, the size of installation surprisingly does not have any significant
effect on the power degradation rate

~ 49~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

5. Analysis of Dark |-V, Insulation
Resistance and Interconnect
Breakage Data

5.1 Introduction

Darkl1-Vis a commonly used characterization tool for assessment of degradation in the semiconductor devices
(solar cell). It provides information regarding into the quality of the solar cell includingotitaats, series

and shunt resistance. High insulation resistance is an important safety criterion for PV modules, particularly in

high voltage systems like PV power plants. Interconnect breakage test helps in identifying discontinuity in the

cell or stringinterconnects which may be caused by corrosion or thermal fatigue in the module.

In this chapter, we will present the analysis of the dlarldata, in terms of degradation in the overall ideality
factor of the solar cell, with respect to age and climatic zone. We shall also correlate theP.ifear
Degradation with degradation of the overall ideality factor. We will then present the analyssirusulation
resistance with respect to Group X and Group Y modules and also with respect to small/medium and large
systems. Finally we present the correlation of series resistance andRipedegradation with the number

and extent of interconnebteakage in the PV modules.

5.2 Analysis of Dark I-V Data

Dark 1-V characterization was done in the field by covering the module by with a black cloth and then
sweeping the voltage from zero to the open circuit voltage and measuring the output current. Theaflark

the module thus obtained was converted into the Idslréf an equivalent solar cell by dividing the voltage (at
eachl-V data point) by the number of cells in the modu2§][ Figure 5.1 graphically demonstrates the
concept of dark-V of the equivalent cell. The advantage of applying this technique ist thaables us to

directly use the one diode model to obtain the davkparameters such as ideality factaj and reverse

leakage currentlf) [40]. Since the ideality factor calculated is influenced by wheékecurve, we refer tit as

the O60OealFiaty factord. Thi $-Vpamroetersihas been desoriber intdetail and t h
discussed separately in Appen@x

5.2.1 Correlation of Overall Ideality Factor with Age

The Overall ideality facton of the equivalent cell is calculated at the maximum power point. Figure 5.2
shows the variation in Overall ideality factor with age. From the plot, we can see that the Overall ideality
factorn increases with increase in age of the module. This indidagshe solar cell itself, and not only the
packaging material of the PV modules, degrade over the years. This increase in Overall idealityi$aator
reasonable expectation because as the age of the diode increases, its characteristics degratpl@atuex

to increased leakage) and hence its Overall ideality factor increases. However in Fig 5.3thahdines
series resistance foéhose modules increases with age and Overall ideality fackas an increasing trend
with the series resistance (aBown in Fig. 5. 3b). This indicates that the Overall ideality factor may be
degrading partly due to increased series resistdileeincrease in the series resistance is due to corrosion in
metallization. The correlation between the series resistanctharabrrosion is shown in Chapter 6 in more
detail.
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5.2.2 Variation of Overall Ideality Factor with Climate

Figure 5.4 shows the ageeraged Overall ideality factor variation with respect to Hot andH\uirZones. It

is seen from the figure that the modules in the Hot zones have a slightly higher valas ocbmpared to
modules in NofHot zones. Possible raasfor this may be the higher operating temperature and/or humidity

of the PV modules, which may accelerate degradation. The high value of Overall ideality factor causes
decrease in the value of tR€ and eventually results in the degradatio®in.[41]. Hence we can say that in

Hot zones theP,. degradation is not only due to degradation in packaging materials, but also a small
contribution due to the degradation in the solar cell. However, it should be noted that our datan $&t for
small, so readhg a definitive conclusion for climatic zone variation is difficult.

Cumulative Probability
¢-Si Technology

Distribution
25 2.5
(163 (13
=
—
S 20f 42.0
3]
8 i .
z
™ 15} 1.5
= (1.34) ; (1.25)
E S %
o 10F E 41.0
>
()
0.5 L 4 5
Hot zone Non Hot zone 0% 50% 10090
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Fig. 5.4: Correlation of Overalideality factor with respect to Hot and Nétot zones. The Overall
ideality factor is averaged over all ages.

5.2.3 Correlation of Overalldeality Factor with LineaP,,,Degradation

Figure 5.5 shows the correlation between the Overall ideality fachod the (total) percentage LineRya
DegradatiorRatefor Group A modules. An increase incauses a decrease in tRE value which finally
decreases the power output of the module. Hence it clearly correlates the power output of the module with the
quality of the semiconductor device. Note that in Fig. 5.5, the total power degradation is plotted, not the

annual degradatiorate.
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5.3 Analysis of Insulation Resistance Data

Insulation resistance of the PV modules was measured by using a Fluke Insulation Tester. The output
terminals of the module were shorted and connected to the positive terminal of the instrument, while the
negative terminal of the instrument was connecteth¢ frame of the module. The dry insulation resistance
was measured in this manner. For tmeto insulation resistance, the top glass of the module was fully
covered by a wet cloth. This procedwieour drvetd insulation test differs from the IEC pregmd method

which is used for indoor testing and certification of modules. In the IEC 61215 test procedure, the wet
insulation resistance is measured by submerging the module in water. SineeeBunsulation resistance
measuremerih the fieldis not & per the IEC procedure, therpretatiorof the datawill not be comparable

to the IEC standardut is presented here because of importance in terms of. safety

5.3.1 Analysis of Dry Insulation Resistance

As per the IEC 61215 standard, the criterionpassing the dry or wet insulation test is that the product of
insul ation resistance and ar éornotlule arkaemom thdnwlPem b e |
From Fig. 5.6(a), we can say that 99.5% of the surveyed modules in all the cate§jibri€soup X and

Group Y) have passed the dry insulation test. Also, from Fig. 5.6(b) we notice that 99.5% of both the young
and old modules have passed the dry insulation resistance test in all the categories (All, Group X and Group
Y).

5.3.2 Analysis d dNetdlnsulation Resistance

For the analysis of our o6wetd insulation resistan
test method, we have considered the {fa<riteria as mentioned in IEC standard (same as for the dry
insulationr esi st ance test mentioned above). Figure 5.7

for the surveyed modules. Overall 23% of the surveyed modules have failed in our test, and the percentage of
failed modules is significantly higher i@roup Y as compared to Group X. This is a major safety concern,
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considering that the modules are mainly manually cleaned in India using water, during daylight hours when
the system voltages are high.
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Fig. 5.6:(a) Percentage of modules passed or failed in the dry insulation resistance test for di
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Fig. 5.7: (a) Percentage of modules passed or failed idte®insulation resistance test for differel
groupsi Group A Group X, and Group Y, and (b) percentage of modules passed or failestin
insulation resistance test fGroup A Group X, and Group Y modules for young and old catego

5.3.3 Analysis of Insulation Resistance with respect to System Size

Figure 5.8 shows the percentage of modules passed or failed in the dry insulation resistance test for
small/medium systems (system size less than 100 kW) and large systems (system size more than 100 kW). It
is evident that the modules in large installatioare slightly performing better than small/medium
installations, and 100% of the modules in the large installations have passed the dry installation test. This is
very good with respect to the safétythe large size PV systerRigure 5.9 shows the penctage of modules

passed or failed in our 6wet 6 insulation resista
100 kW) and large systems (system size more than 100 kW). It is evident that a significantly higher
percentage of modules froemma |l | / medi um i nstall ations have faile
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compared to the large installations. Since 30% of the surveyed modules in the small/medium sites have failed
the test, it is a matter of concern from safety point of view.
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Fig. 5.8: Percentage of module passed or failed dry insulation resistance test for small/mediu
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Fig. 5.9: Percentage of module passed or failed wetdidsulation resistance test for small/mediu
and large installatian

5.3.4 Correlation of LineaP,.Degradation with Insulation Resistance

Figure 5.10 shows that the LineRy.x DegradationRate (%/year) increases with decreasery insulation
resistance for Group A modules. This clearly indicates the correlation of the output power degradation of the
PV modules with the material quality. Also, poor insulation resistance may result in safety related issues.
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Fig. 5.10: Correlation ofP,degradation rate (%/year) with insulation resistance for Group A module

5.4 Analysis of Interconnect Breakage Data

Interconnects provide electrical connection between the cells and conduct the electrical power to the external
load from the cells in the PV module. Usually there are 2 or 3 interconnects in each cell, which provide
necessary redundancy in case of breakagay part of the interconnect. However, if there is a breakage even
in one interconnect, the whole cellds current wou
leading to current crowding, which increases the series resistance ofotfule, thereby degrading the fill

factor and the power output. The Togami Cell Line Checker was used to test the interconnect breakage in the
PV modules during the survey. The point where the interconnect breakage was obtained was marked with a
red marler pen on the module. If the breakage is at a single point, it is termed as point breakage, and if it
continues over a length of the busbar it is termed as line breakage. Figure 5.11 shows some examples of point
breakage and line breakage. Severity inrguenect breakage is defined as the ratio of number of cells
affected by the interconnect breakage to the total number of cells in the module.

Fig. 5.11:(a) Point breakage and, (b) line breakage
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5.4.1 Analysis of Interconnect Breakage with resgecdtlimatic Zone

Table 5.1 shows the percentage of modules affected by interconnect breakage in different climatic zone in all
age categories. This table has been colour coded for ease of understanding, where green is used for low value!
(percentage of &cted modules is less than 33%), orange for medium values (affected modules between 33%
to 66%) and red for high values (more than 66% modules affected). From the table we can see that modules in
Hot & Dry zone are affected the most as compared to ther atlimatic zones. The reason for high
interconnect failure in this climatic zone is likely to be due to thermal cycling because of change in the day
and night temperatur@4]. Also, the percentage of modules affected by interconnect failure in old rsadule
relatively high in the Warm & Humid climatic zone. Corrosion of interconnect could be the probable reason
for this. From this table we can conclude that the percentage of modules having interconnect breakages is
more in Hot zones as compared to theitwt zones.

Table 5.1:Percentage of modules affected by interconnect breakage in different climatic zones and age

groups
Percentage of Modules Affected

0-5 5-10 10-20 20+ All Ages
Hot and Dry 4% (57) 6% (52) H 36% (14) | 19% (151)
Warm and Humid 4% (100) 7% (84) 30% (30) NA 9% (214)
Composite 0% (132) | 15% (132) | 33% (19) NA 5% (164)

Moderate 0% (80) NA NA NA 0% (80)
Cold & Sunny 0% (30) NA 13% (76) NA 10% (106)

CW 0% (20) NA NA NA 0% (20)

5.4.2 Correlation ofinterconnect Breakageith Series Resistance

The series resistance of the module is calculated by taking the inverse of slope of thd-Ngbtede near

the open circuit voltage point (where current is nearly zero). Figure 5.12 shows the correlation of series
resistance vih the severity of the interconnect breakage. It can be clearly seen that as the severity of the
interconnect breakage increases, the series resistance (expectedly) also increases which rédueasl the
consequently decreases tRg.. In Section 5.4.1we have seen that percentage of modules having
interconnect breakage is more in Hot zones, so this is one more reason why modules in Hot zones have highel
degradation rates as compared to the-Nohzones.
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5.4.3 Correlation ofinterconnect Breakageith LinearP,,,Degradation

Figure 5.13 shows the correlation of Lindy. DegradationRate (%/year) with severity of interconnect
breakage for Group A modules. It can be clearly seen that the output power degradation rate increases with the
increase in the severity of interconnbotakage.
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Fig. 5.13:Correlation of LineaP,,x DegradatiorRate(%/year) with severity of interconnect breakage fi
Group A modules.
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5.5 Summary

From the analysis of the daftkV, insulation resistance and interconnect breakage data, we carnhes
following conclusions:

1 The Overall ideality factor of the module increases with the increase in the age of the modu
shows that the quality of the cells does degrade as the age of the module. It could be due in
series resistance.

1 TheOverall ideality facton is slightly higher in the Hot zones as compared to the-Nanand it
has good correlation to the percentage power degradation.

1 Analysis of insulation resistance shows that more than 99% of the modules have passec
insulation resistance test. Also, 100% modules installed in the large system category have pi
dry insulation test which shows that large power plantslaireg well with respect to the safety tl
PV system. AlsoPn.xdegradation increases with decrease in the measured value of the ins
resistance.

1 Modules in the Hot zones have shown larger percentage of interconnect failure as compar
NorntHot zones. Also the series resistance of the module increases with the increase in the se
the interconnect failure which eventually reduces the power output of the module.

~59~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

6. Analysis of Visual Degradation

6.1 Introduction

Many of the degradation modes of PV modules show visible signs which make it easy to identify them. These
visible degradation modes serve as early indicators of impending loss in electrical power output. Also, visual
degradation analysis helps in idenitiiy the root cause of the electrical degradation. During the All India
survey, we have inspected the modules with the help of a slightly modified version of the NREL visual
inspection checklisf27], which is attached imppendix A. In the following subsections, the various
degradation modes observed during the survey are analyzed based on technology, age, climatic zone and siz
of installation, and shown separately for crystalline silicon modules and thin film modules. The data will be
presented first ioGroup A modules (which includes Group X and Group Y), and then separately for Group X
and Group Y, in order to bring out the differences. The data presented in the tables are colour coded for ease
of understanding. For all tables showing percentagefofeaf t ed modul es, green col
value (0% affected), yellow shall indicate low values (below 33%), orange medium values §838%, and

red shall indicate high values (greater than 66% affected) of the corresponding visual degradation.

6.2 Visual Degradation Observed in Crystalline Silicon Modules

Various components of PV modules degrade upon exposure to the outdoor environment. The UV content of
the incident solar radiation, the high operating temperatures and the outdoor humatiétyvéth intermittent

rainfall) all affect the PV modules in different ways. The major degradation modes observed for crystalline
silicon modules are discussed in the following sections.

6.2.1 Influence of Climatic Zone and Age Group on Visual Deqgrada¥odes

a) Discolorationof Encapsulant

Discoloration (browning) of encapsulant is one of the most common causes behind reductioraimcsiiort
current (s and consequently power outpu®.{,) of field-aged PV modules. The composition of the
encapsulant has undergone several changes in the evolution of the PV module, in order to improve its long
term durability. Ethyl Vinyl Acetate (EVA) is the most commonly used encapsulant due to its fdgourab
properties and low cost, but it is sensitive to pkibErmal degradation and has to be mixed with the proper
additives to prevent untimely discoloratiptB]. In our field survey, discoloration has been observed even in
some of the Young modules (ageds than 5 years), as indicated in Fig. 6.1 and Table 6.1. In this table, each
cell provides the percentage of modules affected in the respective climatic zone and age group, followed by
the number of samples (in brackets). The values are eotmad a described above. Categories without any
modul e samples are indicated by HANAO. Table 6.1
most commonly seen in the Hot & Dry climate with no observed cases in theldalimates (Moderate,

Cold & Cloudy and Cold & Sunny). However, after 10 years of exposure, most of the modules show
discoloration even in the Nerot climates.The data for glasglasscrystalline siliconrmodules is not shown

in this table, as such modules wéoend only at one site irthe survey, and interestingly these modules did

not show significant discoloration even after 27 years of operation. This leads us to suspsttiah#te
encapsulant used may rwve beeEVA, but some other high grade alternatige the Cerium coent of the

front glass may be very high, whicluld prevent UV rays from passing into the module, thereby preventing
discoloration of thencapsulani43].
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(b)

© (d)

Fig. 6.1: Examples of encapsulant discoloration observed during the siufegyiscoloration in a 3 year old
module in Hot & Dry zone (with photbleaching effect along crack in centre of cell), (b) discoloration in a 8
year old module in Warm & Humid me (with snail track formation along crack), (c) discoloration in a 18
year old module in Warm & Humid zone (with crack induced ptidéaching near the busbar), and (d)

discoloration in a 18 year old module in Cold & Sunny climate (with crack induced-pleatching)

I n Chapter 4 it has been shown t [Oegetal R hDegradatienr e s
Rate less than 2%/ year , referred to aego®@rdoupsiXPvea ®gdas 0 me
DegradatiorRate greater than 2o/year, referred to as Group Y). We have analyzed the visual degradation
separately for the two Groups, as this may give pointers to why some modules are performing better than
others.Table6.2 compares the percentage of modules affected by encapsisiemibcation in Group X with

Group Yfor all six different climates. The last row of this table shows the comparison of the two groups by
combining the data for all categories for which samples exist for both Groups X and Y (highlighted with blue
shade), ad it seems that there is not much difference between the two groups. However, when we look at the
data by combining the climates into Hot and Ndwot zones (shown in Fig. 6.3), we can clearly see that
higher percentage of modules are affected by encapdilcoloration in Group Y as compared to Group X,

in the Hot zone. This implies that the encapsulant material quality is poorer in the Group Y modules. Also, the
early onset of discoloration in the young modules in Hot zone raises concern about tla quetiéy used in

newer modules.
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Table 6.1: Percentage of-8i modules in Group A affected by encapsulant discoloration in
different climatic zones and age groups (number of samples is given in brackets).

Climatic Zone 0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old
Hot & Dry 35% (63) 39% (41) NA*
Warm & Humid 2% (138) NA
Composite 0% (99 0% (14) 52% (25) NA
Moderate 0% @80) NA NA NA
Cold & Sunny 0% (25) NA 61% (76) NA
Cold & Cloudy 0% (20) NA NA NA
*Excluding glassglass modules from one particular manufacturer which have shown almq
discoloration even after 28 years in the field in Hot & Dry zone.

Table 6.2 Comparison of Groups X and Y for discoloratiordifferent climatic zones and age groups
(number of samples is given in brackets).

L Age Groups
Climatic Zone
0-5 Years 5-10 Years 10-20 Years 20+ Years
X: NA X:39% (41) X: NA X: NA
Hot & Dry
Y: 35% (63) Y: NA Y: 100% (30) Y: NA*
Warm & X: 4% (85) X: 77% (66) X:100% (4) X: NA
Humid Y: 0% (53) Y: NA Y: NA Y: NA
) X: 0% (30) X: 0% (14) X: 27% (15) X: NA
Composite
Y:0% (69) Y: NA Y: NA Y: NA
Moderate X: 0% (20) X: NA X: NA X: NA
Y:0% (60) Y: NA Y: NA Y: NA
X: 0% (25) X: NA X: 61%(76) X: NA
Cold & Sunny
Y: NA Y: NA Y: NA Y: NA
X: 0% (20) X: NA X: NA X: NA
Cold & Cloudy
Y: NA Y: NA Y: NA Y: NA
All Climates X: 2% (135) Comparison not| Comparison not| Comparison not
(comparative) Y: 0% (182) possible possible possible
*Excluding glassglass modulesrom one particular manufacturer which have shown almos
discoloration even after 28 years in the field in Hot & Dry zone.
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Table 6.3 Comparison of Group X and Group Y for discol@ratin Hot and NorHot climates

ngsgc Group 0-5yrsold 5-10yrs old 10-20yrsold | 20+ yrsold
Hot Zone Group X 3% (115) 55% (121) 42% (19) NA
Group Y 12% (185) NA 100% (30) NA*
Non-Hot Group X 0% (65) NA 61% (76) NA
Zone Group Y 0% (60) NA NA NA
*Excluding glassglass modules from one particulaanufacturer which have shown almost ng
discoloration even after 28 years in the field in Hot & Dry zone.

It is necessaryo quantify theseverityof visual degradatiom order to dok for correlations with the electrical
degradation. During the survely,has been observed that discoloration is usually seen in all the cells of the
affected modules, but some of the cells may show slightly larger discolored area or intensity (like the cells
having nameplate or junction box at the back usually show sligiigher discoloration). There is some
subjectivity involved in this visual estimation process, and it is possible that different persons will arrive at
different estimations of the degree and area of discoloration for the same module. Hence the process of
determining the Discoloration Index has been automated throtgbuse software, which reads the colour of

each pixel of the photographs of modules, and computes the average extent of yellowness in the module,
which is referred tse d dtekihp Sinde e eéddes of the dolaraellsusually

are photebleached, leaving the initial blue colour intact, this is used as the reference colour to identify the
change in the colour of the moduldse to field exposurand a Discoloratiorindex (DI) is defined, as
indicated belowThe detailed procedure for determination of the discoloration index is explained elsewhere
[44].

DI = é 61

where,

PYlyesen= present value of Pseudo Yellowness Index

PYliiar = initial value of Pseudo Yellowness Index

PYlange = difference in PYI between the worst possible browning and the initial (blue) colour.

Examples of the discoloration Index for some sample images are shown B Zigthich proves that this
technique is able to differentiate between various levelsseblbration in solar cellsThe severity data has

been colorcoded for ease of understanding, as per Table 6.4 which also indicates the severity category from
Low to High. The average discoloration severity category for Group X modules in different@gesgnd

climatic zones is given in Tabk5. The total number of sample modules in Table 6.5 is lower than the total

in Group X, as the discoloration index could be computed only for modules which do not show high colour
difference between grains in theystalline silicon solar cells. We have previously discussed that the climatic
zone influences will be analyzed for Group X modules (and not Group Y, since the Group Y modules are
degrading at much higher rate than Group X modules, which may be chamtdacturing and/or installation

i ssues) . From yyeadd £0 6ade ¢gmo Wi, it i s clear that
order: Warm & Humid > ComposliO ey e>a rMood eargaet eg.r oSuipmi It
Hot & Dry > Warm & Humid > Compositélhe highest average discoloration is seen in modules aged more
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than 10 yearsin Table 6.6, youndgsroup X modules have comparatively higher discoloration severity than
Group Y modulesn Hot zone but the trend is reversadhe NorHot zone so we cannot come to any definite
conclusion from this table.

(a) DI = 0.005 (b) DI = 0.106 (c) DI = 0.383 (d) DI = 0.549

Fig. 62: Examples oDiscolorationindex for different extent of encapsulant browning

Table 6.4: Discoloration Severity Category
Discoloration Index 07 0.05 | 0.057 0.25 0.251 0.5 | 0.57 0.75 0.751 1
Discoloration Category Nil Low Medium High

Table 6.5: Average severity of discoloratidiscoloration Index)n Group X modules in different climatic
zones and age grouffsumber of samples is given in brackets).

Climatic Zone 0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old
Hot & Dry NA 0.145 (40) NA NA
Warm & Humid 0.061 (47) 0.088 (37) 0.364 (4) NA
Composite 0.038 (27) 0.040 (4) NA NA
Moderate 0.023 (20) NA NA NA
Cold & Sunny NA NA 0.345 (46) NA
Cold & Cloudy NA NA NA NA
tign;]?g;ir?ezs?r;?/gzge Warm & Humid Hot & Dry Warm & Humid -
NOTE: Some mdules with multi crystalline silicon cells having high contrast between grains c(
not be processduly the image processing software.

Table 6.6. Average severity of discoloration in Group X and Group Y modules iraRdtNorHot zones

Climatic Group 0-5yrsold 5-10 yrs old 10- 20 yrs old 20+ yrs old
Zone
Group X 0.053 (74) 0.114 (81) 0.364 (4) NA (0)*
Hot Zone
Group Y 0.032 (184) NA (0) 0.131 (30) NA (0)
Non-Hot | Group X 0.035 (65) NA (0) 0.345 (46) NA (0)
Zone Group Y 0.051 (50) NA (0) NA (0) NA (0)

Table 6.7 shows that in thgoung age categoryarge installationgsize greater than 100 kVghow average
severity almost similar to sméatiediumi nst al | ati ons. -101 ry e @o dzane,ehgheraHpd d
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severity is observed ifarge installations as compared to sinadidiumi nst al | at i-dDh sy edms d he
group,the average discoloration Mon-Hot climateis higher thanthat n A Ho t dhe mddules beloeg (

to different manufactrers and so the bill of material may not be identidaBhouldalsobe noted that many
modules manufactured in 1990s used cerium oxide glass, which blocks the UV rays and hence prevent/reduce
the discoloration of the encapsulawhich might be the rean in this case.

Table 6.7: Average extent of discoloration in Group A modules for simaitliumand large installations in
the Hot and NotHot climatic zonegnumber of samples is given in brackets).

Size of Climatic Age Groups
Installation Zone 0-5 Years 5-10 Years 10-20 Years 20+ Years
Small Hot 0.038 (187) 0.115(17) 0.161 ¢2) NA (0)
Medium Non-Hot 0.041 (126) NA (0) 0.345 (46) NA (0)
Large Hot 0.034 (83) 0.112 (65) NA (0) NA (0)
Non-Hot 0.04(25) NA (0) NA (0) NA (0)

Based on the above, we can conclude that the Hot zones are the harshest climates for the encapsulant (as p
Fig. 6.5). The order of harshness seems to be Hot & Dry > Warm & Humid > Composite > Moderate > Cold
zone. Higher percentage of modules is affettedliscoloration in Group Y as compared to Group X, which
points towards the use of poor quality materials in Group Y modules. Severity of discoloration is higher in
Group X as compared to Group Y, which indicates that discoloration is not the maihreslpoinsible for the

higher degradation observed in Group Y modules.

b) Front-side Delamination

Delamination on the frorgide occurs due to loss of adhesion between the encapsulant and glass or between
the encapsulant and solar cell. As a consequéheee is an increase in reflection losses from the affected
area and the current generation gets redundtie 2016 survey, frorgtide delamination has mostly been seen

in the form of bubbles along snail tracks (refer Fig. 6.3). Also, at one site, @lll@soshowed delamination

along the gridlines as shown in Fig. 6.3(b).

Table 6.8 provides the statistics of fremtle delamination in all (Group A) surveyedstmodules.n this

survey, significant delaminatioftovering more than 10% of the cell aneaaffected cellshas only been
observed in some 28 year old gkagass modules located in Hot & Dry climate. The glgiess construction

of the modules prevents escape of the vapors that may evolve during degradation of the encapsulant, and this
trappel vapor can lead to delamination and bubble formation. At other sites, mostly small bubbles have been
observed along snail track&hich are also associated with cell cracks). Also, delaminatimmg the fingers

of the solar cellfias been observed irl alrveyed modules at a 7 year old site in Hot & Dry zone, as shown

in Fig. 6.3(c)
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(d)

Fig. 6.3: Examples oflelamination observed during the survelp) along snail track, (b) along fingers at cell

edge, (c) near the busband (d) on top of whole cell in an old glaglass module

Table 6.8 Percentage of Group A modules affected by delamination in different climatic zone

age groups (number of samples is given in brackets).

Climatic Zone 0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old

Hot & Dry 3% (63) 44% (41) 0% (30) 78% (14)*
Warm & Humid 1% (138) 49% (&) _ NA (0)
Composite 23% (99) 21% (14) 7% (15) NA (0)
Moderate 0% (80) NA (0) NA (0) NA (0)
Cold & Sunny 0% (25) NA (0) 0% (76) NA (0)
Cold & Cloudy 0% (20) NA (0) NA (0) NA (0)

* Glassglass modulesvhich have been in field for 28 years.
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This is not unexpected since the bubbles are mostly occurring along the snaijl whidkarein fact more
prevalent in group Y modules than@moup X modulegdiscussed in detail in the next section)

Table 6.9 Comparison of Groups X and Y for delamination in different climatic zones and age groups
(number of samples is given limackets).

L Age Groups
Climatic Zone
0-5 Years 5-10 Years 10-20 Years 20+ Years
X: NA (0) X: 44% (41) X: NA X: NA
Hot & Dry
Y: 3% (63) Y: NA (0) Y: 0% (30) Y: 79% (14)
Warm & Humid X: 1% (85) X: 49% (66) X:100% (4) X: NA
Y: 0% (53) Y: NA (0) Y: NA (0) Y: NA
. X: 10% (30) X: 21% (14) X: 7% (15) X: NA
Composite
Y: 29% (69) Y: NA (0) Y: NA (0) Y: NA
Moderate X: 0% (20) X: NA X: NA X: NA
Y: 0% (60) Y: NA Y: NA Y: NA
Cold & Sunn X: 0% (25) X: NA X: 0% (76) X: NA
y Y: NA (0) Y: NA Y: NA (0) Y: NA
Cold & Cloud X:0% (20) X: NA X: NA X: NA
y Y: NA (0) Y: NA Y: NA Y: NA
All Climates X: 3% (135) | Comparison not| Comparison not | Comparison nof
(comparative) Y: 11% (182) possible possible possible

Table 6.10 Comparison of Group X and Group ¥rfdelamination in Hot and Neidot climatic

zones
Climatic
Zone Group 0-5yrsold 5-10yrs old 10-20yrsold | 20+ yrs old
Hot Zone Group X 3% (115) 44% (121) 26% (19) NA
Group Y 12% (185) NA 0% (30) 79% (14)
Non-Hot Group X 0% (65) NA 0% (76) NA
Zone Group Y 0% (60) NA NA NA

Further analysis of the severity of delamination has not been done, since significant delamination (covering
more than 5%cell area) has rarely beabserved in the 2016 survey, and in most cases, delamination
(bubbles)has been found associated with snail tratl®wvever, in the previous survey in 2014, significant
delamination was observed in some very old modules in thenV@aHumid and the Hot & Dry zones
(module age was more than 20 yeaBglamination has not been observed in the Cold zone in any of the
surveys From the 2016 survey, it is seen that higher percentage of Group Y modules are affected as compared
to GroupX (but this may be mainly due to the association with the snail tracks).
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C) Snail Tracks and Visible Cracks

Cracks in the solar cells can lead to different effects in the encapsulant. In the old modules having
discoloration, cracks in the cells allowy@en to pass through to the discolored encapsulant at the top of the
cells, and this oxygen then bleaches the discoloration in the presence of dliglin the other hand, in

many of the newer modules, moisture and other gases are able to migragsh ttire cracks in the cells and

cause Snail track formation on top of the cpl]. Also, the spacing between the cells can serve as a pathway
for moisture penetration up to the metallization on top of cells, and in some cases this leads to framing type
shail tracks which occur along the edges of the cells. Examples of the two types of snail tracks are shown in
Fig. 6.4. In the survey, we have found good correlation between the cell cracks dnanriag type shail

tracks. Fig. 6.5 shows some examplésracks (observed in EL images) and snail tracks (observed visually),

in same modules. The snail tracks are found to be associated with cracks in the solar cells. Both snail tracks
(nonframing type) and photbleaching effects of the encapsulant serveisisgal indications of cracks in the

cells. It is important to note that while the EL image also shows the area affected by the crack, snail tracks
only delineate the crackds | ocation but do rmsot pr
of actual area affected by the crack). In this section, we shall first present the statistics related only to the snail
tracks and then the overall statistics for visible indications of cracks (which includes both snail tracks and
photobleaching. It is important to note that the cracks in the solar cells may not always lead to a visible sign
(in terms of snail tracks or phetdeaching)and Eletroluminescence (EL) imaging is the only way to check

for such crackg¢discussed in more detail in Chaptér 7

Fig. 64: Snail Trackbserved during the survéya) snail track in a young module in Hot & Dry zone, and
(b) framing type snail track in a young module in Warm & Humid zone
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Fig. 65: Examples otracks (shown in EL images on left side) and snail tracks (shown in digitally enhanced
contrastadjusted photographs on right side) observed during the survey

Non-framing type Snail Tracks

The statistics of the neinaming Snail tracks (generally associated with cracks in solar cells) is presented in
Table 6.11Snail tracks are predominantly seen in the modules less than 10 years in age, and their frequency
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is higher in the Young mades in Composite and Moderate climatic zones. Snail tracks have not been seen in
the colder climate@Cold & Sunny and Cold & Cloudy)

Table 6.11 Percentage of modules affected &yail tracks (nonframing type)in Group A, in
different climatic zoneand age groups (number of samples is given in brackets).

Age Group
Climatic Zone
0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old

Hot & Dry 17% (63) 2% (41) 0% (30) 0% (14)
Warm & Humid 5% (138) 24% (66) 0% () NA
Composite 61% ©9) 0% (14) 0% (15) NA
Moderate 30% (80) NA NA NA
Cold & Sunny 0% (25) NA 0% (76) NA
Cold & Cloudy 0% (20) NA NA NA

The statistics of snail track affected modulesGroup X andGroup Y categories have been compared in
Tables6.12 and5.13 Overall, in both Hot and NeHot climatesGroup Y modules are more affected by snail
tracks as compared ®roup X modules. ComparingGroup X modules in Hot and Netot climates, it is
found that modules in Hot zone are more prone to snail trankiswithin the Hot zone, highest percentage of
modules affected has been found in the Composite zone.

Table 6.12 Comparison of Groups X and Y for snail tracks in different climatic zones and age groups
(number of samples is given in brackets).

Climatic Zone Age Group
0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old
X: NA X: 2% (41) X: NA X: NA
Hot & Dry Y: 17% (63) Y: NA Y: 0% (30) Y: 0% (14)
_ X: 8% (85) X: 24% (66) X: 0% (4)
Warm & Humid Y: 0% (53) Y: NA Y: NA NA
_ X: 53% (30) X: 0% (14) X: 0% (15)
Composite Y: 69% (69) Y: NA Y: NA NA
X: 0% (20)
Moderate Y: 40% (60) NA NA NA
X: 0% (25) X: 0% (76)
Cold & Sunny Y: NA NA Y: NA NA
X: 0% (20)
Cold & Cloudy Y' NA NA NA NA
All Climates X: 17% (135) | Comparison not Comparison nott Comparison
(comparative) Y: 39% (182) possible possible not possible
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Table 6.13 Percentage of modules affected by snail tracks in Hot aneHdbrones

Clérgszc Group 0-5yrsold 5-10 yrs old 10- 20 yrs old 20+ yrs old
Group X 20% (115) 14% (121) 0% (19) NA
Hot Zone
Group Y 30% (185) NA NA 0% (14)
Non-Hot Group X 0% (65) NA 0% (76) NA
Zone Group Y 40% (60) NA NA NA

The percentage of cells affected by snailgria a module has been considered as the criterion for determining
severity of snalil trails, and the modules may be categorized as shown i6Tdblhe average severity levels

of snail tracks for the various climatic zones and age groups have beengiVahle 6.15 The highest
severity levels are seen in Composite, Warm & humid and Moderate climates G.4blend 6.17 showhat

theaveragesnail track severity imuchhigher inGroup Y modules than i@roup X modules

Table 6.14:Snail track sevédlly category

Cells affected by Snail Trail (%) | 0% | 07 1% | 1%-10% 10%- 50% >50%
Snail Track Severity Category | Nil Low Medium High
Table 6.15 Average severity of snail tracks in Group A
Age Group
Climatic Zone
0-5yrsold 5-10yrsold 10- 20 yrs old 20+ yrs old
Hot & Dry 1.1(63 0.5 (41) 0.0 (30) 0.0 (14)
Warm & Humid 0.2 (139 4.7 (66) 0.0@ NA
Composite 6.0(99) 0.0 (14) 0.0 () NA
Moderate 3.0(80) NA NA NA
Cold & Sunny 0.0 (25) NA 0.0 (76) NA
Cold & Cloudy 0.0 (20) NA NA NA
Cllmgtlc zone with Composite Warm & Humid - -
the highest average
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Table 6.16 Average severity of snail tracks in Group X and Group Y

Age Group
Climatic Zone 0-5yrs old 5-10yrsold | 10- 20 yrs old 20+ yrs old
X: NA X:0.5 (41) X: NA X: NA
Hot & Dry Y: 1.1 (63) Y: NA Y: 0.0 (30) Y: 0.0 (14)
Warm & X: 0.3 (85) X: 4.7 (66) X: 0.0 (4)
Humid Y: 0.0 (53) Y: NA Y: NA NA
. X: 2.0 (30) X: 0.0 (14) X: 0.0 (15)
Composite Y: 8.4 (69) Y: NA Y: NA NA
X: 0.0 (20)
Moderate Y: 3.9 (60) NA NA NA
X: 0.0 (25) X: 0.0 (76)
Cold & Sunny Y: NA NA Y: NA NA
X: 0.0 (20)
Cold & Cloudy Y' NA NA NA NA
All Climates X: 0.6 (135) Comparison not Comparison not| Comparison not
(comparative) Y: 4.5 (182) possible possible possible

Table 6.17 Average severity of snail tracks in Group X and Group Y modules in Hot andHidiorones

Climatic Age Group
Group
Zone 0-5yrsold 5-10 yrs old 10- 20 yrs old 20+ yrs old
Group X 0.8 (115) 2.7 (121) 0.0 (19) NA (0)
Hot Zone
Group Y 3.3 (185) NA (0) 0.0 (30) 0.0 (14
Non-Hot | Group X 0.0 (65) NA (0) 0.0 (76) NA (0)
Zone | GroupY 3.9 (60) NA (0) NA (0) NA (0)

The average severity of snail trackssimall/medium andarge installationin Group Ahave been compared

in Table6.18 Large installations ammostly the MW scale power planiBhe highest average severity is seen

in the Large installations in Hot zone#lso, interestingly, the younger modules show a greater propensity to
shail tracks. It may be noted that snail tréanknation not only depends on the cracks in the cells, but also the
combination of silver paste, backsheet and encapsulating material used in module manufacturing, so there
may be cracks in the modules even though snail tracks are not formed. So, e$decprof snail track
indicates presence of cracked cell, the reverse is not true.
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Table 6.18: Average severity of snail tracks @roup Amodules for smalinediumand large installations in
the Hot and NoHot climatic zonegnumber of samples gven in brackets).

Size of Climatic Age Groups
Installation Zone 0-5 Years 5-10 Years | 10-20 Years | 20+ Years
Small/ Hot 04 (199 0.0 (56) 0.0 @9 0.0 (14)
Medium Non-Hot 2.4(100) NA (0) 0.0 (76) NA (0)
Large Hot 5.9 (1%) 5.1(65) NA (0) NA (0)
Non-Hot 0.0 (25 NA (0) NA (0) NA (0)

Based on the above discussion, we may conclude thaframming type snail tracks are more common in
Group Y as compared to Group X, and the average severity is also higher in Group Y. Large installations
seem to have higher severity of snail tracks aspesad to small/medium installations. It should be noted
here that snail tracks are formed due to cracks, but also the other materials play a m§6i,rete one

should be careful that fewer (or no) snail tracks do not necessarily mean fewer (ol cracksl

Framing type Shail tracks

Framing type snail tracks occur along the edges of the solar cells, and are not associated with cracks. The
statistics for such snail tracks for the various climatic zones and age categories are presentedbiiOTable

and the climatic zones have been combined into Hot aneHgoim Table6.20. Framing has been observed

in the modules less than 10 years old, in all zones except the Cold zones. Group Y sites have higher
percentage of affected modules as compardareaip X sites. The average severity (% of cells affected per
module) has been presented in Tali@d and6.22. Group Y modules have higher severity of framing type

snail tracks as compared to tleeoup X modules, in both Hot and Néiot climates.Also, the average

severity for both Group X and Group Y are higher in Hot zone as compared 4ddti@one.

We can conclude that snail tracks (and cracks accompanying them) can be one of the reasons for the poorel
performance of Group Y modules, as well as bigltegradation in Hot zones.

Table 6.19 Percentage of modules affected by framing type snail tradksanp A

Climatic Zone 0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old
Hot & Dry 0% 63) 39% (41) 0% (30) 0% (14)
Warm & Humid 4% (138) 0% (68) 0% (7) NA
Composite 21% (9) 0% (14) 0% (15) NA
Moderate 3% (80 NA NA NA
Cold & Sunny 0% (25) NA 0% (76) NA
Cold & Cloudy 0% (20) NA NA NA
All Zones 8.2% (546) 0% (139)
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Table 6.20 Percentage of modules with framing type snail tracks in Group X and Group Y modules in Hot
and NonHot zones

Clérgr?(telc Group 0-5yrsold 5-10yrs old 10-20yrsold | 20+ yrsold
Group X 5% (115) 13% (121) 0% (19) NA (0)
Hot Zone
Group Y 11%(185) NA (0) 0% (30) 0% (14)
Non-Hot | Group X 0% (65) NA (0) 0% (76) NA (0)
Zone Group Y 3% (60) NA (0) NA (0) NA (0)

Table 6.21 Average severity of framing type snail tracks in Group X and Group Y modules

L Age Group
Climatic Zone
O-5yrsold | 5-10yrsold | 10-20 yrs old 20+ yrs old
X: NA X:39.0 (41) X: NA X: NA
Hot & Dry Y: 6.3 (63) Y: NA Y: 0.0 (30) Y: 0.0 (14)
. X: 7.1(85) | X:0.0(66) X: 0.0 (4)
Warm & Humid Y: 0.0 (53) Y: NA Y: NA NA
Composite X:3.3(30) | X:0.0(14) X: 0.0 (15)
Y: 31.3 (69) Y: NA Y: NA NA
X: 0.0 (20)
Moderate Y: 3.3 (60) NA NA NA
X: 0.0 (25) X: 0.0 (76)
Cold & Sunny Y: NA NA Y: NA NA
X: 0.0 (20)
Cold & Cloudy Y: NA NA NA NA
All Climates X: 5.2 (135) | Comparison | Comparison notf Comparison
(comparative) Y: 12.9(182)| not possible possible not possible

Table 6.22: Average severity of framing type snail tracks in Group X and Group Y modules in Hot and Non

Hot zones
Climatic Age Group
Group
Zone 0-5yrsold | 5-10yrs old 10- 20 yrs old 20+ yrsold

Group X 6.1 (115) 13.2 (121) 0 (19) NA
Hot Zone

Group Y | 13.0 (185) NA 0 (30) 0 (14)
Non-Hot | Group X 0 (65) NA 0 (76) NA
Zone Group Y 3.3 (60) NA NA NA
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Visible Cracks (Nonframing type Snail tracks and Photebleaching)

As discussed earlier, snail tracks in young modules and fiiteéxhing effects in the old modules can serve

as visual indications of cracks, and in some casesrtks in solar cells areide enough to beisible

without sophisticated tools, as shown im.F6.6(a). Modules showing visible cracks in the solar cells, or
indication of cracks in terms of snail tracks and pHu&aching, have been identified and their statistics is
shown inTable6.23.Cracks in the modules less than 10 years in age ardynmaesttified through the snail

tracks, while for those more than 10 years old, cracks are mostly identified througiblglaatuing effect on
discolored encapsulant. It can be seen that 31% of the modules installed in the last decade show visible signs
of cracks compared to92 of the modules older than 10 yeac®nsidering modules under Group A
However, if we consider all-8i modules including the outliers, then the difference becomes significant (31%

for modules aged less than 10 years have visilaleksras compared to 24% of modules aged more than 10
years). This suggest that cracks are more prevalent in the recent installations as compared to the older
systemg but itds only a hint and no concl usdkommymtan be

always lead to visible signs).
(b) (c)

Fig. 6.6:(a) Crack in the solar cell visible with naked eye, (b) Crack made visible by snail track, and (c) Crack
made visible byhotobleaching of discolored encapsulant

(@)

Table 6.23:Percentage of modules with visible indications of cracks (snail tracks andlpbathing)

in Group A
Age Group
Climatic Zone
0-5yrsold 5-10 yrs old 10- 20 yrs old 20+ yrs old
Hot & Dry 2% (63) 22% (41) 0% (30) 0% (14)
Warm & Humid 9% (138) 58% (66) 50% (4) NA
Composite 61% (99) 29% (14) 0% (15) NA
Moderate 31% (80) NA NA NA
Cold & Sunny 0% (25) NA 39% (76) NA
Cold & Cloudy 0% (20) NA NA NA
All Zones 31% (546) 29% (139)

As done in the case of snail tracks, the severity of visible cracks in a module is determined based on the
percentage of affected celpeer module The average severity of all the modules inspected in the various
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climatic zones and age groups is shown in Ték?d This table is color coded for the ease of interpretation,

and thecoding scheme isame as shown in Table 6.14 | t
group in Warm & Humid zone have theghih e s t

can
severity,

be
f ol

| owed

seenl hydartsc

by the

Moderate andHot & Dry zones. Itcan be seethat the severity levels agenerallylower in the more than 10

years old modules as compared to the newer modules, which raises concern alvaoksheetng induced in
themodules during the transportation or installation. Also, the cells in the modules have been made thinner in
recent years to reduce tbell andmodule costs, and this may &eothereason for the excessive cracks being

seen inte newer modules.

Table 6.24:Averageseverity of visible cracks (including snail tracks and pHzé&aching) in

Group A
Age Group
Climatic Zone
0-5yrsold 5-10yrs old 10-20yrsold | 20+ yrs old
Hot & Dry 2.7(63) 16 (41) 0.0 (30) 0.0 (14)
Warm & Humid 0.6 (138 236 (66) 3.5(4) NA
Composite 6.0 (99 3.6 (14) 0.0(15) NA
Moderate 3.0(80) NA NA NA
Cold & Sunny 0.0 (25) NA 2.8 (76) NA
Cold & Cloudy 0.0 (20) NA NA NA
CI|m§t|c zone with Composite Warm & Humid Warm & -
the highest average Humid

Table6.25shows the severity of visible cracks (including snail tracks and gileazhing), for group X and
grop Y modules in the Hot and Nd#iot zones. Among the Young modules, average severity of visible
cracks is higher in group Y as compared to group X sites. Comparing the severity in the group X modules in

AlLDO0 year so

age

gr oup,

it

no conclusion can be made as sample sigaitelow in the Hot zone.

i s -Hot@ane ab qopdrend to Hot kome, lsue v e r

Table 6.25 Average severity of visible cracks (including snail tracks and pbietaching) in Group X and
Group Y modules in Hot and Ne#ot zones

Climatic Age Group
Group
Zone 0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old
Group X 1.3 (115) 13.8 (121) 0.7 (19) NA (0)
Hot Zone
Group Y 3.9 (185) NA (0) 0.0 (30) 0.0 (14)
Non-Hot | Group X 0.0 (65) NA (0) 2.8 (76) NA (0)
Zone Group Y 4.0 (60) NA (0) NA (0) NA (0)

The severity of visible cracks in small/medium dagjeinstallations is presented in Table 6.26eThighest

severity is seen in the small/medium installations in Hob n e .

Among

t he

young

installations are having higher severity than the small/medium Bigtailed analysis of the large installation
sites has shown that close to 66% of the meslale affected by snail tracks, which is a cause farezo.
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Table 6.%56: Average severity of visible cracks (including snail tracks and phleiaching) in Group A
modules for smalinediumand large istallations in the Hot and Nédfot climatic zones (number of samples
is given in brackets).

Size of Climatic Age Groups
Installation Zone 0-5 Years 5-10 Years 10-20 Years | 20+ Years
Small Hot 0.9(195 23.1(56) 03(49) 0.0 (14)
Medium Non-Hot 2.4(100) NA (0) 2.8 (76) NA (0)
Large Hot 6.5 (1) 5.8(65) NA (0) NA (0)
Non-Hot 0.0(25 NA (0) NA (0) NA (0)

In conclusion it can be said that snail tracks (and visible cracks) are seen more in group Y modules as
compared to group X modules, and is one of the distinguishing factors between the two igrglgst

severity of visible cracks is seen in small/medium installations in the Hot zone, though significant snail track

severity is also seen in the large installations, and this calls for improvement in the installation practices in

order to prevent cck formation.

d) Discoloration on Metallization

The function of the metallization in the solar parielgridlines, busbars and interconnect ribbdnis to

conduct the current generated in the solar cells to the terminal box. Metallization discolonatimtwadue

to corrosion and sometimes due to improper manufacturing processes. Some examples of metallization
discoloration are shown in Fig. 6.7. The statistics for metallization discoloration (including interconnects and
output terminals inside junctidmox) for the different age groups and climatic zones is shown in Table 6.27.
The discoloration of metallization in the young module$ ® years age category) is predominantly due to
noncorrosion issues (like discoloration due to solder flux etc.) @dwein the older modules, corrosion is the
predominant reason behind such discoloration. As evident from the table, many young modules in the hot
climates have discoloration issues that hint at poor manufacturing practices. Most of the panels aged more
than 10 years have suffered from corrosion, irrespective of the climatic zone. Tables 6.28 and 6.29 show the
statistics for Group X and Group Y, and it can be seen that percentage of modules affected is higher in Group
Y than in Group X.

Table 6.27: Percentage of modules in Group A affected by discoloration on metallization in different climatic
zones and age groups (number of samples is given in brackets).

Age Groups
Climatic Zone Total
0-5 Years | 5-10 Years | 10-20 Years | 20-30 Years
Hot & Dry 100% (8) | 3% (41) 100% (30) | 100% (14) | 83% (148)
Warm & Humid 64% (138) | 98% (66) 100% @) NA 76% (208)
Composite 29% (99) 29% (14) | 100% (L5) NA 38% (128)
Moderate 95% (80) NA NA NA 95% (80)
Cold & Sunny 0% (25) NA 100% (76) NA 75% (101)
Cold & Cloudy 0% (20) NA NA NA 0% (20)
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(b)

Fig. 6.7: Metallizationdiscolorationon interconnect ribborsbserved during the survéya) discoloration
patterns in cell interconnects observed in young modules, and (b) corrosion in interconnect ribbons observed
in old modules
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Table 6.28 Comparison of Groups X and Y for discoloration of metallization in different climatic zowes
age groups (number of samples is given in brackets).

Climatic Zone Age Groups
0-5 Years 5-10 Years 10-20 Years 20+ Years
Hot & Dr X: NA X: 39% (41) X: NA X: NA
y Y: 100% (63) Y: NA Y: 100% (30) Y: 100% (14)
: X: 60% (85) X: 98% (66) X: 100% (4)
Warm & Humid Y: 72% (53) Y: NA Y: NA NA
. X: 0% (30) X: 29% (14) X: 100% (L5)
Composite Y: 42% (69) Y: NA Y: NA NA
X: 100% (20)
Moderate Y: 93% (60) NA NA NA
X: 0% (25) X: 100% (76)
Cold & Sunny Y- NA NA Y- NA NA
X: 0% (20)
Cold & Cloudy Y- NA NA NA NA
All Climates X: 53% (135) Comparison not Comparison not Comparison not
(comparative) Y: 68% (182) possible possible possible

Table 6.29:Percentage of modules with metallization discoloration in Group X and Group
(shown for Hot and Noiiot zone separately)

Cgr:s;ic Group 0-5yrsold 5-10yrs old 10- 20 yrs old Zo;glrs
Hot Zone Group X 44% (115) 70% (121) 100% (19) NA
Group Y 70% (185) NA 100% (30) 100% (14)
Non-Hot Group X 31% (65) NA 100% (76) NA
Zone Group Y 93% (60) NA NA NA

The extent of metallization discoloration has been estimated from the visual images of the modules in terms of
the Metallization Discoloration Index (MDI)2]. The discoloration in different metallic curresdrrying
components of the module like fingefsysbars and interconnects have been summed up by using the
following formula. The output terminals have also been included in the calculation of the Metallization
Discoloration Index (MDI), as it would affect the overall resistance to the current flow.

?QDAA(;('D&EE OAT 11 BAJHE DIl DAECAAORAOACERY | DT T AT O

MDI = - AQEIBRIIOOBAINTGEERAOT A OB
...(6.2)
where,degree ofdiscoloration = 0 (no discoloration),
=1 (for lightdiscoloration,
= 2 (for darkdiscoloration
Af fected area category is determined based on the

discoloration, as given in following table.
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Table 6.30: Affected area categoffgr metallization discoloration

Affected area 071 5% 51 25% 2571 50% 5071 75% 75-100%
Area Category 1 2 3 4 5

The indexi indicates a visible metallization component likiagers, busbatsinterconnectsand output
terminals. Its value can vary from 1 to the total number of visible metallization components (deno}ed by
For example, for the standareSt modules available in the market:1 will represent the fingers,= 2 will
represent the busbaradacell interconnects,=3 will represent the string interconnedts; 4 will represent

the output terminals, and in such a cade equal to 4The value ofn can vary depending on the module
design, like in some modules, string interconnects are isitles externally, so total number of visible
metallization componentsbecomes 3. Further in some module designs, there may be no visible metallization
at all, in which case this method cannot be applied.

Based on the above index, the modules have bemuped into 5 categories as shown in Table 6T8 k&
metallization discoloration data for Group X modules is shown in Table 6.32. The MDI values are low in the
young modules, since the discoloration is mostly related to yellow or black spots on cedinneats (refer

Fig. 6.6a). The highest MDI values -a20eyesaesgd®i and!l
yearso categorie20 V¥Yeatdheragéogrohpep, "dOscol oratio
due to corrosion in these dimodules) is more severe in the Warm & Humid and Composite zones as
compared to the Cold & Sunny climate. Table 6.33 compares the average MDI values for Group X and Group
Y sites. The highest metallization discoloration has been found in 27 year oldesérduh Hot zone, which

fall in Group Y category. These modules have giflass construction, and were located in Hot & Dry
climate Hence we can rule out moisture as being responsible for corrdmibimstead the decomposition
products of the encapsulant might have played a majoiirrdlee corrosior(since these products could not
escape due to the glass at bot h-20r &/¥etaramd algac lgg iod
modules hag higher average MDI value as compared to Group Y modules, but in the young modules, there is
not much difference between Group X and Group Y. Based on this it can be said that metallization
discoloration does not appear to be a factor in causing therhiigigeadation rates observed in Group Y
modules.

Table 631 Metallization discoloration category based on MDI

Metallization Discoloration 0 07 0.25 0.257 0.5 0.51 0.75 | 0.75-1
Index
Metallization Discoloration Nil Low Medium High
Category
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Table 632: Average extent of discoloration in metallization in Group X modules in different climatic zones
and age group@umber of samples is given in brackets).

L Age Group
Climatic Zone
0-5 Years 5-10 Years 10-20 Years 20+ Years
Hot & Dry NA 0.04 (41) NA NA
Warm & Humid 0.03 (85) 0.13 (66) 0.36(4) NA
Composite 0.00(30) 0.03 (4) 0.30(15 NA
Moderate 0.06 (20) NA NA NA
Cold & Sunny 0.00(25) NA 0.18(76) NA
Cold & Cloudy 0.00(20) NA NA NA
C_Iimatic_ zone with Moderate Warm & Humid | Warm & Humid NA
highest index value

Table 6.33:Average extent of discoloration in metallizatiorGnoup X and Group Y (shown for Hot and
Non-Hot zone separately)

. Age Groups
Climate Group
0-5 Years 5-10 Years 10-20 Years 20+ Years
Hot Group X 0.02 (115) 0.09 (121) 0.31 (19) NA
0
Group Y 0.03 (185) NA 0.17 (30) 0.74 (14)
Group X 0.02 (65) NA 0.18 (76) NA
Non-Hot
Group Y 0.04 (60) NA NA NA

Table 6.34 gives the average severity of metallization discoloration for the modules in small/medium and
large installations, and it can be seen that small installations have slightly higher degradation index as
compared to large installations.

Table 6.34: Average extent of discoloration in metallization in Group A modules for small/medium and large
installations in the Hot and NeHot climatic zones and various age grogpsmber of samples is given in

brackets).
Size of Climatic Age Groups
Installation Zone 0-5 Years 5-10 Years 10-20 Years 20+ Years
Small/ Hot 0.03 (195 0.17(46) 0.22(49) 0.74(14)
Medium [ Non-Hot 0.04 (100) NA 0.18 (76) NA
Large Hot 0.02(105) 0.04(65) NA NA
Non-Hot 0.0 (25) NA NA NA

In conclusion, it can be said that the Hot zone is more harsh than thedii@one from the metallization
discoloration perspective. Percentage of affected modules is higher in Group Y as compared to Group X.
Small/medium installations have a higher ageraeverity as compared to large installations, which points at
the difference in material quality used in these installations.
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e) Backsheet Degradation

The backsheet performs the function of providing electrical insulation and minimizing moisture ingress into
the module. Unlike the other outer components of the module (front glass and aluminum frame), the backsheet
is very vulnerable to mishandling, resog in scratches. Other defects includeadiesion (which causes
bubbles and delamination), cracking, chalking etc. which are shown in Fig. 6.8.

@) (b)

(© (d)

Fig. 6.8: Backsheet degradatiatbserved during the survéya) Chalking, (b) scratch and delamination, (c)
cracks in outer layer of backsheet, (d) cracks observed outside the edges of the solar cells

Table 6.35 provides the statistics of modules with backsheet damage (includesgchdi&toloration,
bubbles, scratches and cracking) observed during the survey. There is considerable degradation of the
backsheet in all climates. More than 30% of the young modules show problems of the backsheet, which
indicatesuse ofpoor qualitymateials in these modules and/or improper handling and installation practices.
Table 6.36 shows the comparison of modules in Groups X and Y, and there does not seem to be significant
difference between the two groups (based on comparative analysis shovitoin bbthe Table, for which

only those categories are compared which has samples from both Group X and Group Y). Similar conclusions
can also be drawn from Table 6.37, which combines the climatic zones into Hot aitbiNon
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Table 6.35 Percentage of Group A modules affected by degradation of backsheet in different climatic zones
and age groups (humber of samples is given in brackets).

] ) Age Groups
Climatic Zone
0-5 Years 5-10 Years 10-20 Years 20-30 Years
Hot & Dry 6% (63 56% (41) 100% (30) NA
Warm & Humid 36% (138 15% (66) 100% (4) NA
Composite 20% (99) 2% (14) 67% (15) NA
Moderate 56% (80 NA NA NA
Cold & Sunny 24% (25) NA 100% (76) NA
Cold & Cloudy 65% (20) NA NA NA

Table 6.36: Comparison of Groups X and Y for backsh@egradation in different climatic zones and age
groups (number of samples is given in brackets).

. Age Groups
Climatic Zone
0-5 Years 5-10 Years 10-20 Years 20+ Years
X: NA X: 56% (41) X: NA
NA
Hot & Dry Y: 6% (63) Y: NA Y: 100% (30)
. X: 35% (85) X: 15% (66) X: 100% (3
NA
Warm & Humid Y: 37% (53) Y: NA Y: NA
. X: 10% (30) X: 29% (14) X: 67% (15)
NA
Composite Y: 25% (69) Y: NA Y: NA
X: 100% (20)
NA NA NA
Moderate Y- 42% (60)
X: 24% (25) X: 100% (76
Cold & Sunny V- NA NA Y- NA NA
X: 65% (20)
Cold & Cloudy v: NA NA NA NA
All Climates X: 39% (135) Comparison not  Comparison not | Comparison
(comparative) Y: 34% (182 possible possible not possible

Table 6.37:Percentage of modules witlacksheet degradatiam Group X and Group Y (shown for
Hot and NorHot zone separately)

Clérgrz:lgc Group 0-5yrsold 5-10yrs old 10- 20 yrs old 20+ yrs old
Hot Zone | Group X 29% (115) 31% (121) 74% (19) NA
Group Y 22% (185) NA 100% (30) 100% (14)
Non-Hot Group X 60% (65) NA 100% (76) NA
Zone Group Y 42% (60) NA NA NA
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For quantifying the extent of backsheet degradation of a module, a Backsheet Degradation Index (BDI) has
been developed based on the affected module area, which can be calculated as follows:

Backsheet Degradation Index

[N

(6.3)

Where, severity of chalking = 2.5 for slight chalking,
= 5 for excessive chalking

The severity of burns, bubbles and cracks is decided based on the affected module area as follows:

Table 6.38: Severity category fapacksheet defects

Affected area 0-5% 5-25% 257 50% 501 75% >75%
Severity Category 1 2 3 4 5

The maximum value of the numerator is 20, and the BDI can vary in the range of 0 to 1. Based on this
backsheet degradation index, the modules have been binned into 5 categories as mentioned below.

Table 6.39: Degradatiorcategory fobacksheet

Backsheet Degradation Index 0 07 0.1 0.17 0.25 0.251 0.5 >0.5
Backsheet Degradation Category| Nil Low Medium High

Table 6.40 gives the average backsheet degradation index for different age groups and climatic zones, for
Group X sites. It is evident that the Hot zones are more severe for the backsheet as compared tbdhe Non
zone, which is not unexpected. In the ggumodules in Warm & Humid climate, bubbles have been observed

in all modules at one site while at another site, there were minor crack lines along cell edges. Also, crack lines
were observed in some of the young modules in Moderate climate. Burn mak®lgerved in a young
module in the Composite climate. Among the old modules, chalking was observed in all climates, and
additionally bubbles and burn marks were observed in the Warm & Humid climate.

Table 6.40: Average extent of backsheet degradatio&ioup X modules in different climatic zones and age
groups(number of samples is given in brackets).

L Age Groups
Climatic Zone
0-5 Years 5-10 Years 10-20 Years 20+ Years
Hot & Dry NA 0.01 (41) NA NA
Warm & Humid 0.03 (85) 0.01 66) 0.24(4) NA
Composite 0.00 (30) 0 (14) 0.04(15) NA
Moderate 0.05 (20) NA NA NA
Cold & Sunny 0 (25) NA 0.13 (76 NA
Cold & Cloudy 0 (20) NA NA NA
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Table 6.41 shows the BDI values by combining the climatic zones intahtbfNonHot. We can see that

there does not seem to be any significant difference between the Group X and Group Y modules in young age
(05 vyears ol d), but th20Gyeapsd matabesyi nnt Het 620
higher degadation index compared to Group X modules. These Group Y modules suffer from both chalking
and bubbles. This seems to indicate that the use of poor quality backsheets would affect the performance of
the modules in the long run (and not so much in thetshot er m) . -2 OF oyre atrtséd @1 @ modu
X, the BDI is higher in NofHot zone as compared to the Hot zone, which may be due to the higher UV
radiation in the Cold & Sunny sites which are at very high altitudes (Leh is about 3500 m abovelsaadev

UV radiation increases by 10% for every 1000 m increase in altitude). Some of the young modules are
showing degradation in the backsheet within 5 years of outdoor exposure, which may cause degradation in the
modul eds perf or ma isaata goau signfioethelloagteym reliability af thelmodules.

Table 641: Average extent of backsheet degradation in Group X and Groupdvlasin Hot and No#ot
climatic zonedor different age groupumber of samples is given in brackets).

, Age Groups
Climate Group
0-5 Years 5-10 Years 10-20 Years 20+ Years
Hot Group X 0.02 (115) 0.01 (121) 0.08 (19) NA
o]
Group Y 0.00 (185) NA 0.23 (30) NA
Group X 0.02 (65) NA 0.13 (76) NA
Non-Hot
Group Y 0.02 (60) NA NA NA

Table 6.42 gives the average BDI values for the modules in small/medium and large installations, and it seems
that the average BDI values are similar in each age group. The highest BDI is found for the small/medium
i nstall at i-200n sY & anr stiphreBla@dnéghut we do not have any comparative data for the
large installations in this age category.

Table 6.42 Average extent of backsheet degradation in Group A modules for small/medium and large
installations in the Hot and Neot climatic Dnes and various age groypsimber of samples is given in

brackets).
Size of Climatic Age Groups
Installation Zone 0-5 Years 5-10 Years 10-20 Years | 20+ Years
Small/ Hot 0.01 (194 0.00(56) 0.17(49) NA
Medium Non-Hot 0.02 (100) NA 0.13 (76) NA
Large Hot 0.01(105 0.01 (65) NA NA
Non-Hot 0.00 (25) NA NA NA

Based on the above discussiwa concludehat backsheet degradation is comparable in the young modules in
Group X and Group Y, but in the old modules, the severity is higher for Group Y as compared to Group X.
There is no difference between the average severities in the small/medium anddatiations. Since
backsheet degradation is a safety concern, it is important to use proper materials that can resist degradation ir
outdoor environment, and can provide the necessary levels of safety for the entire service life of the
installation.
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f) Glass Degradation

The front glass performs the role of protecting the solar cells from environmental factors like humidity and
dust, while allowing the solar radiation to pass to the cells unhindered. The deposition of dust and the use of
hard water incleaning the modules can lead to haziness in the glass (which can reduce the transmission of
light to the cells). Also, improper handling can lead to scratches, chips and cracks (shattering) in the front
glass, as shown in Fig. 6.9. Table 6.43 gives th#sits for the various degradation modes of front glass
observed in the survey. Haziness is the most prevalent problem observed in the front glass of crystalline
silicon modules, occurring mostly at the bottom edge of the module.

\

(a) Haziress in glass observed in old modules (b) Brown and white spots on front glass

(c) Scratch on glass (d) Shattered glass

Fig. 6.9: Glass degradation observed during the survey

Table 643 Statistics of crystalline silicon modules affectgddamage in front glass

Type of damage Percentage of Additional Comments
modules affected
Haziness in Glass 81% No significant difference between Groups X and Y
Scratches in Glass 7.5% No significant difference between Groups X and Y
White Spots orGlass 6.7% Higher percentage of modules affected in Group X (9.69
(paint marks) compared to Group Y (3.2%)
Brown Spots on Glass 6.2% Higher percentage of modules affected in Group Y (8.89
compared to Group X (3.6%)
Glass cracked/shattere( 0% -

g) Frame Degradation

The frame provides mechanical strength to the module, helps in keeping the various parts of the laminate
together and also prevents moisture ingress through the edges of the module. Improper handling of the
modules during installatroand environmental stresses like heat and humidity can have an adverse impact on

the frame, some examples of which are shown in Fig. 6.10. Table 6.42 shows the statistics of frame
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degradation observed during the 2016 survey, and it is evident thathesrate the frame are the most
prevalent damage, indicating that the installation practices are not proper at many sites. Almost 11% of the
young modules show scratches in the frame as compared to about 7% in the old modules. Also, frame
grounding has beedone in only 29% cases (31% in large installations versus 28% in small/medium sites),
which means that a vast majority of modules pose a safety risk (if touched) particularly during the monsoons.

(a) Algae growth (b) Corrosion (c) Scratches (d) Joint separation

Fig. 6.10: Degradation of frame observed during the survey

Table 6.44:Statistics of frame damage observed in the survey

Type of damage Percentage of Additional Comments
modules affected
Scratches 9.4% Percentage of young modules affected by scratches (10.8
slightly higher than the old modules (7%).
Corrosion 1.5% Not seen in young modules
Bent 0.1% Not seen in younghodules

Joints separated 0.8% Not seen in young modules

Cracking 0% Not seen in young modules

h) Junction Box Degradation

The junction box provides protection to the output terminals of the PV module from the outside environment.
Damage to the junctio box will cause degradation in the output terminals, particularly corrosion due to
humidity ingress, and this in turn will increase the series resistance and decrease the power output of the PV
module. Some examples of Junction Box damage are giveg.i6.Ell, and Table 6.45 shows the statistics.

5 - -

Fig. 6.11: Examples of damaged junction box#sserved during the survayold modules
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Table 645: Statistics of junction box degradation observed in the survey

Type of damage Percentage of Additional Comments
modules affected
Weathered, physically 11.3% Percentage of modules affected in Group Y (14.8%
unsound or cracked much higher than the modules affected in Group X (7.5¢
Poor sealing 14% Percentage of modules affected in Group(M5.5%) is
higher than the modules affected in Group X (11.9%).
Lid missing, loose or 3.1% Not prevalent in young modules
cracked
Discoloration of output 41% Major corrosion is seen in only 5.7% caspse@omnantly
terminals (including in the old modules).
tarnish and corrosion)

6.2.2 Correlation of Visual Degradation witHectrical PerformanceéDegradation

In this section, we correlate the visual defects observed with degradation in electrical perfowhaice/as
described in Chapter. 4

a) Encapsulant Discoloration

The primary effect of encapsulant discoloration is the reduction in the transmission of light to the underlying
solar cells, which causes a reduction in the short circuit current and the power output. In order to check the
effectof discoloration on these electrical parameters, the PV modules have been segregated into 5 categories
based on the discoloration index, as per Table 6.44.

Table 6.4: Categorization based on discoloration index

Discoloration Index 07 0.05 | 0.057 0.25 0.251 0.5 0.57 0.75 0.751 1
Discoloration Category 1 2 3 4 5

Figure 6.2 shows the effect of encapsulant discoloration on short circuit current degradatiomdoles

from both Group X and Group ¥ites The modules with snail tracks and other visible signs of cracks have
been removed from the dataset for this comparison, since the cracks may influence the short circuit current
loss (this is analyzed separatelly).theseplots, the average degradation was are indicated using the red
horizontal lines (and the top and bottom edges of the red diamond indicate the 95% confidence interval). The
cumulative probability distribution is also shown on the right side of the scatter plot. It may be noted that
there are no Group X modules in discoloration categories 4 and 5, and no Group Y modules in discoloration
categories 3 to 5. In many cases, mostly in the young modules, tthegradation has been found to be
negative (which may be due to the uncertaintyhi;m mame plate data and also the uncertainty introduced by
STC translation procedures which are discussed in detail in ChaptiérisS)nteresting to note that the worst
browning in the modules in Group X has caused close to 15% digqim 18 yearof field exposure which

means a degradation rate of ca. ®@3ear). The average. degradation in Group Y is slightly higher than
Group X (comparing discoloration category 2). For Group X modules, the average degradation values follow
anal most | inear trend. Considering category 1 as A
it can be seen that the averdgelegradation for dark discolorationapproximately twice thadf the value

for light discoloration (which ign agreemenivith the assumptionsedin 2014 survey analysis).
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Fig. 6.12: Plot of short circuit current degradation versus severity of discoloration for (a) Group X modules,
and (b) Group Y modules

In Fig. 6.13, thetotal electricaldegradation (% and not %/year) is plotted against the same discoloration
categoriesAlmost linear trends are seen &y and P, degradation. In case &F degradation, some of the
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young modules with almost no discoloration (category 1) show very Fiigbegradation which causes a
departure from linear trend. It should alsonmed that these modules have also suffered other degradations
(particularly corrosion of metallizatioim the old moduleswhich reduces the fill factor and hence the power
output). The worst discolored modules have suffered about 24% degradati®n,im 18 years of field
exposure, so the averag@ear Degradation Rafer these modules is 1%/year (after discounting 2% L)D
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Fig. 6.13: Plot of electrical degradation versus extent of discoloration (Discoloration category) for Group X
modules- (a) V,. degradation (%), (bFF degradation (%), and (&« degradation (%)

b) Metallization Discoloration

Discoloration of metallization imodules is usually caused by corrosion in the older modules. This results in
an increase in the series resistance of the modules. Hghoivs the plot of the normalized series resistance
versus the metallization discoloration category for modules ofy&X and Group Y. Normalization of the
series resistance has been done by dividing it wittntheber of cells in the moduyleso that modules of
different sizes (ratings) can be compared. It can be seen that the normalized series rgsstaale
increases with increase in the extent of metallization disatitm thereby indicating a positive correlation
between the two (as expected from theoryjhe degradationin electrical parameterfor different MDI
categories hae been plotted for Group in Fig. 6.15. The rising trend is visible for all electrical parameters.
The ManaWhitneyWilcoxon test has confirmed that all the categories inetbetrical degradation plots for
Group A are statistically different distributions.
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c¢) Visible signs of cell crack@ncluding Snail Tracks & Photbleaching)

Cracks in the solar cells caometimescause snail tracks in the young modules, and phletaching in the

old discolored modules, which serve as visible indicators of cracks. However, it should also be kegt in m
that not all cracks will lead to snail trackr any other visible sign$he LinearDegradatiorRatesare plotted

for modules with and without the visible signs of cracks (including snail tracks and-kibatiing) in

Fig. 6.16. The average degdation rates are indicated using the red horizontal lines (and the top and bottom
edges of the red diamond indicate the 95% confidence interval). The cumulative probability is also shown to
the right side of the scatter plot. It is evident from the {ilat the average degradation rate of the modules

with visible signs of cracks is higher than the modules without the visible ctasksauld be noted here that

the fiNo VCO category includes modul es wi tvibilbdeuot any
the naked eye and can oriy seen througlelectroluminescencenaging (discussed in Chapter 7Mhe
difference in the average degradation rates has been found to be statistically significant for Group Y (based on
the MannWhitneyWilkinson Test). The Fill Factor degradation rate folloasimilar trend as shown in Fig.

6.17. However, similarrends are not found for thg.degradation rate and thg. degradation ratéas shown

in Fig. 6.18 and 6.8 respectively). This indicates that theacks are causing higher fill factor degradation,
leading to increased power loss in the modules.
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Fig. 6.16: Linear P, Degradation Ratéor Group X and Group Y modules with and without visible signs of
cracks
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d) Backsheet Degradation

Degradation of backsheetinlead to safety issues and can affect the performance in the PV modules. The
survey data indicates that the power degradd®@nis higher in case of modules with backsheet degradation

as shown in Fig. 6.20. It needs to be mentioned here that though there appears to be a correlation, it does no
confirm causality and so we cannot say that backsheet degradation is the cangséhbetigher degradation

in these modules. Fig. 6.21 shows the plots for the degradation in electrical paravigthia0d FF) with
backsheet degradation. It can be seen thatfhéegradation antl. degradation are higher for modules with
backsleet degradation. The series resistance has also been found to be higher for modules with backsheet
degradation, as shown in Fig. 6.22. The average backsheet degradation index increases with increase in
encapsulant discoloration category, as shown in FE@3,6which explains the highdg. degradation for
modules with higher backsheet degradation. This is not unreasonable, considering that temperature and UV
rays are the primary environmental factors that degrade the polymeric matebats encapsulantna
backsheet.
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6.2.3 Statistical Analysis

The combined effect of the various degradation modes like encapsulant discoloration, metallization
discoloration, snaitracks and photbleaching, backsheet degradation etc. on the power degradation rate has
been analyzed using statistical techniques. The data has been fitted to a logistic regression model, having the
following formulation:

Pie—= | 1 $) 1 #3)1 -$) 1 "$) ... (6.4)

where,

DI = Discoloration Index (a continuous variable with values ranging from 0 to 1)

CSI = Crack Severity Index (a continuous variable with values ranging from O to 1)

MDI = Metallization Discoloration Index (a atinuous variable with values ranging from 0 to 1)
BDI = Backsheet Degradation Index (a continuous variable with values ranging from 0 to 1)
A @, = P[Y=1for givend = P [theP.degradation rate is greatian 1%/yearfor givend

@is afour-dimensional column vector with its elements being the explanatory variables

The parameter estimates from above model are given in Tables 6.45 and 6.46 for young and old modules
respectively. For the young modules, CSI and MDI are statisticallyfisami (pvalue < 0.05) while the other

two explanatory variables i.e. DI and BDI are not significant. The parameter estimates for both CSI and MDI
are positive, which means that the odds ofRjg degradation rate being more thafolyear increases when

there are more cracks in the cells, or more discoloration on metallization. Metallization discoloration in the
young modules is often a sign of poor quality control in manufacturing, and hence affects the odds of having a
higher degadation rate. For the old modules, DI and BDI are statistically significant (refer Table 6.46). BDI
has a positive estimator for its coefficient, which means that the odds of having high degradation rate increases
when backsheet degradation is high.elestingly, the estimator for the coefficient for DI is negative, implying

that modules with higher discoloration tend to have lower chance of high degradation rates. This perhaps
comes from the fact that the PV modules suffer faster degradation inf{takyto LID) when there is no
discoloration, and as the PV modules age, the degradation rate slows down while the discoloration increases
(opposite trends).

Table 6.45 Parameter Estimates and/@lues foryoung crystalline silicon modules

Covariates Estimates of Parameters p-value
Intercept 0.55524 0.11190
DI 2.48650 0.72138
CsSl 14.32254 0.00492
MDI 31.88149 0.00032
BDI -0.09736 0.95741
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Table 6.46 Parameter Estimates and/i@lues forold crystalline silicon modules

Covariates Estimatesof Parameters p-value
Intercept -0.6109 0.13286
DI -2.9623 0.02634
CsSl 1.4450 0.16130
MDI 2.7346 0.33421
BDI 8.5561 0.00409

Based on the above discussion, it can be said that the manufacturing quality (related to MDI), and the handling
of the panels, both during manufacturing and at time of installation (related to CSI), are the critical parameters
which influence the odds ofaking high degradation rates, in the initial years of field exposure. On the other

hand, the quality of the backsheet plays a significant role in determining the long term degradation rate of the

module.

6.3 Visual Degradation Observed in Thin Film Modues

Thin Film modules are usually glagkass modules with the active semiconductor material deposited on the

top glass substrate. Moisture penetration into the laminate from the edges has for long been one of the most
common causes of degradation in thimfimodules, which is being countered in the present generation of
modules with the help of superior edge s§4i. As part of the survey, we have inspected a total of 146 thin

film modules, the majority of which were CdTe modules. All of the modules kessethan 10 years old, and

were found only in the Hot climates (Hot & Dry, Warm & Humid, and Composite zones). Figure 6.24 shows
some of the most commonly seen degradation modes during our survey and Table 6.45 shows the statistics.
White spots are vgrcommonly seen in thin film modules and are reported to be a visual indication of shunts,
generated due to operation under partially shaded cond[89n<18]. Delamination in the edge seal is also

very commonly seen, which can lead to TCO corrosiontaliregress of moisture into the mod(ie].

Table 6.45 Statistics of thin film modules affected by various degradation modes

Total Percentage of Modules Affected
Technology No.of | white | Cracked | Non-Crack Cell Edge Seal
Modules |  spots Glass Damages | Delamination | Delamination
Amarphous 44 100% 9% 9% 9% NA
Silicon
Cadmium 75 100% 1% 32% 32% 75%
Telluride
Micromorph 17* 47% 0% 0% 53% 75%
Copper Indium
Gallium 10 90% 0% 10% 10% NA
Selenide
*8 modules were frameless having edge seghile remaining 9 modules had frame
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(c) (d)

Fig. 6.24:Degradation in Thin Film module&) Whitespot in CdTe modulgb) Delaminationof edge seal
andinside cells (bar graph corrosion) in CdTe module, (c) hazinesSiimadule, (d) White spots
(debonding) in &i modules

6.4 Summary

Visual degradation observed in the surveyed modules provides us valuable information about the degradation
modes respusible for the degradation in the electrical performance of the modules. We arrive at the following
conclusions based on our analysis:

1 Encapsulant discoloration has been observed in many young modules in the Hot & Dry zone, and
almost in all old modules @yond 10 years of field exposure) irrespective of the climate. Hot
climates are harsher on the encapsulant as compared to tHéoNclimates.Higher percentage of
modules is affected by discoloration@moup Y as compared to Group $everity of disctoration is
higher in Group X as compared to Group Y, which indicates that discoloration imaioty
responsible for the higher degradation observed in Group Y modUies.discoloration in the
modules has been quantified usinghiuse developed softwarand correlated to the short circuit
current degradation and output power degradation.
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Frontside delaminatiomver significant area of the module has been observed only in very old glass
glass modules in Hot &ry climate. Bubbles have been frequently seen along snail tracks in the
young modules, but the area affected is less than 5%. Such bubbles are more frequently observed in
Group Y modules than in Group X modules.

Metallization discoloration is obsemén both the young and old modules, but is more severe for the
old modules, particularly in the Warm & Humid climate. THet zone is harshedor metallization

than the NorHot zone Percentage of affected modules is higher in Group Y as compared to
Group X. Smallmedium installations have a higher average severity as compared to large
installations, whichimplies adifference in material quality used in these installatidnetallization
discoloration has been quantified by manually estimdtiegliscoloration in various components like
gridlines, busbars and cell interconnects, string interconnects and the output terminals. The extent of
metallization discoloration has been found to correlate well with the series resistance of the modules,
and their power degradation.

Visible signs of cracks (which include snail tracks and pibeaching effects) are seen more in
Group Y modules as compared to Group X modules, and seem to be one of the major factors
responsible for the higher degradatioresatof output power and Fill Factor) in the Group Y modules.
The percentage of affected moduleshigher in the recent installations (less than 10 years old) as
compared to the older installationdighest severity of visible cracks is seen in small/mediu
installations in the Hot zone, though significant snail track severity is also seen in the large
installations, and this calls for improvement in the installation practices in order to prevent crack
formation.

Backsheetlegradation is comparable in theung modules in Group X and Group Y, but in the old
modules, thedegradationseverity is higherin Group Y as compared to Group Xhere is no
difference between the average severities in the snealilm and large installations. Since backsheet
degradation is a safety concern, it is important to use proper materials that can resist degradation in
outdoor environment, and can provide the necessary levels of safety for the entire service life of the
installation.

Haziness is the most commonly seen degradation mode for the front glass. Scratches on the front glass
and the frame have been found in about 10% of the young modules, which points to mishandling of
the modules during installation.

Statistcal analysis of the visual degradation data has indicated that the odds of havirig,high
degradation rate (more than%/year) are increased in case of young modules with cracks and
metallization discoloration (which can be taken as an indication of goality control during
manufacturing). For the old modules, backsheet degradation is associated with a higher dhapnce of
degradation rate exceedingdyear.
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/. Analysis of EL and IR Data

7.1 Introduction

Electroluminescence (EL) and Infrad (IR) imagingechniques are very commonly used for characterization

of PV modules. EL imaging provides insight into the condition and quality of the semiconductor material and
helps inthe identification of inactive regions and cracks in the solar da. IR thermography shows the
temperature distribution in the PV module, and helps to identify the hot spots.

7.2 Analysis of Electroluminescencéata

EL imaging wasperformedin the fieldduring the survey using 2 cameifiaga) Silicon CCD based camera
available from Sensovation, and (b) modified CMOS based digital camera developed at NCPRE. EL images
were taken at current equal to the short circuit current of the PV module under tesheMbfsthe sites, the

image difference technigu83] was used, which cancels effects of ambient light enabling us to take EL
images in the late afternoon even in the presence of diffused sunlight. In this technique, two images are taken
(one at bias andne at open circuit condition) and the difference between the two provides us the actual EL
image.

EL images of a total of 202 module were taken during the suRigg. 7.1and 7.2 show some of the EL
images taken during the survey for both Group X ansu@Y site modules.The dark areas in the EL images
indicate inactive cell areas. In Fig. 7.1 (a) and (c), we can see dark portions along the edges of some of the
cells. This feature appears in wafers taken from the ends of the ingots, and it doesthtiteaffewer output
significantly [39]. The irregular dark patches are indications of cracks in the module that are affecting the
charge collection and hence reducing the output power of the module. In Fig.-&R there are irregular

dark patches ithe cells which again indicate presence of cracks that are affecting the charge collection. In
Fig. 7.2(d), an entire string of cells is dark, which happens when the bypass disHertisircuited
(damaged). In this same module, in two cells in themtopt row, one half of the cells is bright while the other

half is dark. This indicates interconnect breakage in these cells, which is forcing current crowding along the
intact busbars. A general observation is that the modules in Group Y sites have a eatehrgmber of
cracks in modules as compared to the modules in Group X Biteshigher number of cracks may be due to
poormanufacturingfransportation or installation practicd%is is discussed in more detail later.

7.2.1 Classification ofCracks

Cracks can be classified into 3 categories based on the area affected by the crack as visible in the EL image
[49]:

a) Mode A cracks which are basically hdiite cracks, not associated with any dark area

b) Mode B cracks which are associated with a gney very dark) area in the cell

¢) Mode C cracks which are associated with a dark area in the cell
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(€) (d)

Fig. 7.1:EL images of some Group X modules taken in the field

(b) EC)

Fig. 7.2:EL images of some Group Y modules taken in the field

Examples of the 3 types of cracks can be found in Fig2J.31ode A cracks do not lead to any lospower
output but Mode B and Mode C cracks can lead to power loss since the dark areas mean that electrical
connection to the affected area has been broken. The number of cracks of different categories has been
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counted from the EL images taken during the survey and the statistics are given in Table 7.1. It is clear that
modules in Group Y have a larger number of cracks (of all 3 types) as compared to Group X modules. The
statistics for young and old modules ateown in Table 7.2, which shows that the percentage of cracks is
higher in young modules as compared to old modules. This suggests that the transportation and/or installation
practices for young modules are hasty or improper, and perhaps the startimg afuie modules also.
Rooftop installations have higher cracks as compared to ground mounted installations as shown in Table 7.3,
and small installations suffer from more cracks than large installations (refer Table 7.4).
cracks seeim EL, which can give rise to power loss (as shown in Section 7.2.5), is one reason why Group Y

sites, young sites, rooftop sites and small sites show higher degradation.

Table 7.1:Percentage of cells affected by different types of cracks in Group X and Group Y modules

Fig. 7.3: Different types of cracks as visible in EL imad2k

Percentage of cells affected by different types of cracks

Total no. of cells

Mode A cracks | Mode B cracks Mode C cracks checked
Group X 1.23 1.46 0.83 9464
Group Y 7.58 9.48 3.39 3300

Table 7.2:Percentage of cells affected by different types of crackeung and olanodules

Percentage of cells affected by different types of cracks

Total no. of cells

Mode A cracks Mode B cracks Mode C cracks checked
Young 3.19 4.14 1.62 8952
Old 2.10 2.10 1.21 3812

Table 7.3:Percentage of cells affected by different types of crackowof top and Ground mounted

Percentage of cells affected by different types of cracks

Total no. of cells

Mode A Mode B cracks Mode C cracks checked
cracks
Roof-top 3.07 3.97 2.22 4860
Ground Mounted 2.75 3.26 1.05 7904
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Table 7.4:Percentagef cells affected by different types of crackd.arge and Small size systems

Percentage of cells affected by different types of crack| Total no. of cells

Mode A cracks | Mode B cracks Mode C cracks checked
Small Size Systems 3.01 3.58 1.85 6920
Large Size Systemsg 2.70 3.47 1.08 5844

7.2.2 Correlation ofSnail Trails with Electrolumiescencerhages

Snail tracks have been observed in many of the young modules during the survey, which has been described in
detail in Chapter 6. The snail trails appear as black or brown curved lines running across the solar cells, and
sometimes bordering them (like arfra). Usually the EL images of the cells affected by snail tracks show
cracks, as shown in Fig. 7.4. The cracks allow the moisture to reach the top side of the solar cells, where it
aids the migration of the silver ions from the gridlines to the encapdalamt The silver ions then react with

various chemicals from the encapsulant and backsheet producing various compounds[60FEilver
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Fig. 7.4:(a) Snail trails observed in a PV module in Hot & Dry climate, (b) EL image of the same mc
showing the cell cracks

7.23 Correlation ofinterconnecBreakagevith Electrolumirescencerhages

Interconnects provide electrical connection between the cells and conduct the electrical current to the external
load from the cells in the PV module. The modules of the yesteryears usually contai@etht2rconnects

per cell, but nowadays 4 intercontseds the standard and many module manufacturers are also offering 5
interconnects per cell, which provides greater redundancy, and reduces the resistive losses thereby improving
the fill factor of the PV module. In the event of breakage of one of thedmeects the current flow shifts to

the remaining intact interconnects, and this leads to darkening of the area corresponding to the broken
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interconnect, while a current crowding effect is observed at the intact interconnect(s). The series resistance
increases in the case of interconnect failure, which causes decrease in output power.

The Togami Cell Line Checker has been used in the survey for detecting interconnect breakage, which has
also been verified in some cases using EL imaging. In Fig. 7.6{@connect breakage has been observed in

the busbar of the cell (marked in red) using the Cell Line Checker. Fig. 7.6(b) shows the EL image of the
same module and the effect of the breakage can be clearly seen in the ElTimeggdanterconnect breakages
increase the series resistance of the module which eventually reduces the power output of the module.

(b)

Fig. 7.5:(a) Interconnect breakage in a PV module, detected using Togami Cell Line checker (mai
on the cell interconnect), and (b) the EL image of the corresponding section

7.24 Correlation ofCrackswith Location

The location of the cracks in the Pvodule can provide us information regarding the possible causes of such
cracks. For this analysis, each module is divided into three repittrescentral zone, the intermediate zone,
and the periphery, as shown in Fig. 7.6. The percentage of cellsdiadke respective region is calculated

for each module and the values are plotted for the three regions in Figh&.dverage value for Region 2 is
highest followed by the Regions 1 and MannWhitneyWilcoxon test results indicate that the data
distribution for Region 3 is significantly different from Regions 1 and 2, so it can be concluded that the cracks
are found more in the outer regions as compared to the central region of the PV modules.
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Region 1 Region 1

Region 2 Region 2

.= Region 3
Region 3

(@) (b)
Fig. 7.6 Definition of the three regioim (a) 60 cell module, (b) 72 cell module

Cumulative Probability

120 c-Si Technology Distribution 120
- [202] [202] [202] '
Q |
S 100f v ! 4100
8 [
o .
wn 80 - | . 80
= v
d) ; |
o |
8') 60 | v | 60
] |
- v
g 40 v : 40
o
o L I
o 20 ¥ v | 20
v (674) Y. (879 (5.73) .
1 e il - "
Region 1 Region 2 Regiond 0% 50% 100%
Probability

Fig. 7.7 Percentage cells cracked with position on PV madule

7.25 Correlation ofPmaxDegradation witiNumber ofCracks

Figure 7.8 shows the plot of the averageearP,.« Degradation Rat&b per year) versus the total number of
cracks in the module. It can be seen that the degradation rate increases with increase in the number of cracks
In this figure, the red and green vertical bars indicate the instrument/STC translation error ameehiataa
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error respectivelyAs mentioned earlier, this indicates that cracks and microcracks are definitely one of the
causes for increased degradation seen in thepmrforming sites.
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Fig. 7.8 Pnaxdegradation rate (%/year) versus the total number of cracks in the module. The
and red bars indicate the instrument/STC translation error and nameplate error respective

7.27 Correlation ofDark IRimageswith Electroluminescence images

Dark IR thermography of a selected set of PV modules was performed in the survey, with the module forward
biased using a DC power supply at its rated short circuit current. The module is covered from the front using
an opaque cover, and the IR image is takemfthe backside, with the current flowing through the module.
Figure 7.9 shows the EL image of a module with a badly damaged solar cell (left image), highlighted with the
red box. On the right, the dark IR image is shown which shows a hot spot in thedaffelt. The inactive

area is dark in both the EL image and the dark IR image. Note that the IR image has been taken from the
backside, while the EL image has been taken from the front so the feaemesored.
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Fig. 7.9: Comparison of th&L image with the Dark IR image of an old module.

7.3 Analysis of llluminated IR Data

llluminated IR thermography is a commonly used technique for detection of thermal anomalies in PV
modules. Many of the defects in the solar cells and laminate likeraeks, delamination, shunts etc. lead to
thermal signatures that can help in identification of these problems. Hence, IR thermography was also
performed during the survey, with the modules under both load (Maximum Power Point Tracking done by
string inverter) and short circuit conditions, usingFaIR E60 IR camera It was ensured that the POA
irradiance was above 700 W/mvhile taking the IR images. For the short circuit IR images, the module was
shorted for at least 5 minutes before taking the image. The hot spots obtained-airshitett condition can

be considered as the worst case scenario, since the total irputrsalgy is dissipated as heat in short circuit
condition, whereas in the MPPT condition, the hot spots are expected to be less severe, but more
representative of actual operating conditions. Figure 7.10 shows representative IR images of PV modules
takenat a PV power plant, under MPPT and short circuit conditions. In this figure, the vertical bar on the right
side of each IR image indicates the temperature range of the objects present in that image. The temperature a
the top left side of the images indies the temperature at the pointer present in the centre of the IR images.
Areas shown in white are at a higher temperature than areas in red and blue. We can clearly see that the
maximum cell temperatures are much higher in the case of the short ioragé as compared to the MPPT

image.

As evident from Fig. 7.10, the surrounding structures are also present in the IR image. In order to analyze the
IR image, we have developed software which enables us to remove the surrounding objects and select only the
object (module) of interest (refer Fig. 7.11). Fig. 7.11(a) shows the thermal map (temperature data) extracted
from an IR image of a PV module taken at a power plant site. There are lots of surrounding objects like PV
modules and support structures imstimage. Using the software, we select the module of interest from this
thermal map, and the rest of the surrounding objects are removed by the software as shown in Fig 7.11(b). The
temperature histogram of the module of interest is shown in the Fig.(@),1Where we can see that the
highest temperature is 46.5 °C for this PV module. The modal value of the histogram is taken as the
representative temperature for the PV module, since it is the most frequently occurring temperature in the
module IR imageThe modal value (43.5 °C) is found to be close to the median of the histogram but very
different from the average sintiee average temperature (obtained from the histogram) is influenced by the
temperature of the framsupport structur@and other surrouwting objectswhich inevitably appear in the IR
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images.The highest temperature in the histogram is considered as the maximum cell temperature, which is
noted down for further analysis.

Figure 7.12(a) shows the histogram of the representative (modal) meduperature for Group A-8i

modules, under MPPT condition. These temperatures are presented as recorded at site by the IR camere
during the survey, without applying any correction for irradiance or ambient temperature. The lowest module
temperature recded under MPPT condition was 28 (in Ladakh) while the highest was 666 (in
Rajasthan). All these readings were taken in the summer season, with variable irradiance and ambient
temperatures. The histogram of the maximum cell temperatures is shovg ih1R2(b). The highest cell
temperature recorded for any module in the survey under MPPT condition W@g(@@der POA irradiance

of 815 W/nt and 37°C ambient temperature). The histogram of tf&i emodule temperature and maximum

cell temperature obsexd under short circuit condition are given in Fig. 7.13. The module temperatures under
short circuit condition range between 4®to 69°C, and the maximum cell temperature observed under short
circuit condition is 110C. This shows that the cell tempaures are much higher under short circuit condition

as compared to MPPT condition. It should be noted that in some of the sites, IR images were not taken due to
site-specific constraints, so the total number of modules reported in this Section is laweahehnumbers
reported in Chapter 4.
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Fig. 7.1Q IR images of PV modules in a PV power plaria) Module 1 under MPPT condition, (b) Module 1

under short circuitondition, (c) Module 2 under MPPT condition, and (d) Module 2 under short circuit
condition
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Fig. 7.11 (a) Thermal magxtracted from the IR image of a PV module (b) Region of interest cropped from
the thermal map, and (c) Temperature histogram of the module. The highest temperature in this module is
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Fig. 713 Histogram of module temperature (a), and maximum cell temperature (b3j ofi@dules
inspected in the survey, under short circuit condition

7.3.1 Normalization of IR data

The temperature of a module depends on the ambient conditions like incident irradiance, ambient temperature
and wind speed. In order to compare the temperatures of the modules taken under different ambient conditions
(as in our Survey), it is necessaryfirst translate the module temperature to reference conditiBased on

the work of Moretoret al.[51] and Ohet al.[52], the temperatures wetenslatedo the reference condition

of 1000 W/nf and 40°C, using the relation:

Ny o d g A e T .
Trranslated= T T L QwOl) %ﬁgllb\'zEEAZpldTA A é (7.1)

where

Tianslated= translated temperatuegé module under reference condition
Tmeasure= Measuredemperatur®f module(obtained from IR image)
Tambient= @mbient temperature measured at site

The thermal or temperature mismatch between the cells in a module can be quantified in terivodilkne
T, which is defined as follows:

Modul e "YeT j 4 R e (2.
where,
Y R = Translated maximum cell temperature of the module
4 B = Translated modal temperature of the module

Theoretical calculations show that the power loss in a solar cell (in Watts), due to formation of a defect, is
proportional to the temperature rise of the solar &3]. Based on the energy balance in a PV module,
equating the incoming solar energy witle summation of the electrical power output and the thermal power
dissipation, it is possible to derive a relation of the form:

% Power loss in a PV module —— @B Y Y .. (7.3)

Where,
U = Overall heat transfer coefficient
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Teen = Cell Temperature

Thoawe= Modul eds representative temperature (modal t e
d = Initial efficiency of the PV module

N = No. of cells in the PV module

Most of the IR images taken in the 20difvey have parts of the support structure blocking some of the solar
cells of the module, and also the images have an irregular shape (close to trapezoidal). So, it is difficult to
apply equation 7.3 directly to the IR data from the 2016 survey, andrig po errors (owing to obstruction

by support structures). Hence, we have used a simplifying assumption and defined a Thermal Mismatch Index
(TMI) for the module as follows:

0 € 'QoXYQ

TMI = —0

é (7.4)

Where,
d = lefficieicy ad the PV module
N = No. of cells in the PV module

The value of the denominator for standarec&) modules of 17% efficiency is 10.2 which means that a TMI
value of 1 implies aModule YT of 10.2°C. However, for modules with different efficiency, the values will
change accordingly. A higher TMI indicates the possibility of hot cells. The modules have been grouped into
4 categories based on the TMI values and the electrical parameter degradatimernasialyzed in the
following sections.

7.3.2 Analysis of Normalized IR data

a) Effect of Thermal Mismatch on Electrical Degradation

In order to analyze the effect of temperature mismatch on the electrical parameters, the modules have been
groupedinto various categories based on the TMI values for both short circuit and MPPT conditions. Table
7.5 gives TMI values for IR data collected under short circuit condition, hereafter referred tosas Tl

Pmax degradation (%) of the modules in different categories is shown in Fig. 7.14 and the increase in the
average degradation rate with increase in J\Mategory is evident. Statistical analysis shows that the
categories 1 and 2 are not significantly différdmut there is significant difference between categories 1, 3 and

4 (p-value of null hypothesis in Mann Whitney U test is less than 0.05). Fill Factor degradation also follows a
similar trend a¥P. degradation as shown in Fig. 7.15(a). However, no toamdbe seen for short circuit
current and open circuit voltage degradation, as seen in Figs. 7.15(b) and (c). In Fig. 7.13(p) for
degradation, all categories (1 through 4) come out to be statistically simvWatugs greater than 0.05 in
Mann Whitng U test). It is clear from these figures that fill factor degradation is the primary reason behind
the power degradation for the short circuit temperature mismatch categories.

Table 7.5: Temperature mismatch category based on TMI values at short coadition (TMkc)

TMI sc 011 17 2 213 >3
Category 1 2 3 4

~116~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

Cumulative Probability
c-Si Technology - Short Circuit IR Data Distribution

[187] [241] [67] [50] al
Y
_ TOF [GrowAl, 70
S 60}
| —
9O 50} i
-~
2
S 40} ¢
| ™ A
S 30l ¢
fa
>
1]
€
o
A

2 3 4 0% 50% 100%
Temperature Mismatch (TMI ) Probability
Category

Fig. 714 P degradation (%) for different thermal mismatch categories under short circuit condition
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Fig. 715 Degradation of electrical parameters for different Thermal Mismatch categories under short circuit
conditioni (a) FF degradation (%), (Ib). degradation (%), and (&}, degradation (%)

For analyzing the effect of module temperature mismatch at MiiRdition, the TM|;ep ranges for the

various temperature mismatch categories are chosen differently (as shown in Table 7.6), keeping in mind that
the module temperatures are much lower when operated at MPPT condition as compared to short circuit
condition.Fig. 7.16 shows the variation of tRg.,degradation with the temperature mismatch categories, and

the data forFF, Is. and V,. degradation are shown in Fig. 7.17. Again, we find that the avdPage
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degradation is higher for higher temperature mismatch. In Fig 7.16, the categories 1, 2 and 3 are statistically
different but categories 3 and 4 have similar data distribution (based on Mann Whitney U test statistics). There
is good correlation of the fillactor and the short circuit current degradation with the temperature mismatch
category.V,. degradation is also higher for categories 3 & 4 as compared to categories 1 and 2, though the
actual values are low. It should be noted that these correlatierfserahe total degradation in the electrical
parameter (in percentage) and not with the degradation rate (in %/year).

Table 7.6: Temperature mismatch category based on TMI values at MPPT conditiopgg) Ml

TMI vpp 07 0.25 0.2571 0.5 0511 >1
Category 1 2 3 4
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Fig. 7.16. Pmaxdegradation (%) for different thermal mismatch categories at MPPT condition
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Fig. 7.17: Degradation of electrical parameters for different Thermal Mismatch categories at MPPT condition
I (a) FF degradation (%), (bc degradation (%), and (8¢ degradation (%)

Since the distribution of thB,,« degradation (%) for temperature mismatch category 3 and category 4 are
statistically similar, we can consider modules in these two categories (i.@erl#W0.5) as modules with hot

cells (which corresponds to a temperature difference>6f°C in standatt 60-cell 17% efficient modules
under MPPT condition). Fig. 7.18 (a) shows g degradation (%) for modules in Hot and Ndot zones,

for modules with and without hot cells. It is evident that the modules with hot cells are showing higher
degradatioras compared to modules without hot cells, in both types of climates. Mann Whitney U test results
show that difference between HC and NHC categories in both Hot zone arddiaonne are statistically
significant (p value < 0.05). There is also significdifference between the average degradation rates of
modules with hot cells in Hot zone and Nidot zone (p value = 0.039). The module TMI values are similarly
plotted in Fig. 7.18(b) and we can see that the TMI values are higher for modules with Haterwllsimilar

to thePaxdegradation plot).
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Fig. 7.18 Effect of Hot Cells on module performance in Hot and {Miart zones in terms of (®hax
degradation (%), and (b) Temperature Mismatch Index

Based on the above discussiare conclude that the modules with hot cells suffer a higher degradation in
power output. The power degradation is mainly being caused by the degradation in fill factor and short circuit
current. Modules in the Hot zone show higher avefaggs degradation del to hot cells as compared to
modules in NorHot zone (though the number of samples is small so we cannot reach a definitive conclusion).
This conclusion highlights the deleterious impact of Hot climates, and is likely to be one of the causes for the
obseved higher degradation rates in Hot zones as recorded in Chapter 4.
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b) Effect of Mounting Location on Module Temperature

The translated module temperature (referenced to 1000’ Afith 40°C ambient conditions), for different
mounting locations (roof or ground) is shown in Fig. 7.19 for Group X and Group Y separately. It is evident
(though surprising) that there is not much difference in the translated module temperature between the
differenttypes of installations. Statistical analysis also shows that there is no statistically significant difference
between the distributions of ground and rooftop systems in Group X and also ground mounted systems in
Group Y, but Rooftop systems in Group Y kaw statistically significant difference in the data distribution. It
should be emphasized however, that during our
rackmounted systems, and we see that these do not run any hotter than goktmduated systems. We
have seen in Chapter 4 that the rooftop systems show higher degradation that ground systems, but the curren
analysis indicates that higher operating temperaturetia cause for this.
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Fig. 719 Effect of mountingdcation on the translated module temperature (a), and maximum cell
temperature (b), for Group X and Group Y sites
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Based onhe abovedata, it can be concluded that modules with hot cells in the Hot zone suffer higher
degradation. The power degradatiorrss to correlate well with the extent of mismatch between the cell
temperatures in a module. 13% of the surveyed modules have shown hot cells (14% in the Hot zone sites and
8.5% in the NorHot sites), which is not a small number and hence the hot cedl isaumatter of concern.
Thesefactors should be considered while designing module reliability test standards for hot climates.

7.4

Summary

Fromtheanalysis of the electroluminescence and IR images, we can reach the following conclusions:

T

Percentage of cracked cells is higher in modules from Group Y sites as compared to Group X sites,
which indicates poor handling of the modules during manufacturing, transportation and/or installation
for Group Y sites.

Rooftop sites show more crackedlsghan groundnounted sites, as also young sites compared to
old sites. This agaiindicates poor handling of the modules during manufacturing, transportation
and/or installatiorior rooftop and young sites

There is a good correlation between the totamber of cracks in the module and the power
degradation of the module.

EL images are helpful in detecting cracked cells and broken interconnects in the module. Modules
with snalil trails have been found to have cracks in the corresponding cells

Modules with hot cellsshow higher power degradatitinan other modules, andgtgets worse in Hot
climates. Both fill factor and short circuit current degradation has been found to be contributors to the

higher power degradation. Almost 13% of the surveyed modules fall in the hot cell category.

No difference in module temperature has been foundrénngl installations versus rooftop (rack
mounted) installations.
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8. Quantification of Reliability of PV
Modulesin India

8.1 Introduction

Quantification ofthereliability of PV modulsis necessary fochoosingreliable productas per the operating
environment The reliability ofa PV module can be quantified using Risk Priority Number (RPN) analysis.
PV modules have different failure mad®s defects based on the matesiaded for consuction of the module
andthe operating conditionslIn this survey, the team has found different failure modes in different climatic
zones.

Among the identified failure modes aitd effects of a system on the basis of priority ranking, a critycal
andysis has beemone by using a quantitative index, known as Risk Priority Number (RPN). This analysis is
done based on Failure Modes, Effects and Criticality Analysis (FMECA) as per IEC &8i2scalculated
asper the following equation:

RPN=Sx O xD .. (8.1)

whereSis the severity, representing the impact of failure mode or defeédssthe occurrence, representing
the probability of occurrence of failure mode based on the field datd) amthe detection, representing the
recognizing or spotting and removing or preventing of failure modes of the analysed system.

The failure modeslefects are observed in PV modules after long term exposure in the field conditions. In this
analysis, there are 86 defects of PV modules which are used, and the details are given in the Table 8.1 and
Table 8.2. Table 8.1 shows 25 defects related toyséddtires of PV modules. Table 8.2 shows 61 defects
related to performance failure modes of PV modules.

Table 8.1: Defectsof PV module related teafetyfailures

Glass Frame Junction box
Front glass crack Frame grounding severe Junction box crack
Front glass shattered corrosion Junction box burn
Rear glass crack Frame grounding minor Junction box loose
Rearglass shattered corrosion Junction box lid fell off
Frame joint separation Junction box lid crack
Frame cracking Junction box sealing will leak
Backsheet Wire Cell
Backsheet peeling Wires burnt Hotspot above 26C
Backsheet delamination Wires animal bite/marks String interconnect arc tracks
Backsheet burn Wire insulation cracked
Backsheet crack/cut under cell
Backsheet crack/cut between ce
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Table 8.2: Defectsof PV module related tperformancdailure

Glass

Frame

Junction box

Front glass lightly soiled

Front glass heavily soiled
Front glass crazing

Front glass chip

Front glass milky discoloration
Rear glass crazing

Rear glass chip

Major corrosion of frame
Minor corrosion of frame
Frame bent

Frame degraded

Frame oozed

Frame adhesive missing

Junction box lid loose
Junction box warped

Junction box weathered
Junction box adhesive loose
Junction box adhesive fell off
Junction box wire attachemts
loose

Junction box wire attachments
fell off

Junction box wire attachmen
arced

Cell

Encapsulant

Backsheet

Cell discoloration

Cell burn Mark

Cell crack

Cell moisture penetration

Cell worm mark

Cell foreign particle embedded
Cell Interconnectliscoloration
Gridline discoloration

Gridline blossoming

Busbar discoloration

Busbar corrosion

Busbar burn marks

Busbar misaligned

Cell Interconnect ribbon
discoloration

Cell Interconnect ribbon
corrosion

Cell Interconnect ribbon burn
mark

Cell Interconnetribbon break
String Interconnect discoloratiof
String Interconnect corrosion
String Interconnect burn mark
String Interconnect break
Hot spot | ess t

Encapsulant delamination over
the cell

Encapsulant delamination unde
the cell
Encapsulantlelamination over
the junction box

Encapsulant delamination near
interconnect or fingers
Encapsulant discoloration
(yellowing/browning)

Backsheet wavy
Backsheet discoloration
Backsheet bubble

Edge Seal

Wires

Others

Edge seal delamination
Edge seal moisture penentratiol
Edge seal discoloration

Edge seal squeezed / pinched ¢

Wires pliable degraded
Wires embrittled

Wires corroded

Wires soiled

Solder bond fatigue/failure
Module mismatch

~ 126~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

8.2 Methodology
8.2.1 Severity

Severity ranking of defects inRV module is analyzed based on the performance of PV module in terms of
power, short circuit currenfill factor and open circuit voltag&everitywas determined by ranking tfeglure

mode of degradatiorrdm 1to 10, wlere 1 indicates that the observed degradatiode has no effect on
performance, and 10 indicates a major effectboth power and safetyThe severity ranking is done by
performance analysis with different defects for individual PV power plant. Defeetsliéded into two
categories: safety failure mode, and performance failure mode as shown in Tables 8.1 and 8.2. The
degradation rate of PV module in termsRyfs, lso Voo and FF are analyzed for performance defects. The
average degradation rate for each defect is arranged and grouped into different caldgosiese is discrete

and not continuous becauserrelating specific degradatiomodes to certain power lossgaries wth
operating conditions. For each defect observed in a power plant, a ranking is given for a group of average
degradation values. For safety failure mode, the ranking is done based on the severity of safety and average
degradation rate for the particulagfdct. However, it is very necessary to provide high ranking for a defect
with the risk of electric shock.

8.22 Occurrence

Occurrence ranking idoneon the basis afiefects observed in a power plafhe frequency of occurrence of

each failure mode has been calculated by plotting the histogram of number of modules for a particular defect.
This ranking corresponds to the obsermedhber of failures thas occurring for acause over the operational

life of the PV power plant Failure modes are identified in terms of probability of occurrence, grouped into
discrete levels. Theumulativenumber of module failurefor each defecper thousand per yed€NF) is
calculatedby using the following formuta

p j B p T
B

# . TITTE

.. (8.2)

The ranking is done by making a group of CNF/1000 for different defects and ranking them from 1 to 10. The
ranking is high witthigh occurrence.

8.2.3 Detection

Ranking of @tectionD of each failure mode is done based on the criteria of detewgtith monitoring
system/procedure used during the survey. The inspection of power plant is done through visual inspection and
with sophsticated toolsuch as EL camer&,V tracer, IR camera, insulation testeglld.ine Checker, digital

camera etcThe ranking bf a defecis given ifthe defect is easily detected $gheduled/regular maintenance

or evenitriggered inspectionsin this study, lower ranking is given for the detection of defects with visual
inspection, middle ranking is given for the detection of defects which can be identified only with indirect
calculation procedure, and high ranking is given for the defects identifilgdby using sophisticated tools.
However from reliability perspective, the ranking of detection procedure should be normalized.

8.24 Performance and Safety RPN

I n this study, modul es are separated into two cat
modul es) and modul e greater or equal to 5 year o]
analysis of failure modes/defects is divddato two categories: performance RPN and safety RIPM.risk
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priority numbe is analyzedfor failure defects related to performance defdotferred to as Performance
RPN) and for failure defects of PV module related to safety issues (referred ttetysREN) The RPN is
calculated using two different ways:

RPN =SxOxD ... (8.3)
and
RPN SO=Sx 0O ... (8.4)

A comparison was done between RPN and RPN_SO for each defect to find out the influence of detection in
order to estimate dominant defects with high value. It has been observed that some defects which are not
easily detectable are also not very severe. ddetto the high value & (detection), the RPN is estimated to

be high for such defects. This may lead the PV community to a wrong conclusion, and hence RPN_SO is also
estimated. The RPN analysis is done for each power plant individually and the toltalsreembined for a

climatic zone. The distributions of ranking of different defects are plotted with the maximum value observed
in the respective climatic zone.

8.3 Results and Discussion

All the modules aranalysed as pesafety, reliability andlurability failure definitiors stated by Shresthet al

[54]. Shresthat al. have mentionethat defects with safety issues can be termed as safety failure, modules
with degradation rate more tha®dyear excluding the module with safety issues araddras modukewith
reliability failure; and modules with degradation rate less thd@/ylear excluding the module with safety
issues but having other defects are termed as module with durability .failurEig. 8.1, a pie chart of
durability loss, safgtfailure, andreliability failures of the studied modwdéor the different climatic zones are
plotted. This analysis is done for the entire module dali@ctedduring the surveysegregating in terms of
climatic zones only. It has been observed thatemban 70% of theurveyedmoduleshavereliability and
safety failure defects.

8.3.1 RPN Analysis for Six Climate Classification

a) Cold & Cloudy climatic zone

In Cold & Cloudy climatic zonewe havestudied modules with less than 5 yeairexposure only. Figurg.2
shows theaverageranking of severity, occurrence and detection of different failure naefestsfor this
zone. In this zonewe havenot found any defects which leadsdafety issues. Gridline discodtion is the
mostsevere defect in this climatic zone in terms of performafi¢ee maximum average degradation rate of
0.65%/year is observed for module with irténcuitry discoloration and highest severity ranking is given.
terms of performance RPN, gridline discaltwn is the most severe defext compared to other defegtsfer
Fig. 8.3) By normalizing the detection of all the defects, RPN_SO is also estimatalll ttoe failure mode
observed for therariousclimatic zones. There is not very much variatiorthia failure modes in terms of
RPN_SQand RPN
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Fig. 8.1: Safety failure, Reliability failure and durability loss of modufer different climatic zones
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Fig. 8.3: Performance RPN of different defects @wld & Cloudy zone
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b) Cold & Sunnyclimatic zone

In this climatic zoe, the modules are separatetbitwo groups based on thegeviz. less than 5 yeaiof

exposure and more than 5 ygaf exposure. Thaverageranking of different failure defects in terms of
severity, occurrence and detection is showRim 8.4 For modules withless than 5 yearof exposurethe
maximum overall average degradation was observed in modules with backsheet peeling and backsheet burn
marks. The highest performance RPN is only 20 in this condition. In case of fedlfety defects backsheet

burn marls and backsheet peeling are tmestdominantdefects with highest rankinigr this condition as

shown in Fig. 8.5In terms of safety RPN, backsheet peeling is the most severe defects with highest RPN and
RPN_SOQ(refer Fig. 8.5)
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Fig. 8.4: Distribution ofaverageanking of different defects fdold & Sunny zone for moduke
with less than 5 yeaof exposure
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Fig. 85: RPN of different defects faCold & Sunny zone for modugewith less than 5 yeaof
exposuré (a) Performance RPN, and (b) Safety RPN.
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For modules withmorethan 5 yeas of exposurean Cold & Sunny zone, the distribution of average ranking
for different defects is shown in Fig. 8/dost of the defectarerelated to performance of the module only.
The maximum average degradation rate of%i/gear is observed in module with string interconrigeak.
There is a difference of 70% in average degradation rate in best and worst modules withldbfectseen
observed that the performance RPN of solder bond fatigue/failure is high, followed by cell discoloration,
encapsulant discoloration, prebhs in frame and gridline discolorati¢refer Fig. 8.7) As per RPN_SO, the
risk is high for cell discoloration, encapsulant discoloration, problentaimef and gridline discoloratioifhe
highest value of RPN_SO is 70n case of safety RPN, hot spoten 20°C is showing the highest value as
compared to other safety failure observed in this climatic zonedAlites insulation cracked/disintegratas
also one of the severe defects in this zone. In terms of RPN_SO, the wires insulation crackedatisirite
the highest severe defects as shown ir-tge8.7.
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Fig. 8.7:RPNranking of different defects faZold & Sunny zone for moduewith more than 5 yeaiof
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¢) Hot & Dry climatic zone

In this climatic zone, the performance related defects hmberanking of severitjor module with less than

5 years of exposur@he maximum average degradation rate of%/9ear is observed in module with cell
chipping/crack and hotspot. Lower degradation rate of%/year is found in the module with backshee
bubbles.The occurrence ranking is also found to be Highthe defects observed lass than 5 yearof
exposurgrefer Fig. 8.8) The solder bond fatigue is tll@minantperformance RPN in this climatic zone. In
terms of performance RPN_SO for lékan 5 yeas of exposurethe dominant defects abeisbar misaligned,
cell chipping, gridline and interconnect discoloratiBacksheet burn mark and frame grounding corrosion are
the dominantsafety failurefor this zonewith high RPN (refer Fig. 8.9)

Hot & dry (Age: <5 years)

¥ Average Detection W Average Occurence ¥ Average Severity

Stacked column of Ranking with data label

Fig. 8.8: Distribution ofaverageaanking of different defects for Hot Rry zone for modulewith less
than 5 yeas of exposure
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For installationswith greater than 5 year of exposimeHot & Dry climatic zonethe distribution of average

ranking fordifferentfailure modes are shown in Fig. 8.1he severity ranking ddll failure modesbserved

in this zonerelated to performance fdets is more than 6 Average degradatiorates of module is high,

around 3%/year, in the case ofmodule withdefects viz.hot spot, string interconnect break. There is a
difference of 70% in the average degradation rate in best and worst modulesfedth.8elder bond fatigue

is the defects with highesalue ofperformance RPN followed by hotsp@efer Fig. 8.11) But in terms of
performance RPN_SOdominant defects with high risk arbubbles in the backsheet, encapsulant
discoloration. In case oafety RPN, hotspot and frame grwling corrosion are the maitefects. However in

terms of safety RPN_SO, backsheet crack/cut under cell and frame grounding corrosion are the main defects
as shown in th&ig. 8.11
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Fig. 8.10:Distribution ofaverageanking of different defects for Hot Rry zone for modulgwith
more than 5 yearof exposure
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799 Performance RPN (Zone: Hot & Dry, Age: >5 years)
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Fig. 8.11: RPN of different defects for Hot &ry zone for modulewith morethan 5 yeas of
exposurd (a) Performance RPN, and (b) Safety RPN.
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In this climatic zoneaverage degradation rate of moduke high around 3.9%/yearin the case ofmodules

with defects (like ell worm marls (Snail Tracks), gridline blossomingné grid line discoloration). e
seveity rankings of these defects ahéghest in case of modudenith less than 5 yearof exposurein
moderate climatic zongefer Fig. 8.12) The lowest mean degradation rat€i8 %/yearin the case of cell
interconnect ribbon discoloration. Based on the ran&imdthe performance RPN for modaleith less than

5 year of exposure, Cell worm mark (Snail Tracks), gridline blossoming and grid line discoloration are the
dominant failure mode (refer Fig. 8.13) Frame grounding corrosion i®ne of the dominant
degradation/failure modes in terms of $gflor this site. However the mean degradation rate for other safety
failure modegbacksheet crack and backsheet pegimbigh around 4.84/ year.

Moderate (Age: < 5 years)

i Average Detection ® Average Occurence ¥ Average Severity

Stacked column of Ranking with data label

Fig. 8.12:Distribution ofaverageanking of different defects fovloderate zone for modwdevith less
than 5 yeas of exposure
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2990:9 Performance RPN (Zone: Moderate, Age: <5 years)
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200 +
150 +
=
o
e
100 -
50 -
o -
Backsheet crack /cut under Backsheet peeling Frame grounding minor
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Fig. 8.13: RPN of different defects fdvloderatezone for modulgwith less than 5 yeaof
exposuré (a) Performance RPN, and (b) Safety RPN.
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e) Warm & Humidclimatic zone

In this climatic zone, the highest mean degradationofite2%is observed in the modudevith backsheet
discoloration and front glass milky discoloration. There is more than 70% change in degradation value
betweenthe bestand worst moduls with performance defects. The occurrence of defects in backsheet and
metallization are high for moduieith less than 5 yeaof exposure in this climatic zor{eefer Fig. 8.14)The

solder bond fatigue/failure can be seen as the dominant degradation/failure mode for this site, as it has the
highest RPN of 648. In terms of RPN_SO, backsheet discoloratiberconnect discoloration, frame
discoloration and milky discoloration of glass are the dominant failure sroelfer Fig. 8.15)

Warm & humid (Age: < 5 years)

» Average Detection ® Average Occurence ® Average Severity

Stacked column of Ranking with data label

Fig. 8.14: Distribution ofaverageaanking of different defects for Warm Bumid zone for moduke
with less than 5 yeanf exposure
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Fig. 8.15:RPN of different defects for Warm Blumid zone for modukewith less than 5 yeaof
exposuré (a) Performance RPN, and (b) Safety RPN.
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In the case of module witmorethan 5 yeas of exposure, the highest average degradation rate for nsodule
with encapsulant delamination and interconnect ribbon burn mark is arouP@y2dr There is more than

75% change in degradation valoetweernthe besand worst modukewith performance defectfor modules

with morethan 5 yeas of exposure. The occurrences of most of the defectstarervedwith ranking in the

range of 10 onlyrefer Fig. 8.16) Solder bond fatigue/failure can be seen as the dominant degradatics/failu
mode for this site, as it has the highest RPN of 504. Fi§uté shows that problems in busbar; cell,
interconnect & encapsulant discoloration; problems in frame and metallization are the main failure modes as
per RPN_SO. In case of safety RPN, hotsgothe dominant degradation mode. However asspésety
RPN_SO, backsheet crack/cut is the dominant degradation mode for modules with greater tharofs year
exposure.

Warm & humid (Age: > 5 years)

u Average Detection = Average Occurence = Average Severity

Frame discolorat

Frame joint separat

Front glass milky discolorat
Gridline blossom

Gridline discolorat

Hotspot lessthan 20 deg C

Stacked column of Ranking with data label
Backsheet burn mark SO W

Hotspot over 20 deg C
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Junction box loose TSI
Solder bond Fatigue / Failure /s e
String Intérconnect corrosion MRS E —
String Interconnect discoloration S R—"

Encapsulant discoloration [yellowing/browning) E——"s—

Fig. 8.16:Distribution ofaveragaanking of different defects faVarm & Humidzone for modulewith
less than 5 yeaof exposure

~143~



ALL INDIA SURVEY OF PHOTOVOLTAIC MODULE RELIABILITY: 2016

Performance RPN (Zone: Warm & Humid, Age: >5 years)
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Fig. 8.17: RPNof different defects for Warm &umid zone for modukewith morethan 5 yeas of

exposuré (a) Performance RPN, and (b) Safety RPN.
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In this climatic zone, the highest mean degradation rate of thare3%/yearwas observed in the module

with backsheet discoloration and cell chippifibere is more than 60% differenicedegradation valuef the

best and worst modudevith performance defecter modules with less than 5 yeaof exposure. The sevgr

and occurrence ranking is very high in most of the performance ddfefes Fig. 8.18) The main
performance failure modes for less than 5 geaexposure are problems in backsheet, busbar misalignment,
metallization, problems in frame and discaliion of glass. In terms of RPN_SO also, the same defects are in
top priority list. There are only two safety issues observed in the module with less than 5 year of exposure viz.
frame grounding corrosion and hot spot. Hot spot can be seen as the daafiegnfailure mode for this site,

as it has the highest RPN of 3@éfer Fig. 8.19)

Composite (Age: < 5 years)

% Average Detection # Average Occurence

Stacked column of Ranking with data label

Fig. 8.18: Distribution ofaverageaanking of different defects for Composite zone for maosiwigh less
than 5 yeas of exposure
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Performance RPN (Zone: Composite, Age: <5 years)
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Fig. 8.19:RPNof different defects for Composite zone for moduléth less than 5 yeaof exposurd
(a) Performance RPN, and (b) Safety RPN.
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In this climatic zone, the highest mean degradation rate of more tpearwas observed in the module

with more than 5 yearof exposure with interconnects breakage. There is more thandi@tencein
degradation valubetweenthe best and worst modslér more than 5 years of exposwsith performance
defects. The digtoution ranking of different failure modes are shown in Hig. 8.20 The solder bond
fatigue/failure can be seen as the dominant performance degradation/failure mode for module with more than
5 yeas of exposure for this zone, as it has the highest RP8RO. In terms of RPN_SO, discoloration in
frame, glass, gridline and interconnect are the main performance failure defects for module with more than 5
yeass of exposure. In case of safety RPN, hotspot ovel2temperature is the most significant mauéh

highest RPN of 252. In terms ehfetyRPN_SO, frame grounding corrosion, backsheet crack, problems in
junction box are the dominant safety failure mofii@snoduleswith more than 5 yeaiof exposurdrefer Fig.

8.21)

Composite (Age: > 5 years)

# Average Detection ® Average Occurence B Average Severity

2

Stacked column of Ranking with data label

Fig. 8.20:Distributionof ranking of different defects for Composite zone for mosiwi¢h morethan 5
yeass of exposure
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Fig. 8.21:RPNranking of different defects for Composite zone for mosiwi¢h morethan 5 yeas
of exposuré (a) Performance RPN, and (b) Safety RPN.
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8.32 RPN analysis for Hot and Nedot climatic zones

As discussed in Chapter 4, climatic zones of India is divided into two zones by clubbigimes: Humid,
Hot & Dry and Composite zonasto one category Hot zong and Cold & Sunny, Cold & Cloudy and
Moderate zonemto the second category (Nétot zonelto highlight the effect of hot climates.

a) Hot zone

In this climatic zone, the highest mean degradation rate of more t&ge@r was observed in the module

with Backsheet burn mark and Front glass milky discoloration. There is more than 80% difference in
degradation value between the best module and worst module with performance defects for modules with less
than 5 years of»@osure. The severity and occurrence ranking is very high in most of the performance defects
(refer Fig. 8.22). The main performance failure modes for less than 5 years of exposure are problems in solder
bond, backsheet, busbar misalignment, metallizatwoblems in frame, snail tracks and discoloration of
glass. In terms of RPN_SO also, the same defects are in top priority list. There are five safety issues observed
in the module with less than 5 year of exposure viz. frame grounding corrosion, protdaoksheet and hot

spot. Hot spot can be seen as the dominant safety failure mode for this site, as it has the highest RPN of 320
(refer Fig. 8.23).

Hot zone (Age: < 5 years)

* Average Detection # Average Ocourence ® Average Severity

L

Backsheet wavy s m—
Busbar discoloration Se——
Cell burn mark S
Cell chipping/crack ——
Cell discoloration IS ——
Cell foreign particle embedded L eg——

Cell Interconnect ribbon break e

Cell Interconnect ribbon burn mark s

Stacked column of Ranking with data label
Backsheet bubble FEESI———————
Cell Interconnect ribbon discoloration FsEEEE—————"—

Backsheet burn mark FSES————
Backsheet crack /cut under cell =
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Busbar misaligned FS————
Cell worm mark (Snail Tracks) b =g
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Hotspot over 20 deg C i ammm—
Interconnect Discoloration FEEEEEESE— =
Solder bond Fatigue / Failure esss——
String Interconnect break C———
String Interconnect discoloration FEEECE————————

Encapsulant delamination near.. AT\

Encapsulant delamination over the cell IS
Front glass milky discoloration mssws———

Fig. 8.2: Distribution ofaverageanking of different defects fadot zonefor modules with less
than 5 yeas of exposure
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Performance RPN (Zone: Hot zone, Age: < 5 year)
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Fig. 8.23: RPNof different defects foHot zone for modulewith lessthan 5 yeas of exposuré

(a) Performance RPN, and (b) Safety RPN.
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In this Hot climatic zone with more than 5 yeafsxposure, the highest mean degradation rate of more than
2 %lyear was observed in the module with interconnect breakage and otheirouiry problems. There is
more than 70% difference in degradation value between the best module and worstfaroahole than 5
years of exposure with performance defects. The distribofienerageanking of different failure modes are
shown in the Fig. 8.24The solder bond fatigue/failure can be seen as the dominant performance
degradation/failure mode for maduwith more than 5 years of exposure for this zone, as it has the highest
RPN of 648. In terms of RPN_SO, problems in iiecuit, discoloration in frame, glass, gridline and
interconnect are the main performance failure defects for module with maré trearof exposureln case

of safety RPN, hotspot over 20 temperature is the most significant mode with highest RPN of 252. In terms
of RPN_SO, frame grounding corrosion, backsheet crack, problems in junction box are the dominant safety
failure mode for modules with more than 5 years of exposure (refer Fig).8.2

Hot zone (Age: > 5 years)
W Average Detection W Average Occourence W Average Severity

Stacked column of Ranking with data label
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Fig. 8.24: Distribution ofaverageaanking of different defects fddot zonefor modules with more
than 5 yeas of exposure
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Safety RPN (Zone: Hot zone, Age: > 5 years)
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Fig. 8.5: RPNof different defects foHot zone for modulewith morethan 5 yeas of

exposuré (a) Performance RPN, and (b) Safety RPN.
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b) NonHot zone

In Non-Hot climatic zone for modules with less than 5 years of exposure, the maximum average degradation
4.8 %lyear was observed in modules wiihicksheet crack /cut under cellhe ranking of different failure
defects in terms of severity, occurrence and detection is shown i8.FegThe highest performance RPN is
observed in module with defects snail tracks, problem in gridline & cell interconnect rilbbterms of
RPN_SO also, the same defects are with high priority of liskase of safety failurbacksheet burn marks
backsheet peelingbacksheet cut and grounding corros&ml the dominant defects as shown in Fig78.
Backsheet peelingnd grounding corrosiois the most severe defects with highest RPN and RPNai@

in terms of safety RPKtefer Fig. 827).

Non Hot zone (Age: < 5 years)

W Average Severity ® Avarage Occurence © Average Detection

Stacked column of Ranking with data label

Fig. 8.%: Distribution of ranking of different defects fdlon Hot zondor modules with lessthan 5
yearss of exposure
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Fig. 8.27: RPN of different defects fddon-Hot zone for modulgwith lessthan 5 yeas of exposuré
(a) Performance RPN, and (b) Safety RPN.
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For modules withmorethan 5 yeas of exposurein Non-Hot zone, the distribution of average rankiig

different defects is shown in Fig. 8.280ost of the defectarerelated to performance of the module ofiljie
maximum average degradation rate of %B8/ear is observed in module with string interconnect break,
problem in backsheet and hot spot. There is a difference of 70% in average degradation rate in bedt and wors
modules with defects.te performance RPN of solder bond fatigue/failure is mghodule with more than 5

years of exposurdollowed by cell discoloration, encapsulant discoloration, problems in frame and gridline
discoloration(refer Fig. 8.29)

As per RPN_SO, the risk is high for cell discoloration, encapsulant discoloration, problenasnin dnd
gridline discoloration,te highest value of RPN_SO is fth all these defectsln case of safety RPN, hot spot
over 20°C is showing the highest valas compared to other safety failure observed in this climatic zone. The
awires insulation cracked/disintegrafasl also one of the severe defects in this zone. In terms of RPN_SO, the
wires insulation cracked/disintegrated is the highest severe defetisvas in the-ig. 8.29

Non Hot zone (Age: > 5 years)

i Average Detection ¥ Average Occurrence ¥ Average Sgverity

==

Backsheet peeling IS —
Cell discoloration | ———
Wires burnt IS

Cell foreign particle embedded u—————~

Busbar misaligned

Stacked column of Ranking with data label
Backsheet crack /cut under cell _:m
Backsheet wavy MRS
Busbar discoloration —w
o~
Cell chipping/crack IS
Cell Interconnect ribbon break EE———
Encapsulant discoloration.. s a—
Frame adhesive oozed out SIS
Frame discoloration IS
Front glass milky discoloration —Nz
Gridline blossoming S
Gridline discoloration —ﬂ"
Hotspot less than 20 deg C  Imesamm w
Hotspot over 20 deg C T
Interconnect Discoloration SIS
Junction box adhesive loose —m
Junction box crack _m
Junction box lid fell off I T—————
Solder bond Fatigue / Failure e
String Interconnect break —’m
Wires corroded ISmmnsammm -
Wires insulation cracked /.._m

Cell Interconnect ribbon discoloration IESE—_
String Interconnect discoloration ESEEE——"

Fig. 8.28:Distribution ofaverageanking of different defects fadon Hot zondor modules with
greaterthan 5 yeas of exposure
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Performance RPN (Zone: Non Hot zone, Age: > 5 years)
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Fig. 8.2: RPNof different defects foNon Hotzone for modulsewith greaterthan 5 yeas of
exposuré (a) Performance RPN, and (b) Safety RPN.
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8.4 Conclusion

The quantification of reliability of PV modulgaspected during the survénas been anatgd as per IEC
60812 standardlhe failureratesof PV modules are higir in old modules(age > 5 years) as compared to
young modules (age < 5 yearBjowever the degradation ratesyofingmodules arenore as compared to old
modulein some caseModules deployed i€old & Cloudy climatehad aconsiderably low variety of failure
modes of degradationfor the studied moduledyut the number of studied modules this zone is not
sufficient to come to any conclusioklodules deployed in Cold &unny,Hot & Dry, Warm & Humid and
Composite climatesverefound to havea wider variety of degradation modes than thos€dld & Cloudy
andModerate climatesSolder bond fatigue/failure is one of the common defects in all climatic zones except
Cold & Cloudy zonefor old modules with more than 5 yesanf exposure. Delaminatioand junction box
issuesaremoreprevalent inHot & Dry, Warm & Humid andCompaosite climates than in other climates. The
highest concerns of systems installed 5 years ago appear to be hot spots, internal circuitry discoloration,
probdems in backsheet and corrosion in grounding wi@. analysis about the causestiésefailure modes
could help alleviate the problem for future module generations. For all the clifaabteptCold & Cloudy),
encapsulant discoloration was the most common degradation mode, particutddynistallations In young
installations it appears irHot zone but the degree of occurrence is less. Snail tracks are common in both
young andold modules in all the climates excep€old & Cloudy zone andld modules in Cold & Sunny
zone.In terms of climatic classifications as Hot aNdn-Hot zone, solder bond fatigue/failure is tm®st
common defectwith highest concern. Ithe young moduls of Hot zone problem inbacksheet, busbar
misalignment, metallization, problems in frame, snail tracks and discoloration ofagéaise major defects

and hot spot is the severe safety issue. In old medadilElot zone problems in intecircuit, discoloration in
frame, glass, griithe and interconnect are the main performance failure dedact$ case of safety RPN,
hotspot over 20C temperaturés the most severe. In young modsseé Non-Hot zones, performance defects
are less as compared to Hot zone. Higpestormance RPNh young module of Non-Hot zoneis observed

with defects of snail tracks, problem in gridline & cell interconnect ribbon. In case of old rmodNen-Hot

zone solder bond fatiguesell discoloration, encapsulant discoloration, problems in frame and gridlin
discolorationare the main severe performance defdotsase of safety RPN, hot spot o2& C andwires
insulation cracked/disintegratede the mostevere defect®r the old module ilNon-Hot zone.
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Conclusions and Recommendations

9.1

Conclusions

We present below the major conclusions of the 2016indila Survey of Photovoltaic Module Reliability
conducted during MarchMay 2016. The survey covered 925 modules in 37 sites in all six climatic zones of
India. Theage of the modules ranged from 1 year to more than 25 years, and included 6 technologies, though
the majority was crystalline silicon. Of the 37 sites, 11 were large installations with installed capacity more
than 100 kW.

The main conclusions of the studse summarized below.

T

The performance of PV modules surveyed is found to vary widely. The Ahmedr Degradation
Ratesfor crystalline silicon modules vary from less than @&ear to more than %/year, even after
discounting 2% degradation in irdt power output due to LID. Observations made by visual, IR, EL
and other means also show significant variation in the degradation of PV modules.

In order to analyze the performance critically, we have separated the crystalline silicon sites into two
groupsi Group X and Group Y. Group X sites haareragevalue ofOverallPowerDegradatiorRate

less than 26lyear, and arethegspnal | ed 6égoodd s i taemgevalGe obQugrall Y s i
Power DegradationRate more than 2o/year, and are thesoa |l | ed O6pr obl emati cb
Linear DegradatiorRatefor Group X modules i9.89 %/year, which compares reasonably well with

the internationally reported degradation rates. Aveldgear DegradationRate for Group Y sites,
however, is 2.2%/year, which is quite high and is a cause of concern.

When sites are separated based on their size, the large installations (>100 kW) show a good average
LinearDegradatiorRateof 0.99%/year compared to the small/meah sites (<100 kW) which show a

much higher averagkinear DegradationRate of 1.68 %l/year. All large sites fall in the Group X
category. However, the averaggmearDegradatiorRatefor large sites in only the Hot zone is higher

at 1.18%/year. When we look at a further subset of young modules large installations in Hot climates,
the average rate is 1%/year (almost double of the linear warranty limit of @8/ear). This number

is important as it represents the performance of remettperhaps future utilitgcale installations.
Hence, the installers of both small and large installations need to be cautious about the quality of the
materials and the installation procedures. Deliberate-raieng of modules in recent years also
cannot be ruled out.

A detailed climatic zone analysis for Group X modules was performed. This shows that modules in the
O6Hot 6 cli mates (Hot & Dry, Warm & Hu sbyear (onCo mp ¢
the average) as coworpHortedd ctla maod @l ¢ sMoider atNe ,
Cloudy), which degrade at 0.38/year. This is likely to be partly because of the higher percentage of
interconnect failures and faster encapsulant d
Overall, youry modules (5 years) show a higher degradation rate than old modules (>5 years old).
However, taken together with the fact that for only Group X modules, young modules degrade slower
than old modules, the results also suggest that newer installationgodanee quality of modules
and/or installation practices, and also possibly -@géng of modules supplied in recent years. For the
young modules, the main, indeed only, contributorHgx, degradation is the fill factor=F), which

also suggestthe pasibility of overrating. For the old modules in Group X, short circuit currénk (
degradation an&F degradation both are equally responsible, while for the old modules in Group Y,
FF degradation is the main factor.
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Roof-(rackymounted modules suffer from a higher degradation rate as compared to-groumnidd
modules. Similarly, the small/medium systems (which are mostlymemknted systems on rooftop)

show higher degradation rate than the large systems (whichosts/ ground mounted). This means
speci al attention is needed for the 40 GW roof
Statistical analysis of the survey data has shown that module degradation rates in the different climates
falling in Hot categoy are similar, and hence it is recommended that for analysis of photovoltaic
degradation, only two climatic zones be considérétbt and NoAHot. The power degradation rate

for the surveyed-Si modules does not follow any known statistical distributlmut, the maximum
degradation rates at the sites follow the Gumbel distribution.

Modules in Group Y sites have higher percentage of cracked cells than modules in Group X sites as
seen by visual checking (evident from snail tracks and pgdhleching effect) and
electroluminescence (EL) imaging. This indicates poor handling of the modules during
manufacturing, transportation and/or installation for Group Y sites, many of which fall into the young
category. Higher percentage of mode A, B and C cracks haveobsenved in the young modules as
compared to the old modules. There is a good correlation between the total number of cracks in the
module and the power degradation of the module.

Hot cells (cells with hot spotshave been detected in 13% of the surveymobules using IR
thermography (under MPPT condition). Modules which contain hot cells have higher power
degradation than rest of the modul es. This pr
containing hot cells show a much higher average thermsmatch index, and degrade faster than
their count-Hdopartcsi mat @&NonHi gh degree of mism
hi gher degradation in moduleds output power. B
responsik@ for the higher power degradation. No difference in module temperature has been found in
ground installations versus rooftop (rack mounted) installations.

The quality of encapsulant appears to be another differentiating factor between modules of Groups X
and Group Y sites. Higher percentage of modules from Group Y sites are affected by discoloration as
compared to Group X sites. These observations, together with that of cracks in Group Y modules as
mentioned above, point to poorer quality of materials asedimproper or hasty installation practices

for Group Y sites.

Snail tracks have been observed mostly in the young modules. Modules witamamy type snail

tracks have been found to have cracks in the corresponding cells. The daweeag®egradatin Rate

of the modules with neframing type snail tracks is higher as compared to the modules without snail
tracks. The percentage of modules affected by snail tracks is higher in Group Y sites as compared to
Group X sites. Highest severity of visible cka (detected through snail tracks and pHid&aching) is

seen in the small/medium installations in Hot zones, though significant severity is also seen in large
installations, which calls for improvement in the material selection and installation psactice

Metallization discoloration is observed not only in the old modules, but even in some young modules,
which again hints at poor material quality and manufacturing processes. Metallization discoloration is
observed in all climatic zones but its severgyighest in the Warm & Humid zone. It has been found

to correlate well with the series resistance of the modules and their power loss. Small/medium
installations have a higher average severity as compared to large installations, which implies a
differene in material quality used in these installations.

Scratches in backsheet, front glass and frame have been found in the young modules, again indicating
improper handling during installation. Backsheet degradation is comparable in the young modules in
Group X and Group Y, but in the old modules, the degradation severity is higher in Group Y as
compared to Group X. Since backsheet degradation is a safety concern, it is important to use proper
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materials that can resist degradation in outdoor environment,aamgrovide the necessary levels of
safety for the entire service life of the installation.

9 Statistical analysis of the visual degradation data has indicated that the odds of havifg.high
degradation rate (more than%/year) are increased in case ofugg modules with cracks and
metallization discoloration (which can be taken as an indication of poor quality control during
manufacturing). For the old modules, backsheet degradation is associated with a higher dhance of
degradation rate exceedingdyear, so ensuring the quality of the backsheet is important.

1 99% of the surveyed modules have passed the dry insulation test, with 100% passing in the large
installations.

1 For thinfilm modulesV,. is the main contributor to thB,.x degradation, whereas for crystalline
silicon modulesFF degradation is the main contributor. In the #iim modules, white spots and
edge seal delamination are the most prevalent visible degradation modes.

1 Risk Priority Number (RPN) analysis has showattin the young modules of Hot zone, problem in
backsheet, busbamisalignment, metallization, problems in frame, snail tracks and discoloration of
glass are the major defects and hot spot is the severe safety issue. In old modules of Hot zone,
problems in intecircuit, discoloration in frame, glass, gridline and intemect are the main
performance failure defects and in case of safety RPN, hotspo26ver temperature is the most
severe. In young modules of Nétot zones, performance defects are less as compared to Hot zone.
Highest performance RPN in young modubédNor-Hot zone is observed with defects of snail tracks,
problem in gridline & cell interconnect ribbon. In case of old modules in-MNwnzone solder bond
fatigue, cell discoloration, encapsulant discoloration, problems in frame and gridline disoolarat
the main severe performance defects.

T The 6Hotd cli madHaot z& n2rsy o,f dWarim & Humi dé and
the installations are likely to take place, present a challenging environment for PV modules. Problems
encounteredn these zones include higher annual degradation rates, greater incidence of hot cells,
more encapsulant discoloration, higher metal corrosion, and more interconnect breakage.

T The higher annual degradation r at enmostbkelyedoeto n t |
the following mechanisms: enhanced discoloration (which redugesenhanced metal corrosion
(which increases series resistance and hence redilgsand enhanced interconnect breakage,
possibly due to thermal cycling (which agaisrieases series resistance and reddEgs

It is worthwhile comparing the results obtained during the 2016 Survey with the results of the 2014
Survey. By and large, very similar conclusions emerge from both the Surveys. Modules at some
installations pdorm reasonably well, while those at other installations do not. This wide variability in
performance indicates significant differences in the quality of modules being procured, and in installation
practices being followed. There also appears to be megdef underating of modules by conservative
manufacturers and oveating by unethical ones. In both Surveys, we have seen that modules in Hot
climates degrade faster than those in Mt climates; modules on rooftops degrade faster than those
which ae groundmounted; modules in smalknd mediurrsized installations degrade faster than those in
large installations; and young modules are degrading faster than old ones. Furthermore, many of the
defects seen by visible inspection, IR imaging and EL intaglso show similar trends in the two
Surveys: encapsulant discoloration is prevalent in Hot climates, especially in older modules; hot spots
occur more frequently in Hot climates; cell cracks are seen more in rooftop installations than ground
mounted.

Some key differences between the 2016 and 2014 Surveys are the following: the averageQradumallof
Degradation Ratdor all modules is 1.55 %l/year in 2016 compared to 2.07 %lyear in 2014. The
corresponding numbers if we look at onhscmodules are.90 %/year in 2016 and 2.26 %/year in 2014.
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The | ower values seen in 2016 are mainly due toc
Survey. Inthe 2016 study, we have introduced.thear DegradatiorRate which discounts an initial 2%

LID loss for ¢Si modules, thereby attempting to put young and old modules on the same footing for a fair
comparison. Further, in the 2016 Survey, we have focused mor&Siomaedules as these constitute the
majority of modiles surveyed, and are not affected by hgeiking and spectral mismatch effects of thin

film modules.

9.2 Recommendations

Based on, and arising out of, the above conclusions, our recommendations for the photovoltaic community are
as follows:

1 Quality of modules can vary significantly, so due diligence should be exercised while selecting and
procuring modules. This may include verifying the antecedents of the manufacturer, and independent
checks on the quality of the module(s). Although most resdavailable in the market carry the IEC
certification, it should be noted that the IEC certification is really a certification ohtitielle design
and does not guarantee that the module will perform adequately through its intended life. This is
especily important for the installation of small/medium sites, where this problem is seen to be most
prevalent during this survey.

1 Materials used in modules are important. EVA and backsheet particularly can be of different
gualities, and should be specified the manufacturer in the datasheet, and also in the tender for
procurement.

T Some casesatofngtdo wefr modul es cannot be rul ed out
calculated degradation rates, especially for young modules. Owners andrinstatéld be vigilant
about this malpractice.

1 An independent audit of modules and installations by third party is recommended. This may include
detailed testing of randomly selected modules before as well as after shipment.

1 Module manufacturers and instt should place more emphasis on proper packaging and handling
of the modules during transportation since improper handling can induce cracks in the solar cells and
lead to longterm degradation.

1 Installation procedures and protocols are important, and standard procedures as recommended should
be diligently followed. This calls for a weitained workforce, and the need for a good certification
programme.

1 Itis recommended that a fielthsed eleecvluminescence (EL) study be performed after receiving the
modules at site andfterinstallation to reveal micraracks which may have been caused during the
transport and installation phases. Though this may not feasible at the smaller sites, it would be
possible for the large sites.

T I't has been noted that the 6Hotd climates pre:c
intensive study of degradation phenomena in hot climates, which has not been emphasized
sufficiently by the PV community so rfais needed. This is particularly important for India, since
much of the 100 GW is expected to come up in t

1 The IEC certification protocols (eg. 61215), and other standards, which are currently being updated,
need to take it account the hot climate phenomena, and develop more aggressive test protocols
going to higher temperatures. Indian R&D and industry involvement in PVQAT (International PV
Quiality Assurance Task Force) is highly recommended.

1 Modules and sites performvesye | | i n the 6Cold & Sunnyd cli mat
this region will enjoy not only low degradation rates, but also excellent irradiance.
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1 It is felt that some of the quality issues seen especially in the young modules are the result of
aggressive pricing and timelines and improper handling/installation.
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