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1 Foreword

The | nternational E nergy Agency ( IEA), f oundedi n N ovember 197 4,i s an
autonomous body within t he framework o ft he Organization for E conomic C o-
operation and Development (OECD) which carries out a comprehensive programme
of en ergy c o-operation a mong i ts member ¢ ountries. The European U nion al so
participates in the work of the | EA. C ollaboration i n r esearch, d evelopment a nd
demonstration of new t echnologies has be en animportant p art of t he Agency’s
Programme.

The IEA Photovoltaic Power Systems Programme (PVPS) is one of the collaborative
R&D Agreements es tablished w ithin t he | EA. Since 1993, the P VPS par ticipants
have be en conducting a v ariety of joint projects in the application of ph otovoltaic
conversion of solar energy into electricity.

The m ission of thel EAP VPS pr ogrammei s: To en hancet he international
collaborative e fforts w hich facilitate the r ole o f photovoltaic s olar ener gy as a
cornerstone in the transition to sustainable energy systems.

The underlying assumption is that the market for PV systems is rapidly expanding to
significant pe netrations i n g rid-connected m arkets in an increasing num bero f
countries, connected to both the distribution network and the central transmission
network.

This s trong m arket expansion r equires t he av ailability of a nd access to reliable
information on t he p erformance a nd s ustainability of PV s ystems, t echnical and
design guidelines, planning methods, financing, etc., to be s hared with the various
actors. | n par ticular, t he hi gh p enetration o f P Vi nto main g rids r equires t he
development of new grid and PV inverter management strategies, greater focus on
solar forecasting and s torage, as w ell as i nvestigations of t he ec onomic and
technological impact on the whole energy system. New PV business models need to
be d eveloped, as t hed ecentralised c haractero fp hotovoltaics s hifts the
responsibility f or e nergy generation morei ntot he ha nds o f pr ivate ow ners,
municipalities, cities and regions.

The ov erall pr ogramme i s he aded by a n E xecutive C ommittee c omposed of
representatives from eac h par ticipating country a nd or ganisation, w hilet he
management of individual research projects (Tasks) is the responsibility of Operating
Agents. By late 2013, fourteen Tasks were established within the PVPS programme,
of which six are currently operational.

The overall objective of Task 13 is to improve the reliability of photovoltaic systems
and s ubsystems by c ollecting, an alysing and di sseminating i nformation o n t heir
technical per formance and failures, pr oviding a bas is fort heir as sessment, and
developing practical recommendations for sizing purposes.



The current members of the IEA PVPS Task 13 include:

Australia, Austria, B elgium, C hina, EPIA, F rance, G ermany, lIsrael, | taly, J apan,
Malaysia, Netherlands, Norway, Spain, Sweden, Switzerland, Turkey and the United
States of America.

This report c oncentrates on the de tailed d escription o f PV module f ailures, t heir
origin, s tatistics, r elevance for module pow er and s afety, follow-upfailures, t heir
detection and testing for these failures. The report mainly focuses on wafer-based
PV modules. Thin-film PV modules are also covered, but due to the small market
share of these types of PV modules reliable data is often missing. The author team
also focuses on types of PV module failures which are not specific for one special
manufacturer and have a broader relevance.

The editors of the document are Marc Kontges, Institute for Solar Energy Research
Hamlin, Emmerthal, Germany (DEU) and U Irike Jahn, TUV Rheinland Energie und
Umwelt GmbH, Cologne, Germany (DEU).

The report expresses, as nearly as possible, the international consensus of opinion
of the Task 13 experts on the subject dealt with. Further information on the activities
and results of the Task can be found at: http://www.iea-pvps.org.

2 Executive summary

One k ey factor of reducing t he c osts o f p hotovoltaic systemsistoincreasethe
reliability and t he s ervice | ife time o ft he PV m odules. Today’s s tatistics s how
degradation rates of the rated power for crystalline silicon PV modules of 0.8%/year
[Jordan11]. To increase the reliability and the service life of PV modules one has to
understand the challenges involved. For this reason, the international Task 13 expert
team has s ummarized t he | iterature as w ell as t heir k nowledge a nd p ersonal
experiences on actual failures of PV modules.

The target audience of this work is PV module designers, PV industry, engineering
lines, t est equipmentd evelopers, testingc ompanies, t echnological r esearch
laboratories, standardisation committees, as well as national and regional planning
authorities.

In the first part, this document reports on the measurement methods which allow the
identification a nd analysis of P V module failures. C urrently, a great nu mber o f
methods are available to characterise PV module failures outdoors and in labs. As
well a s u sing /-V characteristics as a di agnostic t ool, w e ex plain i mage b ased
methods and visual i nspection. F or eac h method w e ex plain t he bas is, i ndicate
current best practice, and explain how to interpret the images. Three thermography
methods ar e ex plained: t hermography u nder s teady s tate ¢ onditions, p ulse
thermography and | ock-in t hermography. The m ost c ommonly us ed o ft hese
methodsi st hermography under s teadys tatec onditions. F urthermore
electroluminescence methods have bec ome an i ncreasingly popul ar s tandard | ab
approach for detecting failures in PV modules.



Aless common but easier to use method is UV fluorescence. This method can be
used t o det ect m odule failures s imilar t o t hose d etected w ith t hermography and
electroluminescence techniques; however, the PV modules must be sited outdoors
forat | easto ne anda halfy ears fort he m ethodt o be e ffective. F or v isual
documentation of module conditions in the field, we set up a standard which is now
accepted and used by all aut hors d ocumenting s uch tests. This standard f ormat
allows the documentation of visible module failures in standardised way and makes
the d ata accessible for s tatistical ev aluation. F urthermore w e i ntroduce a s ignal
transition method for the detection of defective circuits in installed PV modules. All
methods are linked to the PV module failures which are able to be found with these
methods.

In the second part, the most common failures of PV modules are described in detail.
In particular these failures are: delamination, back sheet adhesion loss, junction box
failure, frame breakage, EVA discolouration, cell cracks, s nail tracks, burn marks,
potential i nduced degradation, disconnected c ell and s tring i nterconnect ribbons,
defective by pass diodes; and s pecial failures of thin-film modules, such as micro
arcs at glued connectors, shunt hot spots, front glass breakage, and back contact
degradation. Where possible, the origin of the failure is explained. A reference to the
characterisation method is given to identify the failure. If available, statistics of the
failure type in the field and from accelerating aging tests are shown. For each failure,
a description of safety issues and the influence on the power loss is given, including
typical follow-up failure modes.

In the third part, new test methods are proposed for detection of PV module failures
in the field. A special focus is made on m echanical tests because many problems
have arisen in the last few years from the mechanical |oading of modules. These
mechanical | oads oc cur dur ing t ransportation an d from s now | oads on modules
mounted on an incline. F urthermore, t esting for UV deg radation of PV modules,
ammonia c orrosion ( sometimes found i n r oofs o f s tock breeding bui Idings) an d
potential i nduced d egradation are d escribed. The | atter m ethod c aused s ome
controversy within the international standardization committee until the finalization of
this r eport b ecause many al ternative s uggestions from different c ountries w ere
proposed. The test methods are explained in detail, linked to failure descriptions and
the results are compared to real failure occurrences, where possible.

Duringapas t Task 13 pr ojectp hase, wer ecognisedt hatt het opic“ 3.2
Characterising and C lassifying F ailures of PV M odules” is an i mportant on-going
subject in the field of PV research. The current review of failure mechanisms shows
that t he origin and t he pow er | oss as sociated w ith s ome i mportant P V. _module
failures is not yet clear (e.g. snail tracks and cell cracks). There are also still some
questions as to how best to test for some types of failure (e.g. potential induced
degradation and cell cracks). Furthermore, despite the fact that a defective bypass
diode or cell interconnect ribbon in a PV module may possibly lead to a fire, very
little work has been done to detect these defects in an easy and reliable way once
installed in a PV system. However, there are research groups currently working on
those t opics i n or dert o overcome these challenges. Therefore, itis p laned to
continue our in-depth review of failures of photovoltaic modules in an extension of
the TASK 13 project.
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3 Introduction

Typically failures of products are divided into the following three categories: Infant-
failures, midlife-failures, and wear-out-failures. Figure 3.1 shows examples for these
three types of failures for PV modules. B esides t hese m odule failures many PV
modules show a | ight-induced p ower degradation (LID) right after installation. The
LID is a failure type which occurs anyhow and t he rated power printed on the PV
module is usually adjusted by the expected standardized saturated power loss due
to this failure. LID is defined as no failure in this document as long as the saturated
power loss is equal or less than expected.

Fig. 3.1: Three typical failure scenarios f or wafer-based crystalline p hotovoltaic
modules are s hown. Definition of t he us ed ab breviations: L ID — light-induced
degradation, PID — potential induced degradation, EVA — ethylene vinyl acetate, j-
box — junction box.

Infant-mortality failures occurin the beginning of the working life of a P V module.
Flawed PV m odules fail quickly and dr amatically i mpact t he c osts of the m odule
manufacturer and t he i nstaller bec ause t hey ar e r esponsible fort hese failures.
Figure 3.2 shows the distribution of the failure types at the start of the working life
given by a German distributor. Due to transportation damages 5% of all failure cases
occur. The most i mportant failures in the field ar e j-box f ailure, g lass br eakage,
defective cell interconnect, loose frame, and delamination. U nfortunately the other
defects of the statistics are not well defined.



Failures occurring in the midlife of PV modules are described in a study of DeGraff
[DeGraaff11]. Figure 3.3 shows the failure distribution of PV modules that have been
in the field for 8 years. Two percent of the PV modules are predicted not meet the
manufacturer’s warranty after 11-12 years of operation. This study s hows a q uite
high rate of defect i nterconnections in the module and failures due to PV module
glass breakage. The relative failure rate of j-box and cables (12%), burn marks on
cells (10%), and encapsulant failure (9%) are comparable high.

Fig. 3.2: Failure rates due to customer
complaints in the firsttwo y ears a fter

Fig. 3. 3: F ield s tudy o f P V module
failures found for various PV modules

delivery. The rateis given relative to
the t otal nu mber o f failures. The PV
modules ar e del ivered by a G erman
distributor int he years 200 6-2010
[redrawn from Richter11]. The statistic
isbas ed on at otalv olumeo f
approximately 2 m illion d elivered P V
modules. Categories not found in other

of 21 m anufactures i nstalled i nt he
field for 8y ears[ redrawnf rom
DeGraaff11]. The rate is given relative
tot het otaln umbero f failures.
Approximately 2% of t he entire fleet
are predicted to fail after 11-12 years
(dono t meett hem anufacturer's
warranty).

module failure s tatistics are drawnin
grey scale.

Most of the PV modules go through the wear out scenario. This scenario is the base
for the best case yield analysis and determines therewith the cost efficiency of well
operating PV modules.

Wear out failures occur at the end of the working lifetime of PV modules. T hey
determine t he maximum w orking life ofa PV module. The working lifeofa PV
module ends if a s afety problem occurs or the PV module power drops under a
certain level, which is typically defined between 80% and 70% of the initial power
rating. Figure 3.4 shows the defect rate of some special PV module types after 15
years of operation and more [Schulze12]. The predominant PV module failures are
delamination, cell part isolation due to cell cracks, and discolouring of the laminate.
However, all these failures lead to a power loss between 0% and 20%, in the mean
10%. Nearly all of these PV modules meet the manufacturer’s power warranty.



Fig. 3.4: F ailuresoc curringi na fleeto f27 2 PV moduleso f3 different
manufacturers after more than 15 years of operation [redrawn from S chulze12].
Each PV module may be a ffected by more than one failure type. The red and
green colours indicate the percentage of modules having or not having a s pecific
failure respectively. Each PV module may show more than one failure type.

However, these PV modules used in the study of Schulze are not representative of
today’s PV modules. On the one hand the lamination material being responsible for
the delamination and discolouration are not used in today’s PV modules any more.
On the other hand in former times the manufacturers had no possibility to check the
cells for cracking, the cells, and cell metallisation have been much thicker than today
and the cell and module sizes deviate strongly from today’s PV modules. These
facts very much affect the cell part isolation of cells in a PV module. However, the
knowledge of the most i mportant | ong-term degradation m echanisms helpsusto
look at the most important factors to produce long-term stable PV modules. So itis
imperative t o un derstand t he degradation mechanisms t o enable failure s pecific
tests.

Type approval certifications according to the standards IEC 61215 and |IEC 61646
have gained i ndustry ac ceptance in the past 15y ears as a g uality |abel for PV
modules [ IEC61215], [IEC61646]. N owadays itis required for most n ational a nd
international funding programmes. |EC 61215 for crystalline PV modules and IEC
61646 for thin-film PV modules are type approval standards and aim to identify the
weaknesses o fa productr esponsible for‘ ’infant f ailure”. They ar e not t est
procedures t o determine t he working lifetime of a product. These s tandards d o
however include several accelerated stress tests derived from real outdoor stresses.

TUV Rheinland has analysed a total of 2000 certification projects conducted at the
Cologne Solar Testing Centre over the pastten years. A certification project may
cover s everal v ariants o ft he s ame module t ype bec ause m anufacturers o ften
exchange and attain qualifications for a variety of materials. These are based on the
design c ertifications in ac cordance with | EC 61215, | EC 61646, and t he s afety



qualification in accordance with |EC 61730 [IEC61730]. A long-termtrend canbe
clearly identified here as shown in Fig. 3.5. While 54% of all projects were still failing
the IEC qualification certifications in 2002, by 2007 this had risen to 67% for the new
thin-film modules an d 29 % for the n ew c rystalline phot ovoltaic m odules. In
2007/2008 many thin-film start-ups entered the PV market and contributed to these
failure rates, possibly because they used the test labs to speed their screening of
new product designs. Similarly, this high failure rate may be attributed to the large
number o f n ew m odule m anufacturers on t he market or iginating f rom Asiain
particular, ag ain, pos sibly bec ause they had not fully tested their products before
attempting certification. By 2012, the rate of failed IEC projects for both technologies
had dropped to 10%. The experts ascribe this not only to the fact that manufacturers
have learned to better fulfil the IEC standards when constructing new module types
but also to the on-going developments of the market.

Fig. 3.5: Failure rates of 2000 certification projects for IEC 61215 and IEC 61646
type approval tests for the years 2002 to 2012. The given figures are the annual
percentages of IEC projects with at least 1 module test failure compared to the
sum of all conducted IEC projects. Since 2007 figures of crystalline and thin-film
technologies are shown separately.

The distribution of failed t ests as s hownin Fig. 3.6 i ndicates parallels between
crystalline modules (1740 projects) and thin-film modules (370 projects analysed): Of
those projects in which tests were failed between 2006 and June 2013, 49% of all
crystalline module tests (inner ring) and 43% of all thin-film module tests (outer ring)
failed during the four test series in the climate chamber of the TUV Rheinland test
laboratory (marked in blue colours in Fig. 3.6), which include 2 00 cycles thermal
cycling test (TCT200), damp heattest (DHT), humidity freeze test (HFT), and 50
cycles thermal cycling test (TCT50). The climate chamber tests are a good indication
of the longevity to be expected, the quality of the materials, and the workmanship of
the products. However, it is also notable that 11% (crystalline) and 12% (thin-film) of
failures occurred during the required initial measurements, that is, before any stress
tests had actually been carried out. These modules failed, for example, because the



information on the name plate did not meet requirements or because they already
exhibited damage by visual inspection. Tests comprising <3% of failures each are
summarized under “All other tests (<3%) in Fig. 3.6.

Fig. 3.6: Distribution of failed tests of 1740 IEC projects for crystalline PV modules
(inner ring) and of 370 IEC projects for thin-film PV modules (outer ring) between
2006 until June 2013. A test is considered a failure, if one or more PV modules will
not pass the specific test. One certification project may contribute to one or several
test failures.

The most critical tests for crystalline PV modules are the temperature cycling test
200 (18 %), damp heat test (17%), initial measurements (11 %), humidity freeze test
(10%), h ot-spot endurance test (9%), and mechanical |oad test (8 %). During the
temperature cycles (TCT200) test the solder connection of wafer-based PV modules
are stressed; therefore we found a higher proportion of TCT failed modules among
crystalline technologies. The TCT200 failure distribution over time dropped from 25%
in 2006 to 11% in 2011. Most significant for the quality of lamination to protect the
solar cells from humidity ingress is the DHT. The DHT proved critical for crystalline
PV m odule t hroughout t ime r anging f rom 2 1% ( maximum) in 200 7t o 13%
(minimum) in 2009.

The m ost critical tests f or thin-film modules are da mp h eat test ( 22%), initial
measurements ( 12%), temperature cycling test 20 0 ( 10%), mechanical load test
(9%), r everse c urrent ov erload t est ( 9%), and hot s pot en durance t est (9 %).
However, comparing the two periods 2007 to 2009 vs. 2010 to 2012, for the thin-film
PV modules, the key tests with high failure rates are clearly improving: damp heat
test (44% in 2007 vs. 11% in 2011), hot-spot endurance test (16% in 2008 vs. 6% in
2011). More or less as for the c-Si modules, the glass quality is the main reason for
failures in the mechanical load test. More manufacturers are seeking to have even
higher m aximum ov erload pr otection r ate, which leads to the high failure r ate of
reverse current overload test.



The failure rates for the most critical damp heat test seem to decline during recent
years. M any m anufacturers hav e on -site c limate/environmental c hambers for t he
pre-testing of new products or new m aterial extension, which is a highly effective
way of failure prevention. Furthermore, the improvement of the lamination process
and a better protection of module edges, for example, cover bands being introduced,
are also key factors for reducing the failure rate of thin-film modules after the damp
heat test.

The aim of this document is to review detection, analysis and new tests for failures in
PV modules. The document is structured into four parts. The first part (chapter 4)
gives definitions ab out failures in PV modules and d efines PV module parts. The
second p art ( chapter 5) r eports the b asics o ft he mosti mportanta nd new
measurement m ethods w hich ar e us ed t o i dentify an d a nalyse f ailuresin PV
modules. In the third part (chapter 6) failures of PV modules are described in detail,
statistics of the failure, the origin of the failure, and a classification of the failure and
if possible the d ependencies of the failure from time, temperature, hu midity, and
other p arameters are given. In the fourth part (chapter 7) new test methods are
presented which test for specific PV module failures which are not yet included in
existing standards.
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4 Definitions

4.1 Definition of a PV module failure

A PV module failure is an e ffect that (1) degrades the module power which is not
reversed by normal operation or (2) creates a safety issue. A purely cosmetic issue
which does not have the consequences of (1) or (2)is not consideredas aP V
module failure. A PV module failure is relevant for the warranty when it occurs under
conditions the module normally experiences.

Aproblemt hatisc aused by m ishandling or byt hel ocal env ironmenti s not
considered to be a “failure” in this report. Here we give some examples. On the one
hand, soiling of the module or a failure due to lightning are not considered to be PV
module failures. The soiling problem has to be handled by the operator and the
lightning is a force majeure which the module is not designed for. On the other hand,
defects due to heavy snow load are considered as module failure if the module is
specified for heavy snow load. To clarify the spirit of the definition, we give examples
in the next chapters which we define as no module failure although they may lead to
power loss or safety issues.

4.2 PV module failures excluded by definition

There may be module d efects w hich originate directly from its p roduction. These
defects may be the reason for some modules not performing as well as possible, but
as long as the defect is not relevant to safety and the power rating on the label takes
account of the power loss caused by imperfect production, this defect is no module
failure if the d efect does not accelerate power |oss or cause s afety issues in the
future. M oderate c rystal de fects i n m ulticrystalline s olar c ells or s triation ringsin
monocrystalline solar cells are examples.

Furthermore, there are production-induced features that may appear to a layperson
as a failure. These are also no failures. For instance, Fig. 4.2.1 shows brown marks
at the edges of solar cells in a PV module. These marks originate from the solar cell
carrier during the deposition of the anti-reflection coating and are not considered to
be PV module failures.
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Fig. 4.2.1: Brown marks at the edge of the solar cell are no failure.

Other typical effects that change the module power and are not considered as PV
module failures are described in the following.

Light-induced power degradation in crystalline silicon modules due to the well-known
boron-oxygen ¢ omplex [Bothe06] is de fined as no m odule f ailure, because t he
manufacturer h as to take t his e ffect i nto account for the powerratingof the PV
module as it is defined in standard EN 50380 [EN 50380]. It is a PV module failure if
the manufacturer has not taken this effect into account for the power rating.

Amorphous s ilicon ( a-Si)-based m odules ar e subjectt oa light-induced i nitial
degradation, which may account for a loss of power of up to 10-30% within the first
months of outdoor exposure [Shah10]. A part of this degradation can be temporarily
recovered b y t hermal an nealing dur ing t he w arm months o ft he y ear. The t wo
counteracting effects, light-induced degradation and thermal-induced recovery, lead
to a s easonal variation in performance of 0-15% around an average value, which
depends on the module technology, local climatic conditions and type of integration
[Fanni11, Skoczek11].

The observed degradation is due to the well-known Staebler-Wronski effect (SWE)
[Shah10, Gostein11] studied since its discovery in 1977 [Staebler77]. Even if still not
fully und erstood, the effectis reported to b e as sociated with light-induced d efect
centres that | ower the carrier | ifetime, w hich can be p artially reversed by thermal
annealing at high temperatures. Single-junction modules with thicker intrinsic layers
are more affected compared to technologies with thinner i-layers such as amorphous
silicon m ulti-junction m odulesa nd micromorph ( microcrystalline/amorphous)
modules are even less affected. The higher the degradation rate is, the greateris
also t he p otential r ecovery. F igure 4.2.2 shows an ex ample of a first-generation
single-junction a morphous silicon PV system, where one of two strings has been
insulated to demonstrate the thermal-annealing effect.
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Fig. 4 .2.2: C omparison o f a v entilated s tring (blue lines) and a bac k-insulated
string (red lines) of single-junction amorphous silicon PV modules.

The obs erved instability resultsi nt her equirement for stabilisationb efore
determining the power of an amorphous silicon module by measuring the /-V curve,
see c hapter 5.2. The s tabiliszation has t o be per formed ac cordingt ot he | ight
soaking procedure de scribed in [IEC61646]. For am orphous s ilicon m odules light
soaking mainly influences the fill factor (and consequently the module power), to a
minor ex tent t he short-circuit current of a m odule and ev en less the ope n-circuit
voltage. Both initial and stabilised powers have to be stated on the datasheet and
nameplate as defined in the standard EN 50380 [EN 50380].

The change in power due t othe SWE effectis here considered not to bea P V

module failure as|ong as t he s tabilised p ower of the PV m odule given by t he
manufacturer is higher than or equal to the measured stabilized value.

4.3 Important PV module failures due to external
causes

Some failures are typically difficult to define as a PV module failure or as a failure of
the contractor, of the installer or the s ystem designer or even for other reasons.
Examples of these types of failures are discussed in this chapter.

4.3.1 Clamping

A relatively often seen failure in the field is glass breakage of frameless PV modules
caused by the clamps. In Fig. 4.3.1 two examples from the field are shown.

Glass/glass modules are more sensitive to glass breakage. The origin of the failure
is, onthe one hand, atthe planning and installation stage either (a) poor clamp
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geometry for the module, e.g. sharp edges, (b) too short and too narrow clamps
[Dietrich08] or (c) the positions of the clamps on t he module not being chosen in
accordance with the manufacturer’s manual. The second origin, which induces glass
breakage c ould be e xcessively-tightened s crews during t he m ounting phas e or
badly-positioned clamps [Urban09].

Glass breakage leads to loss of performance in time due to cell and electrical circuit
corrosion ¢ aused by t he pe netration o f ox ygen an d w ater v apourintothe PV
module. M ajor pr oblems caused by g lass breakage are electrical s afety i ssues.
Firstly, the i nsulation of the modules is no longer guaranteed, in particular in wet
conditions. Secondly, glass breakage causes hot spots, which lead to overheating of
the module.

Fig. 4.3.1: Left figure shows glass breakage caused by too tight screws and the
right figure a PV module that broke due to poor clamp design.

4.3.2 Transport and installation

Transport [ Reil10, K oentges11] an d i nstallation [ Olschok12] ar e t he first c ritical
stages in a P V module’s life. The glass cover of some PV modules may break or
cells in the laminate may break due to vibrations and shocks. In the former case it is
easy t o a ttribute t he glass br eakage t o t he t ransportation orinstallation. Thisis
clearly no P V module failure. However, the cause of cell breakage is much more
difficult t o d ecide. Visually it c annotbe s eenandin manycasesitcannotbe
detected by a pow er rating of the PV module directly after occurrence of the cell
breakage. O nlya n electroluminescencei mage ( chapter5. 4)or a lock-in
thermography image (chapter 5.3.3) can reveal the damage. Some typical situations
leading to cell cracks but not necessarily to glass breakage are:

1. APV module falling over.

2. An insufficiently rigid pallet touching the lowest PV module in the stack during
transportation.

3. Too tight transport corners in the transport stack. During de-stacking of the top
module of the stack the second uppermost module is also lifted and suddenly
drops down.

4. Someone steps on the PV module.

5. Even in well-designed transport containers, the cells of PV modules may crack
during “normal” transport.

This damage may have the consequences described in chapter 6.2.1. It is especially

difficult to decide who is responsible in case no. 5. Currently there is no definition of
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what a P V module must b e able to withstand during t ransport. For t his r eason,
chapter 7.1 discusses how to test PV modules for transportation.

4.3.3 Quick connector failure

The g uick c onnector el ectrically c onnects s olar m odules t o e ach ot her, t o fuse
boxes, to extension cables, combiner boxes and to the inverter. This element is very
important for the safety and reliable power generation of the system. However, there
is v ery little | iterature on t he r eliability of g uick c onnectors av ailableinthe PV
community. Low -voltage D C connectors as a special kind of contact pair are also
frequently di scussed inr espect o f ( electric v ehicle) au tomotive asw ellas PV
applications. E lectrical c ontacts i n g eneral ar e ¢ onsidered at electrical ¢ ontact
conferences [ Schoepf12] with several contributions concerning PV systems. For a
brief introduction to the subject, see publications by Rieder [Rieder00, Rieder01].

In most cases problems caused by the quick connector are not considered a PV
module failure. Typical failures ar e c aused by us ing not ex actly fitting q uick
connectors of different types or inaccurately crimped quick connectors to connect PV
modules t o ex tension c ables, t he fuse box, c ombiner box or theinverteratthe
installation site.

llI-fitting or n ot w ell-crimped q uick c onnectors may cause a t otal powerlossin a
whole string. In even worse cases, they can cause electric arcs and thus fires. In
many cases, the quick connectors are much closer to flammable material such as
wooden r oof b eams or heat -insulation materials than the PV module | aminate. A
statistical review of fire sources in 75 PV systems, which caught fire, shows that the
chance of the quick connector causing the fire (29%) is nearly as high as for the rest
of the module (34%) or other parts of the PV system (37%) [Schmidt13].

Despite the safety relevance of quick connectors there is, as yet, no standardised
quick connector. Quite the reverse - there are many very similar-looking and ev en
apparently fitting quick connectors on the market, which must not be combined.

Currently, only a draft version of an international PV connector standard [IEC62852]
exists, w hile a E uropean standard for PV connectors, EN 50521 [EN50521], has
been available since 2008, based on the more general IEC 61984 [IEC61984].

4.3.4 Lightning

A de fective bypass diode caused by al ightning s trike i s c aused by an ex ternal
source, for which the module is not designed. However, this effect has often been
found and m ay c ause subsequent safety f ailures, but the PV module is not the
source of the failure. Typical induced defects caused by a lightning strike are open-
circuit by pass di odes or a m echanically br oken P V m odule di rectly hi t by t he
lightning strike. Both defect types may cause hot spots as subsequent failures.
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4.3 Definition of safety failure and safety categories

A safety failure is a failure that may endanger somebody who is applying or working
with P V m odules ors imply pas singt he P V modules. T he safety categories
categorise the failure type forthe safetyofthe PV system. In Tab. 4. 3.1 t hree
classes are defined. These classes are useful to assess the action neededtobe
taken if the failure occurs.

Tab. 4.3.1: List of safety categories.

Safety category | Description

A Failure has no effect on safety.

B(f,e,m) Failure may cause fire (f), failure may cause electrical
shock (e), failure may cause physical danger (m), if a follow-up
failure and/or a second failure occurs.

C(f,e,m) Failure causes direct safety problem (definition of f,e,m see B).

However, the action nee ded after a safety failure has occurred de pends on the
application o ft he PV m odules. F or example, the c riticality o f electrical s hocks
depends on the application class the PV module is used for. The application classes
are defined in IEC 61730-1 [IEC 61730-1]. E.g. a C(e) safety classification means a
damaged PV module may cause an electrical danger for that application class.

Also, the physical danger resulting from a failure may lead to different courses of

action, for example if a mechanical defect occurs in a PV module installed overhead
orina PV moduleinstalled in a field surrounded by a f ence, to which only skilled
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people have access. Inthe former case, a PV module of a B (m) or C(m) s afety
category s hould be i mmediately replaced, butin the latter case, the module may
sometimes remain in place.
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4.4 Definition of power loss failure and power loss
categories

If the module power P, measured in accordance with IEC 60904 [IEC 60904] plus
the total uncertainty of the measurement aAPy, is lower than the power printed on the
module label P, minus the tolerance stated on the label 4P, a power | oss failure
occurs:

P + APn < P - AP, . (4.4.1)

The reverse definition is given in the standard |[EC 61853-1 [IEC 61853-1] for the
case of no powerloss. The power | oss c ategories des cribe how t he p ower | oss
evolves from the initial power value to a time in the service life of a PV module. In
most cases this discrepancy between the reference values may lead to inconsistent
results, because the power printed on the PV module label may substantially deviate
from the initial PV module power.

However, each definition is useful for its application area.

1. Legal application: power loss failure uses the power printed on the PV module
label as reference value.

2. T echnical application: the power | oss category us est he i nitial pow er as a
reference value.

The power loss categories given in Tab. 4.4.1 allow the assessment of the impact of
the failure over time.

Tab. 4.4.1: Definition of power loss categories.

Power loss category | Description

A Power loss below detection limit <3%

B Exponential-shaped power loss degradation over time
C Linear-shaped power loss degradation over time

D Power loss degradation saturates over time

E Degradation in steps over time

E Miscellaneous degradation types over time
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An appendix to the power loss category adds information regarding the dependency
of t he power | oss. The p ossible appendixes ar e explainedin Tab. 4.4.2. The
following e xample describes a linear power loss with time C(t,h,u). The power loss
for this example increases with temperature, humidity, and UV irradiation.

Tab. 4.4.2: List of possible dependencies of the power loss.

Appendix letter Power loss increases with
t Temperature
v Voltage
[ Current
h Humidity
m Mechanical load
u UV irradiation
tc Thermal cycling
S Shading
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4.5 Definition of a defect

A defect is everything in a PV module that is not as it is expected to be. A defect may
imply a PV module failure or not. A defectis a much broader term than a failure. A
defect does not necessarily result in a s afety or power loss for a PV module but
specifies a part of a PV module that is different from a perfect PV module.

4.6 Definition of PV module parts

Terms for PV module components and different levels of electrical interconnects, in
particular, ar e s ometimes us ed ambiguously or i nterchangeably, | eadingt o
confusion. In the following section, definitions are provided for several module parts
to ensure clarity in reference to component-specific defects and failures. Definitions
are not provided for module components that are unambiguous (i.e. frame, junction
box, encapsulant, etc.) in the interest of brevity or already given in [EC/TS 61836
[IEC61836].
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A ‘cell'i sdef ined ast he s mallest pi ece o fs emiconductor, h avinga voltage
associated w ith a s ingle j unction. | n a polycrystalline or m onocrystalline s ilicon
module, each c ell c onsists o f a s ingle pi ece o fs ilicon. | na thin-flm module,
semiconductor material is deposited over a large area, with cells defined by scribing
through t he material t o pr oduce electrically-insulated r egions. A string’ of c ells
representsas etof cells,us ually 10 or 12 cellsi n a w afer-based m odule or
approximately 60-100 cells in a thin-film module, that are electrically connected in
series. Two or more strings of cells are s ometimes c onnected in p arallel with a
bypass di ode, c reating an electrically i ndependent ‘ sub-module’, t he function o f
which is isolated from any cells or strings not in the sub-module.

Upt o fourl evels of m etallisation an d el ectrical i nterconnects ar e ¢ onsidered.
‘Gridlines’ ( interchangeably referred to as ‘fingers’) make upt he finest level of
metallisation directly on the cells and consist of an array of lines <0.4 mm thick.
Current from the gridlines is collected in the ‘busbars’, which are also directly on the
cell. Figure 4.6.1 shows a s chematic of gridlines and busbars on a mono- or poly-
crystalline silicon cell.

Busbars

Gridlines

Fig. 4.6.1: Metallisation on a silicon cell consists of gridlines and busbars.

Cells wired in series are connected to form a string by the ‘cell interconnect ribbon’.
It should be noted that the cell interconnect ribbon often obscures inspection of the
busbars on s ilicon c ells bec ause i t directly ov erlaps t hem. M ultiple s trings ar e
connected via the ‘string interconnect’, which is usually located near the edge of the
module and may be obscured by the module frame or cover layers. Figure 4.6.2
shows a schematic illustrating cell i nterconnect ribbons and a string interconnect.
The arrangement of metallization and/or interconnects may be less standardized in
thin-film modules than that of mono- and polycrystalline silicon modules. In the case
of thin-film modules, all four levels of metallisation and electrical interconnects may
not be necessary; the naming convention for these modules follows the function of
the particular interconnect level described above.
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Fig. 4.6.2: Cells are electrically connected into strings via cell interconnect ribbons
and the string interconnect connects multiple strings of cells.
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5 Basics of measurement methods
used to identify failures

In this chapter the setup, best practice and the interpretation of the most important
measurement methods are described. At the end of each chapter a list of failures
are given which may be identified by the introduced measurement method.

5.1 Visual inspection

The most effective and quickest method to find failures and defects in a PV module
is t he visual i nspection. F or the sake of completeness we i ntroduce t he v isual
inspection of new m odules b eing t ested i n s tandard t ests as describedint he
standards [ IEC61215, | EC61646]. This v isual i nspection methodi s notw ell
applicable t o w eathered P V modules. Therefore w e i ntroduce an i nternational
harmonized “Documentation of visual failures in the field” to collect data from visually
inspected modules in a uniform way. This allows defect and failure collectionin a
way being applicable for statistical evaluations from various experts and countries.
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5.1.1 Visual inspection in accordance with IEC PV standards

Visual inspection of a PV module is performed before and after the module has been
subjected to environmental, electrical, or mechanical stress testing in the laboratory.
Stress t ests are us ually us ed t o ev aluate m odule d esigns i n t he pr e-phase o f
production, production quality, and lifetime of the modules. The most common stress
tests ar e: t hermal ¢ ycling, hum idity-freeze ¢ ycling, dam p he at ex posure, U V
irradiation, mechanical loading, hail impact, outdoor exposure, and thermal stress.

To approach the visual inspection of the PV module it can be divided in its parts and
each PV module partis inspected an d d ocumented s eparately w ith t he r elative
defects. The | EC 61215 and 61646 s tandards [ IEC61215, | EC61646] r equire an
illumination o f more than 1000 | ux during t he visual i nspection a nd o nly de fects
detectable with the bare eye are considered. The defects conditions are listed in the
IEC 61215, 61646 standards in chap. 10.1.1 as shown in Tab. 5.1.1.

Table 5.1.1: Typical failures found during IEC 61215, 61646 visual inspection.

PV module component PV module failures
Front of PV module Bubbles, delamination,y ellowing, br owning,
PV Cells Broken c ell, c racked cell, di scolored an ti r eflection

Cell metallization / cell and | Burned, oxidized

Frame Bend, broken, scratched, misaligned

Back of module Delaminated, b ubbles, y ellowing, s cratches, bur n
Junction box Loose, oxidation, corrosion

Wires — connectors Detachment, brittle, exposed electrical parts

It is a good laboratory practice to record all visible defects — even if judged irrelevant
- because in case of worsened defects during testing sequences the documentation
is complete and allows the follow up. For a good documentation the following rules
should be t aken into ac count. The photo should be t aken without light or flash
reflection and mirror image. The position and the dimension of each defect should
be documented. Clear terms and definition should be us ed to describe the defect.
Standardization, at | easti nt he s ame | aboratory, fort he d efect des criptioni s
desirable to minimize interpretation errors caused by individual judgment. In clause 7
of the |[EC 61215 and 61646 standards the m ajor visual defects which cause the
failure (not passed) in the design qualification of the PV module are defined and
described in Tab. 5.1.2.
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Tab 5.1.2: Visual defects as defined in clause 7 of the IEC 61215 [IEC61215] and
IEC 61646 [IEC61646]. The failures are described in detail in the chapter referenced
in column named “chapter”. The codes used in column “ Safety” and “Power” are

defined in chapter 4.3 and 4 4.

Chapter

Type

Safety

Power

Image

Bent orm isaligned ex ternal
surfaces, substrates, f rames,
and junction boxes to the extent
thatt hei nstallationand /or
operation of t he m odule would
be impaired

Module w ire t ouching t he di ode
with the risk of arcs- operation is
compromised

Cell f ragment | aminated i nt he
module, operation ¢ ould be
impaired

B(m,e)

B(f)

(>

(>

6.2.2,
6.2.3

Crackin c ell - ap ropagation
which ¢ ould r emove more t han
10% ofthecellareafromthe
electrical circuit

w)

6.1.1

Bubbles or d elaminations
forming a c ontinuous pa th
between any part of the electrical
circuitandt heedg eo ft he
module.

Cle)

[ZaminiO7]

Loss o f mechanical i ntegrity, t o
the ex tent t hat t he o peration or
the installation o ft he m odule
would be impaired

B(e,m)

(>
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5.1.2 Documentation of visual failures in the field

Visual inspection is a powerful tool to identify causes of failures of PV modules or to
identify problems that could cause failures in the future. S ometimes changes that
lead to aesthetic concerns are considered failure even if the module is functioning
well. Many changes in performance are invisible and need to be studied with more
sophisticated tools, but the visual inspection is quite effective for identifying hot spots
(burn marks), delamination, e ncapsulant y ellowing, back s heet blistering, j unction
box failure, and many others.

The s implicity of visual i nspections al lows the pos sibility of c ollecting data v ery
widely. H ere we attempt to regularize the collection of this data by developing an
inspection checklist for the evaluation of visually obs ervable defects in fielded PV
modules. A checklist harmonised by the Task 13 group for module conditions can be
found in Annex A. This checklist is used for collecting visual failures in this report.
We recommend this checklist as an international standard for visual inspection in the
field. Table 5.1.3 gives a list and a gallery of failures which are detectable by visual
inspection.

Tab. 5.1.3: List of failures detectable by visual inspection in the field. The failures are
described in detail in the chapter referenced in column named “chapter”. The codes
used in column “Safety” and “Power” are defined in chapter 4.3 and 4.4.

Chapter | Type Safety | Power Image

6.24 |[(Burnm arksat t he|B(f,e,m) [D/E
backsheet, he ating al ong a
busbar

6.2.4 Burn marks at t he front, | B(f,e,m) | D/E
discolouration o ft he
encapsulant as sociated with
overheatingal ongt he
metallic interconnections

6.1.1 Delamination o fa B(e) D/E
multicrystalline Si module
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6.1.1

Delamination of c-Si module

B(e)

Electrochemical corrosion of
a thin-flm module and
associated delamination

B(e)

6.4.1

Thin-film glass breakage

6.2.1

Slightly browned E VA in the
centero ft hec ell,bu t
bleaching occurs in the parts
of the EVA that have access
toat mospherico xygen
and/or that are close enough
to the edg e t hat the acetic
acid diffuses out of the cell

(@)

6.2.1

A single cell will brown much
faster than the others when
it is hotter than the others.

|w)
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6.2.1, |Browned E VAontopof a|B(f)
6.2.2 | cell with two cracks in a cell.
Photobleaching t akes al so
place al ongc ell cracks
therefore the crack is visible.
The browning takes s everal
year to appear. This may not
be mistaken for Snail tracks. [Schulze13]

(@}

6.2.3 | Snail Track i sa B(f)
discolouration o ft he s ilver
paste us ed for the gridlines
ont he c ells. The
discolouration appears along
cell cracks. This may not be
mistaken for photobleaching
of EVA along cell cracks.

(@}

6.1.2 | Delamination of backsheet B/C(e)

|w)

Visual defects like bent or misaligned external surfaces, frames or junction b oxes
may lead to failures in the field. Otherwise defects |ike cracked cells have a hi gh
probability t o c ause follow-upfailures of t he m odules w ith pow er | oss or s afety
issues. O ther defects | ike d elamination or small c ell-frame distances can c ause
safety failures, because the insulation is not guaranteed.
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5.2 I-V curve

Measurements o f module /-V characteristic de termine s hort-circuit c urrent, open-
circuit voltage, and o ther p arameters. A typical m odule /-V measurement s ystem
consists of a natural or artificial simulated light source, a test bench to illuminate the
module u nder t est, m odule temperature c ontrol, monitoring f acility, and a dat a
acquisition system to measure the current-voltage curve when the voltage across
the module or current through the module is varied with an external electronic load
or power supply.

Under natural sunlight condition, a portable /-V traceris often used for measuring
module /-V curves, butpr obably not u nders tandardt est c onditions ( STC,
1000 W/m?, 25° C, AM 1. 5G r eference s pectrum of | EC 6 0904-3 [ IEC60904-3]).
Usually, a pyranometer or sunlight irradiance sensoris used as a reference solar
device for rating global irradiance. F or comparison, e.g. with data sheet values at
STC,itisthennecessarytocorrect the measured /-V curves, se e | EC 60891
[IEC60891].

Under s imulated light i rradiance c onditions, a r eference cell or reference module
which has identical or similar spectral response characteristics to the module under
test is often used as a reference solar device to measure the irradiance of the light
source. As t he environment o f m easurementis m uch easierto control, t he t est
parameters ( Isc, V oc, P max, t emperature) c anbet ranslatedt oS TC m ore
accurately. To meett her equirements andc haracteristics ofd ifferentP V
technologies, the simulated light source (or sun simulator) is a steady state type or
pulse type (flash type) simulator. The pul se simulator can be further divided into
single pulsed and multi pulse light source. Different artificial simulated light sources
can be used for adapting different PV technologies. For instance, the high capacity
PV modules need much longer pulse time or a steady state simulator to evaluate
module |-V c haracteristic ac curately. The typical d uration of light pulses for solar
simulators usually varies between 1 ms to 20 ms with different profiles. These time
intervals ar e t oo s hort for a proper c haracterization o f s ome high-efficiency P V
modules like heterojunction (HIT) or floating emitter cells (SUNPOWER cells). The
cells of these PV modules have a high charge carrier life time and therefore a quite
high di ffusion c apacity w hich leads to long test durations of 50 ms or more. The
long-pulse or steady-state simulators would be more suitable for these modules. The
specific procedures and requirements of high efficiency module /-V characteristics
measurement ar e de scribed by M au, V irtuani, and H erman [Mau05, V irt08,
Herman12]]. F urthermore thin-film PV modules s how s everal m etastable s tates,
which m ake it ¢ hallenging to d efine a s tandardised PV m odule pow er for eac h
technique. P rocedures to measure the PV m odule power o f metastable thin-film
modules are described by Silverman [Silverman14].

5.2.1 Introduction of the important |-V curve parameters

From the /-V curve some key parameters can be extracted to access the quality of
the PV module. The /-V curve of an illuminated PV module has the shape shown in
Figure 5.2.1.
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The open-circuit voltage (Vo) is the maximum voltage available from a PV module
and occurs at zero current. The short-circuit current (/sc) is the current through the
module w hen the v oltage across the cell is zero. The maximum power ( Pnax) i S
defined as a point on the /-V curve of a PV module under illumination, where the
product of ¢ urrent ( Impp) @ Nd v oltage ( Vinpp) i s m aximal. The fill factor ( FF)is
essentially a m easure of the quality of the solar cell or PV module. Itis the ratio
which compares the maximum power of the PV module to the virtual power (Pr) that
would result if Vimpp, would be the open-circuit voltage and Imp, would be the short-
circuit current. T he fill factor c an b e i nterpreted g raphically as t he r atio o f the
rectangular areas depicted in Fig. 5.2.1.

From these parameters optical influences (/s), cell degradation and shunting ( Vo),
and series resistance or inhomogeneity effects (FF) can be assessed.

Fig. 5.2.1: The figure shows a s chematic /-V curve of an i lluminated PV module
and the most important parameters: short circuit current /s, open-circuit voltage
Vo, the maximum power point Ppy,, the current and v oltage be longing to the
maximum power point Inpp @and Vmpp, and the virtual power point Pr.

5.2.2 Series resistance and shunt resistance

In or dert o understand m ore aboutt he /-V characteristic of PV m odules,itis
necessary t o de fine t he s lopes at eac h of t he i ntercepts. These s lopes w ill be
denominate numbers with units of resistance. They are called series resistance (Rs)
and shunt resistance (Rsh). These resistances are defined as depicted in Fig. 5.2.2.

The series resistance is a lumped parameter. All series resistances of the solar cells
and interconnects affect this parameter. So it may be us ed to access the effect of
series resistances in the PV module. However for the production of a PV module
various c ells w ith various -V characteristics ar e us ed. The differencei n [-V
characteristics al so a ffects the |lumped parameter R; in a PV module. So a high

27



series resistance may be caused by the addition of series resistances in the module
or caused by a mismatch of the individual cell characteristics.

The shunt resistance illustrates a shunt path for the current flow bypassing the active
solarcell. Ifthe shuntresistance ofa cellis|ow,the s huntpath s hows hi gher
leakage currents. A change of shunt resistance in single solar cells is not detected
by the shunt resistance of the module because all the other cells block the additional
current from the cell. Only in the very unlikely case that all cells have alow shunt
resistance will the shunt resistance of the PV module also be low. In all other cases
shunts of single cell affect the Fill Factor of the module and not the shunt resistance.
The s hunt resistance also i nfluences s hort-circuit c urrent and open-circuit voltage
(Voc) 0o T I-V characteristics o fc ells especially w hen a hot-spoten durance
phenomenon occurs.

It s hould be no ticed thatt he i nterpretationof Rs and Rs, as s huntan d s eries
resistance only apply if all solar cells in the module are quite comparable. In many
practical cases the value of Rs and R, is just al umped parameter which can be
obtained from the /-V curve slope at |sc and V... In some cases, for analyzing the
behaviorofthe PV moduleitis necessarytogivethe Rs and Rs, parameters
physical meanings.

Fig. 5.2.2: Schematic /-V curve of an illuminated PV module and the influence of a
series resistance Rs and a shunt resistance Rq, to the /-V curve.

5.2.3 Accuracy

For I-V characteristic measurement, there are many aspects affecting measurement
accuracy. To improve accuracy of measurement, each channel performance of the
I-V acquisition system must be calibrated in an accredited laboratory or institution to
ensure proper dynamic behaviour including time response and current, voltage bias.
For ac curate measurement,i ti si mportantt o k nowt he m odule u ndert est
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characteristics, high capacitance of some high efficiency modules can influence the
measurement results. Measurement problems due to high capacitive modules may
be detected by comparing /-V characteristics measured from short-circuit current to
open-circuit voltage conditionsan di n the reverse di rection, w itht he ot her
parameters unchanged. The detailed procedures are d escribed by M au, Virtuani,
and Herman [Mau05, Virt08, Herman12].

It is strongly recommended that the s pectral response of a module under test be
performed be fore /-V measurement. N ormally, a t ypical represented e ncapsulated
cell can be a sample for spectral response measurement. To minimize the spectral
mismatch effect, the reference solar device should have identical or similar spectral
response t o the module undertest. | fthe /-V measurementis performed under
outdoor condition, the pyranometer or other thermopile irradiance sensor must be
calibrated against an accredited laboratory.

For all I-V measurements of PV cells and modules, the real time measuring result
should be translated to the STC or SRC (standard report condition), so the sunlight
or simulated i rradiance s hould b e measured by c alibrated r eference s olar device
which can be traced to accredited laboratory of ISO 17025 [ISO 17025]. For indoor
measurement, t he s pectral i rradiance di stribution o f light can no t be identical to
natural s unlight. Itis recommended that t he simulator s pectrum should meet the
requiremento f IEC 6 0904-9 [ IEC 60 904-9] s tandard. O n t he ot her han d, non-
uniformity of irradiance and light instability can affect the /-V result simultaneously.
The module under test should be mounted in the area with the most homogeneous
light distribution and measured in the time period of the flash with almost constant
intensity level and light spectrum.

For both indoor and outdoor measurements, the environmental parameters should
be m onitored t o keep the temperature h omogeneous an d constant as f ar as
possible. As di fferent P V modules h ave specifict emperature coefficients, t he
temperature should be controlled close to the desired temperature level to reduce
voltage and current correction.

At pr esent, four | aboratories maintain t he World P hotovoltaic S caleto give PV
metrology and r eference s olar dev icet oot her| aboratories, i nstitutions, and
manufacturers. It is commonly difficult to obtain better than 3% certified accuracy of
module /-V characteristic for the majority of PV laboratories.

5.2.4 Effect of failures on the I-V curve

An |-V curve measured with suitable equipment as described in chapter 5.2 gives
information about module failures. The interpretation of the /-V curve depends on the
available data:

a.lncase that we have only the measured /-V curve without i nformation on the
specific electrical values of the PV module we can evaluate the following values:
e the I currenti s c onsistentw itht he c ell ar ea, c ell t echnology andc ell
connections in the module - number of cells in series and strings parallel (see
values in Tab. 5.2.1),
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e the V. is consistent with the cell technology and cell connection in the module
- number of cells in series and parallel strings, see values in Tab. 5.2.1,

e the fill factor is as expected from the module technology

e in addition the shape of the /-V curve reveals two defects:
non-active c ell par ts duet o c ell c racking or ot herr easons ( grid de fects)

short-circuit of a bypass diode.

b. If we have the specific el ectrical data for the PV module - from label or, even
better, flash report from the manufacturer - the comparison of the measured values
give a good indication of potential failures and technical problems.

c.l fwehaveapr evious /-V curve of t hes ame P V module m easured w ith
comparable equipment and conditions such as a class AAA flasher, reference cell
and module temperature, we can obviously evaluate the /-V curve for degradation
effects and failures.

Tab. 5.2.1: Typical electrical values at STC conditions.

Polycrystalline Monocrystalline Expected value for
silicon cell silicon cell the PV module
Jsc Current d ensity 28 - 33 30-35 cell area * current
[mA/cm?] density
Voc Open c urciut 550 - 600 600 - 700 numberofcellsin
voltage series * Vo
[mV]
FF Fill factor 0.75-0.80 0.80-0.85 --

Deviations between measured and expected /-V curve, v alues o btained from the
data sheets or previous m easurements, ¢ ould be di vided into the f ollowing
categories as listed in Tab. 5.2.2:

1. A lower short-circuit current /. than expected, case S1in Tab. 5.2.2,is likely
caused by t he | oss of t ransparency o ft he enc apsulation d ue t o br owning or
yellowing, g lass ¢ orrosion w hich r educes the | ight trappingo ft he moduleo r
delamination causes optical uncoupling of the layers. These effects on the /-V curve
are like a r eduction of the irradiance and as shown in Tab 5.2.4 the curve shape
changes differently if the effects are homogenous or heterogenous.

2. The -V curve near Iy becomes sloped. Case S4 in Tab. 5.2.2, means that the
shunt r esistance d ecreasedd uet os huntpa thsi n the P V c ellsan d/ort he
interconnections. Slight ¢ ell m ismatch o r slight non uni form y ellowing, may be
another cause.

3. In case S3 the slope of the I-V curve near V. is lower indicating an increase of
the series resistance in the PV module. The series resistance in the module could
increase by the increase of interconnections resistance, corrosion in junction box or
interconnects and slacks joints.
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The t wo previous points decrease the fill factor of the module and therefore the
maximum power output of the module.

4. The I-V curve has a lower V.. value than expected, case S2 in Tab. 5.2.2. Failures
which lower the V. are failed cell interconnections, short circuits from cell to cell or a
failure of the bypass diode. The open-circuit voltage of the module can be reduced
also by the light-induced degradation (LID) of crystalline silicon modules or potential
induced degradation (PID).

5. The I-V curve shows steps (see table 5.2.2 S6). The reasons of the steps in the
curve could be a de fect in the bypass diode, damaged cells or heavy mismatch of
the PV cells in the module.

Tab. 5.2.2: Table of PV module failures detectable by the /-V curve.
* Only possible with several strings of cells protected by working bypass diodes.

S5: :
p|S1 |S2 S8 |S4 | change | S6
Isc Ve Roc Rsc Isr?ope* points*
Failure »| Do
L (o]
Disconnected B|A
bypass diode
Short-circuit bypass | B | E
, X X
diode
Inverted bypass BIE| « X
diode
Homogeneous loss | A | C
X X
of transparency
Heterogeneous loss [ A | E X X X X
of transparency
Homogeneous AlD| « X
glass corrosion
Heterogeneous AlD| « X X X
glass corrosion
Homogeneous B|D
D X X
delamination
Heterogeneous BID| « X X X
delamination
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Homogeneous
corrosion AR
coating of the cells

(@)

Heterogeneous
corrosion AR
coating of the cells

(@

Passivation
degradation

w)

PID polarization
induced
degradation

(@

LID light-induced
degradation for
crystalline solar
cells

@)

(X)

Short-circuited cells,
e.g. by cell
interconnection
ribbon

m

Solder corrosion

(@

Homogeneous
soldering
disconnections

m

Broken cell
interconnect ribbons

Im

X

Cracked cells

A

E

X

X

Pnax = failure is detectable as power loss
Roc = open-circuit resistance (slope at Vo)
Rsc = short-circuit resistance (slope at /)

The power degradation of some of the failures mechanism mentioned in the table
above is limited. The power loss caused by the corrosion of the antireflection coating
is usually limited to 4% which is the initial improvement of the coating. Some others
failures are limited like the delamination with values of 4%, the initial lig ht-induced
degradation with 2 - 4%, glass c orrosion with m aximum of 3% . F ailures like cell
cracks, solder corrosion, broken cell interconnects have no limits in power loss and

the PV module may be unusable.

32




References

[Herman12] M. Herman, M. J ankovec, M. Topic, Optimal /-V Curve Scan Time of
Solar C ells an d M odules i n Li ght o f | rradiance Lev el, International Journal of
Photoenergy, Volume 2012, Article ID 151452, doi:10.1155/2012/151452

[IEC60904-3] | nternational E lectrotechnical C ommission ( IEC) 609 04-3 E d. 2 :
Photovoltaic devices - Part 3: M easurement principles for t errestrial phot ovoltaic
(PV) solar devices with reference spectral irradiance data, 2008

[IEC60891] I nternational E lectrotechnical C ommission ( IEC)608 91 E d.2.0
Photovoltaic devices — Procedures for t emperature a nd i rradiance c orrections to
measured |-V characteristics, 2009

[IEC 60904-9] International Electrotechnical Commission (IEC) 60904-9 ed2.0: Solar
simulator performance requirements, 2007-10-16

[ISO 1 7025] | nternational O rganization for S tandardization 17025: G eneral
requirements for the competence of testing and calibration laboratories, 2005

[Mau05] S . Mau, Influence of Solar Cell Capacitance on the Measurement of /-V
curves of PV Modules, Proc. 20th EU PVSEC (WIP, Barcelona, S pain, 2005), pp.
2175-2177

[Silverman14] T. Silverman, U. Jahn, “Characterization of P erformance of Thin-film
Modules”, Technical Report IEA-PVPS T13-02: 2014, in preparation.

[VirtuaniO8] A. Virtuani, H. Mlllejans, F. Ponti, E. Dunlop, Comparison of indoor and
outdoor performance measurements of recent commercially available technologies,
Proc. 23rd EUPVSEC (WIP, Valencia, Spain, 2008), pp. 2713-2718

5.3 Thermography

There are basically three different types of thermography methods to detect failures
in P V. modules. Them ostc ommon and eas iestt o applyt echniquei st he
thermography under steady state conditions. This method allows the analysis of PV
modules in the field under working conditions. The pulse thermography and the lock-
in thermography allow a more detailed view into the PV module but both techniques
need to be done under lab conditions. These three techniques are described in the
next three chapters.

5.3.1 Thermography under steady state conditions

Thermography or i nfrared ( IR)i maging [Tscharner85] isa non -destructive
measurement t echnique, w hich pr ovides f ast, r eal-time, andt wo-dimensional
distributions of ¢ haracteristic f eatureso f PV m odules. | tc anbeus edas a
contactless m ethod for di agnosing s ome t hermal an d el ectrical f ailuresin P V
modules. The m easurements can be performed during normal o peration for both
individual PV modules and as a s can of large scale systems. It has to be as sured
that the measurement is done under steady state conditions of the PV module.
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The t hermography m easurements show t emperature differences i nduced by an
external current or by applying light to the PV module. During measurements in the
dark,t herei snol ightap pliedt ot he module but external c urrent ( typically
comparable to short-circuit current /sc) is supplied in the forward direction [Hoyer09].
In order to avoid thermal damage to thin-film modules it must be ensured that the /s
of the modules is not exceeded by more than 30%.

During illumination heat and current are generated by incident light (e.g. the sun)
which can cause inhomogeneous temperature of the PV module. For more precise
defect d etection, thermography i maging is performed under illumination of the PV
module and t he t emperature di stribution of v arious | oad c onditions h ave t o be
compared: short circuit, open-circuit, and at maximum power point.

By m eans o fan appropriate IR-camerat he temperature distributionc anb e
measured. Thermography i maging i s per formed mostly by m eans of a p ortable,
uncooled IR-camera. The wavelength of the used IR-detector is typically between 8
and 14 pym [Zamini12].

llluminated (outdoor) thermography measurements should be performed on a sunny
cloudless day, with min. 700 W/m? irradiation at the module array. ldeally the ambient
temperature as well as the wind speed is low. The angle of view should be s et as
close as p ossibleto 90° butnotlessthan 60° tothe module glass plane. The
operator should be aware of reflections, e.g. buildings in the neighborhood, clouds or
self r adiation o fo peratoror ¢ amera[ Buerhop07]. F orc orrectt emperature
measurement the camera must be set to the correct ambient temperature and the
emissivity values for t he s urface inspected, see [ Buerhop11a]. T ypical emissivity
values are 0.85 for the glass and 0.95 for the polymer backsheet, respectively, if the
angle of view is within 90°-60° (glass) and 90°-45° (polymer). Me asurements from
the backsheet side, when possible, are more accurate than from the glass side.

When illumination is uniform and viewed under o perating bias, cell temperatures
may differ by only a few degrees. |fthe module is short-circuited or if defects are
present, t he t emperature v ariations m ay be much | arger. Multiples of 10 K
temperature differences may be r eached be tween hot s pots in comparison to the
normal operating parts in the vicinity. In addition it must be considered that there is
a temperature gradient within the PV-plant (e.g. upto 13 Kin ~8 m of modules on
the roof) or evenin amodule (3-5K), which is du e t o convective heat transfer
[Buerhop11b]. In the Tab. 5.3.1 the possible failures which can be recognized by an
IR-Camera are listed.
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Tab. 5. 3.1: S ummaryo f PV m odule IR image pat terns observedi n outdoor
measurements, t heir des cription, pos sible failure modes, and its influence on the
electrical o utput. T he table i s or iginally f rom [ BuerhopO7] and i s modified and

extended.
Pattern Description Possible failure Electrical Remarks, Safety Power
reason measurements Chapter
One module Module is open Module normally | Check wiring A System
warmer than circuited - not fully functional failure
others connected to the
system
One row (sub- Short circuited Sub-strings May have burned | B(f) const. or
string) is warmer | (SC) or open sub- | power lost, spot at the E
than other rows in | string reduction of V,,; | module
the module - Bypass diode
SC, or 6.2.7 One diode
- Internal SC shunted
Single cells are Whole module is | Module power Check wiring Awhen |const.
warmer, not any short circuited drastically ext. SC, |orE
pattern (patchwork | - All bypass reduced, (almost |6.2.7 all diodes B(f)
pattern) is diodes SC or zero) strong shunted when
recognized - Wrong reduction of Vi, Diodes
connection SC
Single cells are Massive shunts Module power - Change array A Cc
warmer, lower caused by and FF redu- grounding (v,h,t)
parts and close to | potential induced | eq. Low light conditions
frame hotter _than degradatlon_(PlI_D) performance - recovery
upper and middle | and/or polarization by reverse
parts. more affected voltage
than at STC 6.2.5 (PID)
One cell clearly - Shadowing Power decrease | Visual inspection |A A,
warmer than the effects not necessarily needed, cleaning
others - Defect cell permanent, e.g. | (cell mismatch) or | B(f) B
- Delaminated shadowing leaf | shunted cell or
cell or lichen 6.1.1 (delam.) C(m,
tc, h)
Part of a cell is - Broken cell Drastic power 6.2.2 (cell cracks) | B(f) C(m,
warmer - Disconnected reduction, FF 6.2.4 (burn marks) tc)
string reduction 6.2.6
interconnect (interconnects)
Pointed heating - Artifact Power reduction, | Crack detection B(f) C(m,
- Partly dependent on after detailed tc)
shadowed, e.g. |form and size of | visual inspection
bird dropping, the cracked part | of the cell
lightning possible
protection rod 6.2.2 (cell cracks)
Sub-string part Sub-string with Massive Isc and | May cause severe | A, A,
remarkably hotter | missing or open- | power reduction |[fire hazard when
than others when | circuit bypass when part of this | hot spot is in this | B(f) C

equally shaded

diode

sub-string is
shaded

sub-string
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5.3.2 Pulse thermography

The pulse thermography (PT) needs an external heat source, e.g. by means of one
or more simultaneous triggered powerful flashlights to generate a dynamic heat flux
through aP V m odule. The pulse d uration h as tobe notl ongert han a few
milliseconds, to avoid blurry images. The flash arrangement positioned in front of the
module ( rear s ide) a nd i ts i ntensity s hould be s ufficientt o r aise t he s urface
temperature instantaneously about 1 Kto 5 K approximately homogeneously. For a
full scale PV-module several kJ lamp power is required. After excitation the surface
temperature drops by ~1/vtime. Athermographic camera with a high r epetition
image acquisition frequency of at least several 10 H z, or, even better, hundreds of
Hz, takes continuously images from the PV module’s rear side. An inhomogeneous
distribution of the material’s heat capacity and thermal conductivity, i.e. differences in
the t hermal di ffusivity, a ffect the evolution of the t emperature di stribution. The
recorded changes in surface-temperature with respect to time are evaluated after a
Fourier transformation of the signals in the frequency domain. The resulting pulse
phase t hermography i mages s how details of the inner structure of a PV-module:
bubbles i nt he layering, and internal e lectrical ¢ onnections i nvisible t hrough an
opaque back sheet.

The penetration de pth o f the h eat di ssipation i s i nversely proportionalt o the
frequency values. In Fig. 5. 3.1 s ome examples for P Timages o f PV modules
derived by evaluation from the back side are depicted.

Fig. 5. 3.1: P ulse phase t hermography i mages obtained t hrough opaq ue back
sheets. Left h and s ide: bac kside c ell i nterconnects between pSi-cells; M iddle:
bubbles within an e ncapsulant material; Right hand side: I nterconnection structure
within a bac k-contact module: 0.3 Hz i mage de picting t he i nterconnection poi nts,
while the 2 Hz image shows the structure of the copper foil [Voronko12].

Tab. 5.3.2 shows det ectable failures in PV modules with the pul se thermography
method.
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Tab. 5.3.2: List of failures being detectable by pulse thermography inspection. The
failures are described in detail in the chapter referenced in column named “Chapter”.
The code used in column “Safety” and “Power” is explained in chapter 4.3 and 4.4.

Chapter Description Safety | Power | Image

5.1 Allows quasi “visual See left side
inspection” of underlying picture in Fig.
layers and structures 5.3.1

through opaque back sheet

6.2.6 Position of string and cell B D/E No image
interconnects. (f,e,m) available
Detection of deficient
soldered joints.

6.2.6 Position of interconnects in B D/E Fig. 5.3.1: upper
back-contact modules and (f,e,m) part in right
their connection quality. image
6.1.1 Inhomogeneous material C(e) D/IE Fig. 5.3.1: middle
6.1.2 properties detectable. image

Detects the depth, where
bubbles, delamination occur

A disadvantage of the pulse thermography method is that a high speed and high
resolution i nfrared c ameras ystemi sr equired. S uchi nfrared det ector c hip
technology is not only expensive, but used in military infrared systems implemented
in missiles and therefore export restrictions apply.

5.3.3 Lock-in thermography

Lock-in thermography (LIT) f or non -destructive t esting was d eveloped by B usse
[Busse92] and Breitenstein [ Breitenstein03]. Using LI T the sample is excited and
detected at a controlled frequency. This enhances the signal to noise ratio, so that
weak heat sources can be detected. Other advantages of LIT are the low thermal
impact on the sample, the influence on heat propagation and additional information
from phase s hifted | ock-in images. T he LIT method c an be us ed t o i nvestigate
crystalline [ Breitenstein11] as w ell as thin-film modules [ Tran11], [ Buerhop12] or
organic PV [Bachmann10].

For | ock-in thermography, cooled | R-cameras in the s pectral range from2 uymto
5 uym as well as uncooled bolometers in the range from 8 um to 14 ym are suitable.
Due to the periodic excitation of the samples which is synchronized with the image
recording, thermal differences in the range of 10 yK can-be made visible. The lock-in
algorithm provides two primary images and two derived from these: the amplitude
signal and the phase signal. Since the a mplitude signal i s always pos itive, itis
commonly chosen to display the resulting lock-in images in PV module testing. The
phase signal, in particular, is neither affected by the emissivity nor by the power of
the heat source.
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The necessary excitation of the solar cells and modules can be done el ectrically
using a voltage or current source or optically with a light source. Applying an electric
current or voltage the measurement is commonly called dark lock-in thermography
DLIT. U singal ights ourceiti s na medi lluminated | ock-int hermography | LIT
[Isenberg04]. This method is very charming because itis possible to work totally
contactless and so it can be applied for inspection at an early manufacturing stage.

In or derto detect a nd ev aluate P V module de fects, behaving as irregular heat
sources, the signal intensity and expansion of the LIT measurement are important.
One should use a frequency for the LIT method which allows the heat wave to flow
through the packaging materials in one cycle. Therefore the lock-in frequency f is
optimised for the highest image resolution if the the thermal diffusion Iength A is
equal to the package material thickness of the PV module

f_ A

= Zeaocy (5.3.1)
with t he m aterial pr operties: t hermal conductivity k, density p, and s pecific he at
capacity c,. For typical material parameters like 0.45 mm thick EVA and 0.15 mm
thick back sheet foil the thermal diffusion length A is chosen to 0.6 mm for a DLIT
measurement from the PV module rear side. Together with the material parameters
k=0.32 W/mK, pcp,=1.19 x 108 J/m3K [Wolf05] a | ock-in frequency fof ~0.12 Hz is a
good starting point for ev aluations. M easurements t hrough 3-4 mm thick glasses
basically result in a lower resolution and the optimised lock-in frequency is one order
of magnitude lower around 0.01 Hz.

Besides t he material properties the signal i s i nfluenced by various m easurement
parameters. With increasing period counts the defects become clearer in the image.
The lock-in frequency determines the lateral heat propagation and accordingly the
size of the heat affected zone and the amount of implied heat. Thus, with increasing
f on the one hand the heat affected zone is reduced enabling the determination of
the exact position ofthe heat source. On the other hand t he signal i ntensity i s
lowered strongly. Varying the excitation intensity, for example low or high current or
voltage, displays heat sources at different working regimes of the module, which can
be dominated by parallel or series resistance. Table 5.3.3 shows IR-images of the
same module using standard and lock-in thermography.

Using LI T irregular he at sources and temperature di stributions can be v isualized.
Even s mall ones, w hich are buried by s tronger nei ghbor s ources us ing s tandard
thermography, show up due to the enhanced local resolution. Thus, various types of
celland module defects, e. g. shunts with linear and non-linear b ehavior, can be
distinguished. The exact number and position of defects can be determined. The
knowledge about the defect c haracteristics enables investigating the de fect origin
and its impact on the module performance. Tab. 5.3.4 lists possible failures which
have been detected in crystalline and thin-film modules using lock-in thermography.
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Tab. 5.3.3: Three IR-images of the same crystalline PV-module with defects, left: PV
module continuously excited, middle and right: DLIT-images, PV module periodically
excited, a mplitude ( middle) an d p hase ( right), m easured fromt he fronts ide,
f=0.1Hz, I =5 A, spatial resolution about 2 mm/pixel, nominal STC-power 115 W,
STC-power (8 years running time) 50 W.

Thermography under
steady state conditions

Lock-in thermography,
periodically excited

Temperature image

Amplitude image

Phase image

Tab. 5.3.4: Overview of defects and failures in solar cells and PV modules visualized
using lock-in thermography. Images taken with I5; as current amplitude.

Chapter

Description

Safety

Power [ Amplitude image

6.2.4

Edge isolation s hunt. To identify a
linear s huntt he i ntensity of t he
shuntar eas hould staym ostly
constant for images taken at 10 %
of Isc (upperimage) and 1 00% of
Isc (loweri mage). Edge i solation
shunt occurs only at the edge of the
cells.

B(f)

A

Cell s hunted by c ell i nterconnect
ribbon: N o current flowing t hrough
the cell.

B(f)

>

6.2.6

Broken cell interconnect ribbon

B(f)

>
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Mediums ized bubblesi n|A A
encapsulant material
6.2.2 Cell cracks type A/B. B C
6.2.2 Cell cracks type C B(f) C
6.3.2 Local o hmics hunt or non-linear B(m) [E
impedance
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5.4 Electroluminescence

The PV test module is supplied by a dc current to stimulate radiative recombination
in the solar cells [FuyukiO5]. This electroluminescence (EL) emission is detected by
a commercially available silicon charged coupled device (CCD) camera.

EL imaging is done in a dark environment because the amount of infrared radiation
near 1150 nm emitted by the solar module is low compared to the radiation emitted
by the bac kground lighting. The dark e nvironment is us eful but not necessary to
decrease the background “noise” during the E L imaging. Additionally a high pass
edge filter at 850 nm may be used to reduce interfering light from other sources. The
resolution of the camera should be at least high enough that the fingers of the solar
cells in the module can be clearly identified. The noise of the camera output has to
be as low as possible. To reduce the influence of stray light an i mage without dc
current through the PV module may be taken and subtracted (dark field subtraction).
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The r esulting i mage i s free of s tray | ight t hen. O utdoor c haracterisation i s al so
possible in the dark, or by using dark field subtraction or lock-in technique together
with a sensitive camera.

Table 5. 4.1 summarizes all effects b eing det ectable w ith el ectroluminescence for
wafer-based PV modules. The table 5.4.1 also shows the influence of the effects to
the electrical parameters of a PV module.

Using E L i maging, it is es pecially pos sible t o det ect c ell c racks in phot ovoltaic
modules. C ell cracks app earas darklinesont hesolarcellinthe ELimage.
Especially i n m ulti c rystalline s olar c ells, crystallographic de fects t ypically al so
appear as dark lines. Therefore the detection of cell cracks by EL imaging has not
been automated successfully yet. Hence, cell cracks are detected by a p erson with
training in how to recognize cell cracks in photovoltaic cells and modules. Awell
trained person can detect cracks by looking at an EL image of a solar module. For
recognition o f cracks in PV modules made of multi c rystalline w afers w e de fine
criteria to identify cell cracks:

1. A cell crack appears as adar kgrey lineinanE Limage. The width and t he
greyscale should be mostly constant over the whole length of the crack.

2. A crack orientated in an angle of +-45° to about +-5° to the fingerprint of the solar
cell should partly run parallel to the fingers of the solar cell so that the crack appears
as a wavy step function.

3. Wafers that have been neighbours in the ingot may be foundinaP V module.
These wafers can be used to check whether a det ected dark grey line is a de fect
structure of the silicon or a cell crack.

4. Ifthe EL intensity changes abruptly ata dark grey line itis a cell crack. In this
case the crack already reduces the conductivity of the metallisation across the crack.
5. Itis quite unlikely to find a cell crack not starting or ending at the busbar or the
edge of the cell except for cross cracks. Cross cracks are quite likely to be found in
the middle of the cell.

Tab. 5.4.1: List of failures b eing d etectable by el ectroluminescent i nspection. The
failures are described in detail in the chapter referenced in column named “Chapter”.
The code used in column “Safety” and “Power” is defined in Tab. 4.4.1 and 4.4.2.

Chapter | Description Safety | Power |Image

No module failure

Crystal dislocations in a multi A
crystalline wafer

>
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Edge wafer

>

Striation rings

>

Cell failures

6.2.2

Cracks in solar cell modus A. The
cell has a crack but the crack does
not influence the current flow over
the crack (no crack resistance)

(@

6.2.2

Cracks in solar cell modus B+(A).
The cell has a crack and the crack
influences the current flow to the
cell interconnect ribbon of the cell.
However the cell is still connected.

B(f)

(@

6.2.2

Cracks in solar cell modus
C+(B+A). The cell has a crack and
the crack completely isolates cell
part(s) from the cell interconnect
ribbon. An EL image taken at about
1/10 of the rated current (upper
image) of the PV module is more
capable to reveal isolated cell parts
as one taken at the rated current
(lower image), compare lower left
parts of the two images.

B(f)

(@)
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6.2.2

Cross crack line/cross crack

>

Finger failure A, often identical
finger interruptions on some cells in
a PV module

>

6.2.2

Finger failure B, finger interuptions
along cell cracks.

B(f)

(@)

Finger failure C, also called
gridfinger interruptions caused by
soldering (GICS) [WENDTO09]

B(f)

(@)

7.6.1

Humidity corrosion

I

Contact forming failure A,
temperature inhomogeneities of the
transport belt during the firing
process of the cell process lead to a
tire like imprint

(>

Contact forming failure B,
temperature inhomogeneities
during the firing process of the cell
process lead to center edge
gradient of contact resistance of the
cell finger metalisation

>
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6.2.4 Shunt fault on solar cell B(f) A
Shunt fault due to cell interconnect | B(f) A
6.2.6 Disconnected cell interconnect B(f) A
Cell pattern in a PV module
6.2.5 Potential induced degradation A
(PID). PID PV modules can be
identified with EL images taken at
1/10 of the rated current in an early
stage, before a power loss can be
noticed. [Berger13]
6.2.2 Repetitive induced cell cracks in the | B(f) C

production

aa‘]l ,, ..
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wa :
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6.2.2 Heavy homogeneous mechanical B(f) C
load. The overall crack pattern in
the module looks like a X-crack
pattern. The X-crack pattern is
visualized in the image by the red
lines.
6.2.2 Tilt over PV module. Many dendritic | B(f) C
like cracks are located mainly in the
cells in the middle of the module.
6.2.7 Shunted by pass diode or break in | B(f) E e ]
current flow somewhere in the [
string. B
1R
fd: I'<
k] 8]
il
elf ]
& E 3r
4 I{SI #(3
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5.5 UV fluorescence

The UV fluorescence (FL) of Ethylene Vinyl Acetate (EVA) was used for the first time
to analyze the discolouration of photovoltaic (PV) modules by Pern et al. in 1997
[Pern97]. D uet o ex posure of E VAt o s unlight, es peciallyt he U V s pectrum,
molecules in the encapsulation decompose to form lumophores. In the publication of
Pern, a source of 315 nm UV light was used to excite the lumophores in the EVA
which emit fluorescent light in the range of 325 nm to approx. 800 nm. A correlation
between features in UV fluorescence images and cell cracks was recently presented
[Schlothauer10]. S chlothauer et al. used EL images to identify the cell cracks in a
cell of aP V module and c orrelate them with the UV fluorescence image. T he
fluorescent degradation product was found to change to a non fluorescent product
along the edges of and the cracks in the solar cells, when they are oxidized by
oxygen diffused t hrough t he b ack s heett ot he EVA front| ayer of the module
[Pern96]. This e ffect is c alled ph otobleaching and ¢ an be used to determine the
number, p osition and or ientationofcellcracksin PV modules,evenin adark
outdoor environment.

The species involved in the fluorescence which may indicate or facilitate m aterial
degradation may be examined using fluorescence spectroscopy [Silverstein91]. First
an e mission s pectrum i s o btained by m onitoring t he r esponse t o a p articular
excitation wavelength, such as 315 nm. Then an excitation spectrum is obtained by
monitoring at a p articular fluorescent wavelength and s canning the wavelength of
the ex citation s ignal. E xamination m ay bei teratively repeated untileac h
fluorescence p eak i s ¢ orrelated w ith a ¢ orresponding ex citation s pectrum. The
technique may be appliedt o hy drocarbon an d s ilicone encapsulation [Pern93,
Miller12]. However this technique needs direct access to the encapsulant because
typically used front glasses or back sheets are intransparent for UV light below 350
nm. Thereforet he PV m odule has to be d estroyed fora full f luorescence
spectroscopy analysis. In fluorescence spectroscopy and FL imaging, the intensity is
proportional to the lumophore concentration and the wavelength is characteristic to
the lumophore species.

For FL imaging, an array of black light sources may be used for excitation. The black
light should e mit light of wavelength ranging from 310 nm to 400 nm. Most of the
photons with higher energy than 350 nm will be absorbed in the front glass of most
modules and will not reach the lamination material. Photons with lower energy than
400 nm would make it more difficult to differentiate between ex citation light and
fluorescent emission. The source lamp used to illuminate a PV module typically has
a light i ntensity at m odule s urface o f approx. 10 -100 W /m?2. The enc apsulation
material f luoresces i n t he w avelength i nterval from40 0 nmto approx. 800 n m
[Pern97, King00, Schlothauer10]. Along pass filter in front of the camera objective
lens can be used to block the excitation light of the black light from e ntering the
camera. A typical exposure time for the FL image is in the order of 10 s.
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The PV module has to be exposed to sunlight for some time to develope lumophore
species capable of emitting a s ufficient signal from the UV fluorescence. Typically,
the longer the exposure to UV light is the more intensive the fluorescent e mission
will be. To g eta s ufficient fluorescence s ignal, t he m odule s hould h ave bee n
exposed to an UV dose of approx. 80 kWh/m?, e.g. this correlates to about 1.5 year
outdoor exposure in Germany. Table 5.5.1 summarizes all effects being detectable
with the FL method.

Using F Lim aging, it is e specially p ossiblet od etectc ell c racksin c ells of
photovoltaic modules [Koentges12]. Cell cracks appear as a dark bar on t he solar
cell in the FL image. A cell crack is much easier to be identified than in an EL image.
Due to the bleaching at the frame of regular cells, cracks at the cell edge are not
detectable. Furthermore FL images show sometimes along the interconnector grey
zones. In this case cell cracks near the interconnector are difficult to identify.

Tab. 5 .5.1: Li st of failures bei ng de tectable by F L i nspection. The failures are
described in detail in the chapter referenced in column named “Chapter”. The code
used in column “Safety” and “Power” is explained in chapter 4.3 and 4.4.

Chapter Description Safety | Power | Image

No failure A A

6.2.2 Cell cracks B(f) C
6.2.2 Isolated cell part, reverse B(f) C
biasing of the not isolated

cell part increases
fluorescence
6.2.6 Disconnected cell B(f) A

interconnect. The current
flows only through one cell
interconnect ribbon and
heats one cell side more
intensely than the other and
therefore creates more
lumophores.
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5.6 Signal transmission method

Originally t he S ignal Transmission D evice ( STD) [ Kato10] i s not des igned for
detecting PV module failure but for maintenance in the field of electric work such as
detection of earth-leakage points and wired routes in walls.

Applying this STD to a PV system, especially to the dc circuit of a PV array, makes it
possible to detect | ocal di sconnection of i nterconnect ribbons in PV modules and
open-circuit failure of bypass diodes (BPD) in junction boxes.

Fig. 5. 6.1 s hows t he ap pearanceo fa S TD, w hichi s s mall, lightweight, and
inexpensive. It consists of two parts: a transmitter and a receiver. The transmitter
sends small alternating test signal current into a connected circuit and the receiver
can detect magnetic flux generated by this test signal current.
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Fig. 5.6.1: An example of the Signal Transmission Device (STD).

Fig. 5.6.2 de picts a s chematic pr ocedure f or detecting local di sconnection of
interconnect ribbons in PV modules. At first one must stop the PV system operation.
Next the transmitter is connected to a target module string at the PV combiner box
and the test signal current automatically starts to be transmitted to the module string.
The dotted light blue lines in Fig. 5.6.2 visualise the test signal path. Subsequently
the receiver is moved along the interconnect ribbons on the rear or front side of each
PV module. When the cell interconnect ribbons are both connected to the solar cells
the r eceiver de tects the test signal. Butit cannot detect t he signal currenton a
disconnected point of the cell interconnect ribbon indicated as “A” in Fig. 5.6.2. If all
(typically t wo or t hree) c ell i nterconnect r ibbons o f one c ell ar e di sconnected,
indicated as“ B”in Fig.5. 6.2, nos ignalc anb e detected anywhereon t he
disconnected s ub-module because the signal p asses t hrough t he by pass diode
integrated in the disconnected sub-module.

Fig. 5.6.2: A schematic procedure for detecting local disconnection of interconnect
ribbons in PV modules.
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Figure 5.6.3 depicts a schematic procedure for detecting bypass diode failures in PV
modules. In order to check the bypass diode failure, especially open-circuit failure,
e.g. arubber sheetis used to block the sunlight on s ub-module in addition to the
STD.

As outlined above, the PV sy stem must stop o peration first. After connecting the
transmitter to the module string, the rubber s heet is layed on one sub-module to
activate the bypass diode. Subsequent the receiver is moved along the interconnect
ribbons on the rear side of the PV module.

If the bypass diode is activated, indicated as “C” in Fig. 5.6.3, due to partial shading
by the rubber s heet, no signal currentis detected on the sub-module b ecause it
goes through the bypass diode. In case of an open-circuit bypass diode, one can
detect the test signal on t he sub-module, indicated as “D” in Fig. 5.6.3, even if the
sub-module is shaded.

Fig. 5.6.3: A schematic procedure for detecting open-circuit bypass diode failures in
PV modules.

Fig. 5.6.4is an ex ample of the S TD det ection o f di sconnected c ell i nterconnect
ribbons in a working PV module. An EL image indicates that two solar cells have
disconnected cell interconnect ribbons on t he left half of them. The STD detection
easily i ndicates these di sconnections of t he | eft-side i nterconnect r ibbons. Table
5.6.1 shows a summary of all failures which are detectable by the STD method.
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Fig. 5.6.4: The detection results of the STD detected at a working PV module are
inserted into the EL image of the PV module. The EL image indicates that two solar
cells, on which finger grids are separated for the two cell halves, have disconnected
cell interconnect ribbons on the left half of them. Both results completely match.

Most E L o bservations must b e indoors and are ex pensive, butthe STD has the

advantages thatitis ac heap and eas ily appl icable method in the field w ithout
removing PV modules.
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Tab. 5.6.1: List of failures being d etectable by STD inspection. The failures are
described in detail in the chapter referenced in column named “chapter”. The code
used in column “Safety” and “Power” is explained in chapter 4.3 and 4.4.

Chapter Description Safety [ Power | Image

5.3.8 One di sconnected cell [ B(f) C
interconnect ribbon: N o

signal det ected at t he
disconnected ribbon.

5.3.8 Allc ellin terconnect| B(f)
ribbons of onecellare
disconnected or
disconnected s tring
interconnect: N o s ignal
detected anywhere on
the di sconnected
submodule.

Im

>

5.3.9 Open-circuit bypass | C(f)
diode: S ignal detected
anywhere on t he
shaded submodule.

no image available
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6 Failures of PV modules

PV modules fail for a wide variety of reasons. Failures related to how the module is
connected to the PV system and common packaging failures are common to all
modules. These ar e i ndicatedinthe Tab. 6.0.1 inthe general c ategory. Some
defects are observed only in some module types; these are indicated in the table for
each technology. Some of the defects are not even caused by the module but by
external s ources or intrinsic e ffects w hich are al ready t aken into account by the
manufacture by printing the module label. These lists are not prioritized, nor are all
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possible failure mechanisms i ncluded. M ore de tails ar e provided i n t he following
sections.

Tab 6.0.1: Known and anticipated failure modes and degradation m echanisms for
each PV technology.

Known and anticipated failure modes & degradation mechanisms Chapter references
General

Quick connector reliability 4.3.3

Delamination 6.1.1

Glass breakage 431,6.14,64.1,7.2
Junction box failure 6.1.3

Wafer-based silicon modules

Cell cracks 6.2.2,6.23,71,7.2
Delamination 6.1.1
EVAdiscolouration 6.2.1,6.2.3,7.3
Burn marks 6.2.4

Potential induced degradation 6.2.5,7.5

Fatigue of ribbon due to thermal cycling 6.2.6

Bypass diode failure 6.2.7

Junction box failure 6.1.3

Light-induced cell degradation 4.2

Thin-film Si

Initial light degradation (a-Si) 4.2

Annealing instabilities (a-Si) 4.2

Shunt hot spots 6.3.2

Thin-film CdTe

Cell layer integrity — backcontact stability 6.4.2

Busbar failure - mechanical (adhesion) and electrical 6.3.1

Shunt hot spots 6.3.2

Thin-film CIGS

Shunt hot spots 6.3.2
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6.1 Review of failures found in all PV modules

In the following chapters PV module failures are described which can be foundin
nearly all PV module types. The most similar part of all different kinds of modules is
the laminate. Therefore laminate failures are discussed here in a general way.

6.1.1 Delamination

The adhesion between the glass, encapsulant, active layers, and back layers can be
compromised for many reasons. Thin-film and other types of PV technology may
also c ontain at ransparent ¢ onductive ox ide ( TCO) ors imilar| ayert hat m ay
delaminate from an adjacent glass | ayer [ Jansen03]. Typically, if t he adhesionis
compromised b ecause o f ¢ ontamination ( e.g. i mproper cleaning o f t he g lass) or
environmental factors, del amination w ill oc cur, f ollowed by m oisture i ngress and
corrosion. D elamination at i nterfaces w ithin t he optical pa th will r esult in optical
reflection (e.g., up to 4%, power loss D and safety class A, at a single air/polymer
interface) and subsequent loss of current (power) from the modules.

Delamination may be relatively easy to see, as shown in Tab. 5.1.3. In theory, the
detachment of interfaces might be quantified using a reflectometer. Pulse and lock-
in thermography, as described in chapter 5.3.2 and 5.3.3, may be used to detect
delaminations that cannot be identified visually. X-Ray tomography and an ultrasonic
scanner may also be used to examine less overt delaminations in higher resolution,
but both require a greater examination time [Veldmann11].

In E VA e ncapsulation, t he a dhesion pr omoter ( intended for g lass i nterfaces) i s
generally the | east stable ad ditive, |imiting the s helf-life of the EVAeven more so
than the per oxide us ed f or cross-linking. F actors affecting t he dur ability of t he
interfaces within a PV module may include UV, temperature, and/or moisture. For
example, the delamination of Polyethylene Terepthalate (PET) containing backsheet
is known to be affected by the hydrolysis of PET [McMahon59], which limits its ability
to be ex amined i n accelerated t esting u singt he “ damp-heat” t est ¢ ondition.
Delamination may be more likely at the interface between EVA and the solar cell,
because t he i nterfacial s trength may i nitially be m ore | imited t here t han at t he
EVA/glass i nterface. O nt heo ther hand, U V d egradation ands ubsequent
embrittlement, may limit the long-term adhesion of interfaces exposed to the sun.

The new pathways a nd s ubsequent c orrosion following af ter d elamination reduce
module performance, but do not automatically pose a safety issue. The delamination
of t he b ack s heet, h owever, m ay enabl e the possibility o f ex posure t o ac tive
electrical c omponents. The d elamination o fthe backsheet may al so resultin an
isolation fault (safety class C(e)). Failure of the rail bond may free a module from its
mounting s ystem, posing a haz ard to personnel or property within t he installation
site. The d etachment of the junction-box m ay al so al low f or e xposure t 0 ac tive
electrical c omponents i n ad ditiont ot he possibility of electrical ar cing. Af ew
instances of arc-initiated fires have been reported from PV installation sites.
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The adhesive strength of encapsulation/glass and e ncapsulation/cell interfaces are
most ¢ ommonly ex amined us ing double ¢ antilever beam ( DCB)[ 1S025217]
measurements, ¢ ompressive s heart ests [Chapuis12], or overlap s hear tests
[Kempe09]. The advantage of a fracture mechanics-based approach like DCB is that
adhesion ( and i ts d egradation) c an be related toi ts un derlying f undamental
principles. The a dhesive strength of a flexible front s heet or back sheet maybe
measured with a 180° peel test [ISO8510].

6.1.2 Back sheet adhesion loss

The ba ck-sheet ofa module s erves t o b oth protect electronic c omponents from
direct exposure to the environment and to provide safe operation in the presence of
high DC voltages. Back-sheets may be c omposed of glass, or polymers, and may
incorporate a m etal foil. Most commonly, a back-sheetis made up of al aminate
structure with a highly stable and UV resistant polymer, often a fluoropolymer on the
outside, directly exposed to the environment, an inner layer of PET, followed by the
encapsulant layer. Recently new designs have been i mplemented which (amongst
other materials) may us e a s ingle | ayer of PET, formulated for UV and t hermal
stability. The choice of material depends on cost, what sort of mechanical strength is
needed, the need for el ectrical isolation, and whether or not water vapor must be
excluded from the package.

When a rear glass is used instead of a back-sheet, it may fail by breaking. This can
happen because of i mproper m ounting, i mpact from h ail, i mpact f rom windblown
objects, or any other type of mechanical stress. If the module is constructed as a
thin-film device on the bac ksheet ( e.g. s ubstrate C IGS), thent his pr esents a
significant safety hazard in addition to significant or, more likely, complete power loss
for that module. Along the cracks there may be a small gap and some voltage which
is capable of producing and sustaining an electric arc. If this happens in conjunction
with failure of a bypass diode, the entire system voltage could be present across the
gap creating a large and sustained arc which is likely to melt glass possibly starting
a fire. However, if a glass backsheet were to break in a typical crystalline Si module,
there would still be a layer of encapsulant to provide a s mall measure of electrical
isolation.

When a module i s constructed with glass front- and b ack-sheets, there maybe
additional stresses e nhancing delamination and/or glass breakage. Without proper
control of lamination, excess encapsulant may be pus hed out from the sides of the
module causing the glass to bend slightly. This results in the presence of significant
tensile stress in the encapsulant at the edge of the module which will then have a
higher propensity to delaminate. Similarly, tempered glass is not perfectly flat and
the pr esence o fs tructure w ith t he ¢ ell m aterials w ill lead t o f urther r esidual
mechanical s tresses. Allt hese s tresses actt oi ncrease the pr obability o f
delamination and glass breakage both of which may lead to s erious performance
and safety concerns.

Backsheet materials m ay al so be ¢ onstructed w ith a m etal foil i n a pol ymeric

laminate structure to provide a moisture impermeable structure thatis lightweight,
and p otentially flexible. This c onstruction p roduces a number o f addi tional s afety
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concerns. Here there is the need to provide a more robust electrical insulation layer
between the cells and the metal foil. Any small breach in electrical isolation over the
entire surface of the foil will result in the entire foil being charged at system voltage.
Thus thereisal argerareaoverw hich o ne mustbec oncerned w ith el ectrical
insulation. Furthermore, a metal foil will act as a high voltage capacitor with the cells
serving as one of the electrodes. Because of these specific safety concerns, the IEC
standards community is currently drafting language into IEC 61730 [IEC61730] to
address this concern.

Lastly, but most commonly, modules are laminated with a polymeric laminate back-
sheet construction, as in typical crystalline Si modules. With multiple layers, there
are a number of i nterfaces w hich may del aminate i n r esponse to h eat, t hermal
cycling, mechanical stress, humidity, UV light, or other physical or chemical stresses.
If delamination occurrs forming bubbles (as seenin Tab. 5.1.3)in a central, open
area of the back, it will not present an immediate safety issue. That area would likely
operate slightly hotter as heat does not conduct out the back as well, but as long as
the bubble is not further disturbed and broken or expanded, the performance and
safety concerns are minimal.

However, if delamination of the backsheet occurs near a junction box, or near the
edge of a module there would be more serious safety concerns. Delamination at the
edge may provide a di rect pathway f or liquid w ater to e ntera module d uring a
rainstorm, or in response to the presence of dew. That can provide a direct electrical
pathway to ground creating a very serious safety concern. Similarly, del amination
near a junction box can cause it to become loose, putting mechanical stress on live
components and breaking them. A break here is more likely to cause failure of the
connection to a bypass diode and possibly result in an unmitigated arc at full system
voltage.

If the module is not correctly f ormulated for adh esion, the c ell s urfaces are not
properly prepared (e.g. residual flux), the foil parts of the backsheet are not well
adhered or are sensitive to UV, or if gas forms inside of the module because of too
much flux from soldering or vaporization of water in the EVA, the back encapsulant
sheet m ay not be w ell adhe red and b ubbles m ay form on cell surfaces. D uring
periods o f hi gh hu midity, especially when dew forms on the module b ecause o f
radiative cooling at night, water droplets may form within the bubbles. Liquid water,
especially when combined with high voltage, may cause significant and irreversible
damage to cell components. This type of degradation can quickly make a m odule
unsafe and/or inoperable.

There are many different forms and compositions of backsheet materials. Each of

these has a unique set of potential failure modes which must be considered when
designing a PV module package.
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6.1.3 Junction box failure

The junction box (JB) is the container fixed on t he backside of the module which
protects t he c onnection of c ell s trings o ft he modules tothe external t erminals.
Generally the junction box contains the bypass diodes to protect the cells in a string
in case of hot spot or shadowing. Observed failures in the field are:

a) P oor fixing of the junction box to the b acksheet. S ome a dhesive systems are
good for short-term pull but poor for long term adhesion [WOL10].

b) Opened or badly closed j-boxes due to poor manufacturing process.

c) M oisture i ngress which ¢ ause c orrosion o ft he ¢ onnections an d the s tring
interconnects in the junction box

d) B ad w iring ¢ ausing i nternal arcingi n the j-box. This failureis p articularly
dangerous because the arcing can initiate fire.

Not r eliable s oldering ¢ ontacts o ft he s tring i nterconnects could ¢ ause hi gh a
resistance and consequent heating in the junction box. I n extreme cases the fire
danger i ncreases. These ba d s oldering ¢ ontacts are ¢ aused by | ow s oldering
temperature or chemical residuals of the previous production process on the solder
joints.

Fig. 6.1.3: Junction box failures: Left photo shows an open junction box in the field,
the middle one a poorly bonded JB on the backsheet, and the right one a JB with
poor wiring.

6.1.4 Frame breakage

Many PV modules have been designed and applied for heavy snow load regions. To
test and certify the PV modules for the heavy snow load reagions the snow load test
of the IEC 61215 [IEC61215] was used. Regarding real snow |load c haracteristics,
the mechanical load test cannot apply extraordinary stress to the framing section at
the lower part of a module at an inclined exposure. Snow loads creep downhill and
intrude into the p otential space between the frame edge and top surface. The ice
formed by compression of the lower snow areas pushes against the exposed tip of
the frame.
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Figure 6.1.4: Damaged module frames after heavy snow load of 1.2 m, melted down
to 35 cm, in winter 2012. Alpine | ocation at 620 m a.s.l., titangle 25°. 60 cell
modules with dimensions 1660 mm x 990 mm, 50 mm Al-frame.

Left hand side: Ice layer slides over module's edge;

Middle: Ice bends frame; Right: Failure of the corner screw joints [Leitner12].

The inclined surface or top of the module simply allows the snow to shift the load to
the lower parts of the module, which also induces a torque at the clamped s pots.
This behaviour is amplified by a higher gravitational force compared with the centre
or top of the module. Figure 6.1.5 illustrates this relationship, while simplifying the
difference between horizontally and vertically long-term snow impacts.

Figure 6.1.5: Introduction of snow loads, difference between load vectors.

As a function of the inclination angle, the downhill force increases the stress to the
bottom of the module, potentially resulting in a lack of resistance for maintaining the
structural integrity of the glass. This kind of deformation has been observed in the
field, with subsequent damage to the superstrate. If the frame is detached from the
glass the PV module is destroyed and must be exchanged.

In general, snow loads on PV modules can be summarized in terms of mainly four

characteristics, w hich ar e us ed todev elop a newt est m ethod des criped in
chapter 7.2:
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e Vertical loads acting on an inclined surface break down into two component-
related forces: the normal force Fy and the downhill force F. The force Fr is
the friction between the snow and glass and counteracts Fy.

e Snow sliding down the surface is inhomogeneously distributed on the surface
of the module.

e Inhomogeneous | oads c ause moments and torques in the lower partofthe
module al ong t he ax ial di rection o f t he t est s pecimen. The | ower m odule
clamps are subject to large moments.

e Lowt emperatures ( <0°C) m ay c ause embrittlement of the a dhesives and
further reduce stability. Creeping may occur at higher temperatures.
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6.2 Review of failures found in silicon wafer-based
PV modules

The m ost c ommon PV m odules ar e made o f w afer-based s ilicon s olar c ells.
Therefore a large knowledge base has been accumulated for the most PV module
failures of this type. However even for this type of PV modules some effects like
potential induced degradation and snail tracks have been studied in detail in the last
3 years for the first time. Therefore their description shows the current state and is
not a final presentation. Even the other module failure descriptions arise from older
PV modules which may differentiate them from current module and material designs.

6.2.1 EVA discolouration

One of the most overt degradation mechanisms for PV modules is the discolouration
of the ethylene vinyl ac etate (EVA) or other enc apsulation m aterials. This type of
degradation i s predominantly considered to be an aes thetic i ssue. D iscolouration
may bec ome a pparentt o a n o bserver be fore module c urrent (therefore p ower
production) can b e confirmed to decrease, but EVA discolouration is ex pected to
contribute < 0.5%/a of t he ~ 0.8%/a degradation t hati s c ommonly s een for Si
modules [Jordan11]. Examples of the discolouration of EVA are shown in Tab. 5.1.3.

EVA is usually formulated with additives, including UV and thermal stabilizers. But if
the choice of additives an d/or t heir c oncentrations ar e i nadequate, the E VA may
discoloras s hownin Tab. 5. 1.3. To ex plain, i nteraction between i ncompatible
additives in the field may produce discolouring chromophore s pecies [Holley98] or
the d epletion o f a dditives (such as the UV abs orber) ov er time [Shioda11] may
render the EVA vulnerable to damage. The patterns of discolouration observed in the
field can be very complex because of the diffusion of oxygen or the products of
reaction, such as acetic acid [Pern97], generated when heat and UV light interact
with EVA. The presence of oxygen photobleach chromophores, creating a ring of
transparent EVA where no discolouring chromophore species are present, around
the perimeter of a wafer-based cell. Itis quite common to see symmetric patterns
and sometimes multiple rings based on the effects of limited chemical diffusion, both
into and out of EVA and the existence of multiple chemical pathways that produce
similar c hromophore species. A photoin Tab. 5.1.3 s hows an e xample w here a
single cell is far darker than any of the adjacent cells. This typically implies that the
most discolored cell was at higher temperature than the surrounding cells, perhaps
because of a lower photocurrent of the cell compared to the other cells in the module
or the cell being located above the junction box.

Unless discolouration is very severe and | ocalized at a s ingle cell, where it could
cause a s ubstring by pass-diode to turn on, t he discolouration of EVAdoesnot
presenta ny s afety i ssues ( safety c lass A). Whilei ti su ncommon for EVA
discolouration to induce other failures within the cell, discolouration may correlate to:
significant thermal history (high temperature in the field), the generation of ac etic
acid [Pern98] and concommitant corrosion [Weber12], and the embrittlement of the
EVA [Dhere98].

61



There is some evidence that discolouration of EVA may be a contributor to the slow
degradation that is seen in the majority of silicon modules. The median degradation
rate of ~0.5%/a was reported for a s ummary of ~1800 studies of silicon m odule
degradation [ Jordan11]. This degradation w as found to be do minated by loss of
short-circuit current. Of these, ~60% reported observation of discolouration. A total
loss o f~ 10% i nt he m odule p erformance ap pears as a s evere di scolouration,
implying t hat E VA di scolouration is unl ikely t o ac count fort he full dec reasein
performance o bserved for t he m ajority o f silicon m odules. To conclude, the EVA
discolouration is classified into the power loss category D(t,uv) with a slow saturating
time dependence depending on UV radiation and temperature.
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6.2.2 Cell cracks

Photovoltaic cells are made of silicon. This makes photovoltaic cells very brittle. Cell
cracks are cracks in the silicon substrate of the photovoltaic cells that often cannot
be seen by the naked eye. Cell cracks can form in different lengths and orientation in
a solar cell. In the manufacturing process for solar modules a number of photovoltaic
cells ar e e mbedded into a s olar module. | n today’s P V m odules m ost often 60
photovoltaic cells are built in per module. In the following the number of cell cracks
considered to be normal and what this means in terms of expected cell crack rate for
the product are discussed. The w afer slicing, cell production [Pingel09], s tringing
and t he embedding p rocess d uring t he pr oduction o fthe s olar celland module
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causes cell cracks in the photovoltaic cells. Intrinsic manufacturing process variation
causes c ell c racks d uring s olar m odule m anufacturing. E specially t he s tringing
process of the solar cells has a high risk forintroducing cell cracksto the cells
[Gabor06]. After finishing t he pr oduction, a g reat s ource forc ell cracksisthe
packaging/transport and reloading of PV modules [Reil10]. At last the installation of
PV modules is a great source for cell cracking if the module e.g. drops or someone
steps on the module [Olschok12]. A mean cracking distribution over all modules from
various m anufactures analysed atthe ISFH and TUV Rheinland is shown in Fig.
6.2.1 [ Koentges11]. However al | t hese c ell cracking i s not n ecessarily a m odule
failure, because the reason for the failure is an external source, see Chapter 4.3.2.

But there are also cell cracks introduced during production. These are discussed in
the following. F or eac h production line under constant conditions itis possible to
specify the probability p to have a cell crack in a solar cell. If one takes n=60 cells of
the produced cells to make a PV module, the probability px to have a certain number
k of cells with cell cracks in the PV module is given by the binominal distribution:

=) A-p©™h (6.2.1)

In other words Eq. (6.2.1) gives the probability (px) for a PV module (with n cells) to
have k cracked cells if one knows the probability (p) of cell cracks during production.
Therefore the best way to assess a q uality criterion for PV modules is to use the
binomial d istribution to des cribe t he n umber o f c racks per module di rectly after
production. An example for a distribution of cell cracks in production is given in Fig.
6.2.1. The binomial di stribution describest his pr oduction-caused ce |l cr ack
distribution well.

There are three different sources of cell cracks during production; each has its own
occurrence probability p:

1. Cracks starting from the cell interconnect ribbon are caused by the residual stress
induced by the soldering process. These cracks are frequently located at the end or
starting-point o f the connector, bec ause therei st he hi ghestr esidual s tress
[Sander11]. This crack type is the most frequent.

2. The so called cross crack, w hich is caused by needles pressing on t he w afer
during production.

3. Cracks starting from the edge of the cell are caused by bouncing the cell against a
hard object.

Once cell cracks are present in a solar module, there is an increased risk that during
operation of the solar module short cell cracks can develop into longer and w ider
cracks. This is because of mechanical stress [Kajari11] caused by wind or snow load
and thermo mechanical stress [Sander11] on the solar modules due to temperature
variations caused by passing clouds and variations in weather.

Furthermore there are some typical crack patterns ina PV module detectable by
electroluminescence imaging which can be assigned to a certain cause. Exampls of
these c rack p atterns are s hownin Tab. 5.4.1. Ar epetitive ¢ rack pat tern w hich
appearance is turned by 180° from one string to the neighbour string is caused by a
production failure (typically caused by the stringer) before the lamination of the PV
module. This repetitive crack pattern can not be created after the lamination.
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Fig. 6.2.1: Logarithmic histogram of 60 cell PV modules showing a s pecific number
of cracks p er PV module. The r ed s quares s how t he ¢ rack di stributiono fP V
modules (#80) directly after production from one manufacturer. The blue diamonds
show the crack distribution (#574) of PV modules found in the field [Koentges2012].
The straight line depicts the binomial distribution of equation (6.2.1) for p=5%.

Cracks bey ond t he c ell i nterconnect r ibbons app ear as a finger f ailure t ype C,
compare Tab. 5.4.1. This failure type typically indicates a high strain at the solder
joint. PV modules with this kind of failure typically show more of this failure after
thermomechanical stress and lead e.g. to a higher power loss in the TC200 test than
PV modules without this failure type [Wendt09].

PV modules showing dendritic like solar cell crack patterns have been exposed to a
heavy mechanical load [Koentges11] or a high acceleration. Typical reasons for the
heavy mechanical | oads are wrong pac kaging during transport, droppingofa PV
module parallel to the ground, tilting over of a PV module or very heavy snow load.
This crack pattern indicates that the crack has occurred after the lamination process.
A cell with a de ndritic crack pattern is not possible to be machined in a production
line. In our experience PV modules with a dendritic crack pattern in the cells show
higher power loss in humidity freeze tests than modules with cells with other crack
patterns.

Depending on the crack pattern of the larger cracks, the thermal, mechanical stress,
and humidity may lead to “dead” or “inactive” cell parts that cause a | oss of power
output from the affected photovoltaic cell. A dead or inactive cell part means that this
particular part of the photovoltaic cell no longer contributes to the total power output
of the solar module. When this dead or inactive part of the photovoltaic cell is greater
than 8% of the total cell area, it will lead to a power loss roughly linearly increasing
with the inactive cell area [Koentges10]. This rule holds for PV modules with 230 Wp
with 60 cells, 156 mm edge length, and 3 bypass diodes. Finally an inactive area of
50% or more will lead to a power loss of one third of the solar module power as the
bypass diode is activated and shortcuts this part of the solar module. This happens
because of the failure of one cell in one of the three sub strings in the solar module.
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For PV module strings, the power loss is much more dramatically depending on the
inactive ar ea. The d ependency bet ween i nactive c ellar ea andp owerl ossi s
comparedin Fig.6.2.2foras ingle PV module and as tring of 20 PV modules
simulated for PV modules [Koentges08]. The Fig. 6.2.2 shows, that for a high but
typical string length of solar modules the power loss due to inactive cell areas raises
much steeper at 8% inactive cell area than it does for a single PV module. Therefore
an inactive cell area of more than 8% is not acceptable. Besides the risk of power
loss there is a chance of hot spots due to inactive cell parts greater than 8%. This
happens if the cracked cell has a localised reverse current path in the still active cell
part. Due to the missing cell area the cell is driven into reverse bias and t he full
current can flow along the localised path. This may cause hot spots and t herewith
burn marks (chapter 6.2.4).

Fig. 6.2.2: Simulation of the power loss of a single 230 Wp PV module with a single
solar cell having a varying inactive cell area. The simulated power loss of a 20 PV
modules array containing this de fective module is also shown. More than 8 % of
inactive c ell areainthe 20s module array | eads t o a m uch hi gher pow er | oss
compared to the stand-alone PV module. These simulations depend on the reverse
bias characteristics assumed for the silicon modules.

The higher the number of cell cracks in a solar module, the higher the chance that a
PV module will develop longer and wider cracks in the course of its service life. A
humidity freeze accelerated aging test being a combination of test procedure 10.11
and 1 0.13 def ined inthe standard IEC 61215 s hows a c orrelation between t he
number of cracks and power loss (Fig. 6.2.3). A higher number of cracked cells per
module show a higher power loss after the accelerated aging test [Koentges10]. Due
to the dependence of the power loss on the orientation of the cell crack in a solar
cell, the correlation between the number of cell cracks and power loss is very noisy.
However for greater statistics the mean power loss risk should be | inear with the
number of cells with cell cracks as can be assumed from Fig.6.2.3.
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Fig. 6. 2.3: The p ower | oss a fter a t est s equence of mechanical | oad and 200
humidity freeze cycles correlates with the number of cells cracked in the mechanical
load test. Each point represents a single PV module. A bias power loss of about 3%
is caused by glass corrosion.

The crack development and speed of isolation of cracked cell parts in PV modules
being in service live is not known, yet. There have be en seen PV modules with
plenty of cracked cells, but there was even after two years in the field no significant
power | oss detectable. However there are e xamples in the literature showing that
cell cracks can have a dramatic impact on the output of PV modules. In a solarpark
with 159 PV modules with 165 Wp nearly 50% of the PV modules show a power loss
of ~10% or more after 6 years of operation [Buerhop11]. Even 3.8% of the modules
show cell cracks that force the bypass diode to bypass the cracked sub-module.
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6.2.3 Snail tracks

Figure 6.2.4 shows typical images of “snail tracks” found in the field. A snail track is
visible by the human eye. A snail track is a grey/black discolouration of the silver
paste of the front metallisation of screen printed solar cells. In the PV module the
effect |ooks like a snail track on the front glass of the module. The discolouration
occurs at the edge of the solar cell and along us ually i nvisible cell cracks. The
discolouring typically occurs 3 month to 1 y ear after installation of the PV modules.
The i nitial discolouring speed de pends on t he s eason a nd t he env ironmental
conditions. During the summer and in hot climates snail tracks seem to occur faster.
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Fig. 6.2.4: Left: photograph of a snail track PV module. Right: EL image of the same
snail track PV module. A snail track occurs along the edges of a solar cell and along
cell cracks [Koentges08].

The origin of the discolouration of the silver paste is not clear. However in the region
of t he snail t rack discolouration alongt he s ilver f inger oft he fronts ide c ell
metallisation s hows nano meter s ized s ilver particles in the EVA above the silver
finger. These s ilver particles c ause t he d iscolouration. The s ilver par ticles ar e
compounds of s ulfur, phosphorus or carbon, de pending on the module | ooked at
[Richter12, YI-Hung12, Richter13]. So there may be different causes for snail tracks.
Furthermore the discolored silver finger is more porous than normal silver fingers
[Richter13]. This may reduce the conductivity of the silver finger especially along the
crack line of the cells.

Common | EC 6 1215 testing will not s how up snail t racks r eliably [ Philipp13]. To
create snail tracks cell cracks should be present in the module of interest. Therefore
a m echanical t ests hould bei ncludedi na snailt rack test. F urthermore the
combination o f U V r adiation a nd t emperature s eem to play ani mportant r ole
[Berghold12]. B erghold suggested a combined mechanical load, UV, and hu midity
freeze test to test for snail tracks [Berghold12] as shown in Fig. 6.2.5a.
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Fig. 6 .2.5a: S uggested t est pr ocedure t o provoke snail t racksi n PV m odules
[redrawn from Berghold12].

On the material side the choice of the EVA and the back sheet material seems to be
important for the snail track occurrence. The snail track does not depend on the kind
of silver paste used for the cell production. Snail tracks have been found in a great
variety o f solar modules and manufacturers. PV modules b eing affected by snail
tracks show a tendency to high leakage currents as can be seen in Fig.6.2.5b.

The growth speed of the snail track discolouration must be very slow or it saturates
directly after the first occurrence. We know no case where the discolouration itself
leads to a measurable power loss of the PV module. However the snail tracks make
cell cracks in the solar cell visible w hich can reduce the PV module power, s ee
chapter 6. 2.2. D ue t o t he o bserved p orous s ilver f inger i n snail t rack affected
modules the isolation of cracked cell parts may be accelerated more than it would be
without snail tracks.
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Fig. 6.2.5b: Histogram of leakage current measured in wet leakage testing for snail
track affected panels. Given p ercentage v alues are relative to the number of all
tested PV modules [Berghold12].
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6.2.4 Burn marks

One o ft he most c ommon failures s ometimes o bserved i n s ilicon modulesi s
associated with parts of the module that become very hot because of solder bond
failure, ribbon breakage (chapter 6.2.6), localized heating from application of reverse
current flow (chapter 6.2.2) or other hot spots [Degraaff11].

Solder bond and ribbon failures can be caused by thermal fatigue. The failures may
be hastened because of the increased resistance and associated heating as the joint
begins to fail and current still flows through it. As the temperature increases, the
resistance may also increase until the temperature is hot enough to discolor both the
front and/or back encapsulation. Examples are shown in Table 5.1.3. Such failures
may oc cur at any m etal-semiconductor or m etal-metal i nterconnection i ncluding
within a ribbon or other metallic conductor.

A second type of burn mark occurs because ac ell or partof a cellis forced into
reverse bias. Sometimes this occurs because part of the module is shaded; it can
also occur because o f n onuniformities w ithin t he m odule including c racked c ells
(chapter 6.2.2) or defects that cause shunting. In some cases, the reverse current
flow c auses heating t hat further | ocalizes t he c urrent flow, | eadingto a thermal
runaway effect and the associated burn mark.

Burn marks ar e o ften associated w ith po wer | oss, but i fr edundant electrical
interconnections are provided, a failed solder bond may have negligible effect on the
power output. | fall solder bonds for one cell break, then the current flow in that
string is completely blocked and an electric arc can result if the current cannot be
bypassed by the bypass diode and the system operates at high voltage. Such an arc
can cause a fire.

An electrica rci sa so -calledt hermal plasma di scharge w itht he par ticles
temperature high enough to dissociate and ionize the medium to an extent that it is
electrically conductive (plasma state). In the case of DC fault arcs in PV systems the
arcis burning in an air plasma, modified by evaporated material from conductors
and insulating material components. The minimum arc temperature is above 6000 K
to keep the matter of a free burning arc in the plasma state and a minimum voltage
(depending on electrode material and current) exists allowing for a stable burning dc
arc, see Fig. 6.2.6. For a br ief i ntroduction i nto t he m atter of el ectrical c ontacts,
related material, and arc plasma issues see [Rieder00, Rieder01].

With the PV generator characteristics depicted in Fig. 6.2.6 it would be possible to
operate a serial arc with 200 mm maximum length resulting in 6 kW of dissipated
power.Bymeansof the powerofas ingle 60 c ell 24 0 W, standard m odule a
maximum arc length approx. 2-5 mm may be reached. The /-V characteristic of PV
systems (stabilized current source) fits perfectly to generate stable arcing conditions.
If the arc and PV c haracteristics i ntersect in 2 p oints, the point with t he hi gher
currenti st he s table oper ating poi nt. B ecause o fi ts hi gh t emperature an ar c
evaporates adj acent material r esulting i n fluid dy namic forces. Additionally t he
electromagnetic Lor entz-force acts onto the arc plasma. Therefore the arc | ength
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and its voltage are not completely constant, causing a high frequency noise pattern
that may be used for detection of arc faults [Bieniek11].

Fig. 6.2.6: |-V characteristics of free burning DC arcs in air on copper electrodes
depending on arc length (in orange, from [Rieder55]) in comparison with typical PV
system characteristics (blue curve).

Burn marks can usually be i dentified as such visually. If there is a question about
whether t he existence o f the burn mark r equires r eplacement of t he module, an
infrared i mage u nder i lluminated and/or partially s haded ¢ onditions w ill q uickly
identify w hether the area is continuing to be hot and/or w hether current flow has
stopped in that part of the circuit.
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6.2.5 Potential induced degradation

During t he | ast y ears under performing of s ilicon wafer-based P V systems w ere
found with a “new” failure mode of PV modules. High efficiency n-type cells evolved
potential i nduced po wer deg radation at positive pol arity f rom c ellst o g round
[Swanson05]. This e ffecti s ¢ alled p olarization. M ore r ecently, s everal di fferent
module types w ith ( standard) p -type c ells deg raded i n negative pol arity s trings,
[Pingel10]. Typically only a fraction of the modules have power losses and only in
strings with a distinct voltage polarity with respect to ground. The power losses are
more pronounced the higher the voltage is, and t his PV module failure mode was
therefore called “potential induced d egradation” (PID). I n crystalline Silicon wafer-
based PV modules PID is to some extent a reversible polarization effect, for p- and
n-type cells, at negative and positive potential, respectively. The PID effect causes
cell shunts and therefore a reduction of /-V curve fill factor, see Fig.6.2.7.

Fig. 6.2.7: |-V curves of PV modules with polycrystalline cells. On the lefta): -V
curves measured at S TC from a 2x 3-cell-module keptin a climate chamber at
60°C/85% rel. humidity; to...t1: 96 h at -1000 V, t4...t2: 96 h and -1500 V between cells
and frame. The power is decreasing with increasing PID effect over time. On the
right b): -V curves of a fielded (la) and initial (o) 6x9-cell-module at £400 V system
voltage measured under various Irradiation levels [Berger13].

If some cellsina module remain at t he original short-circuit current v alue, t he
module’s short-circuit current is almost unchanged. In early stages, the PID caused
power deg radation e ffect at hi ghi rradiation ¢ onditionsi s's mall, w hile m ore
pronounced at low light conditions [Mathiak12], therefore not easy to detect within a
power plant’s monitoring data. Additionally even massive P ID has often no visual
effects, so a huge number of unreported cases may exist [Bagdahn12, Berghold10].
The Fig. 6.2.8 depicts schematically the electric circuit and a cross section view of a
framed (cSi) module.
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Fig. 6.2.8: On the left: Schematics of a PV array connected to the grid by means of
a transformerless i nverter. M iddle: M odule c ross s ection. On t he r ight: D etail
drawing of the cross section next to the (grounded) frame. Left and middle part
from [PID-TI-UEN113410], right figure from [Hacke12a].

Electrochemical degradationi n P V m odules was addr essed a searlyas 197 8
[Hoffman78]. The effect was described as the migration of ions from the front glass
through t he enc apsulant t o t he a nti-reflective ¢ oating ( SiNy) at the c ell s urface
[Mon89] driven by the | eakage currentin the cell to ground circuit. This | eakage
current is typically in the order of pA and its value is strongly depending on material
properties, the surface conditions and humidity as well as module temperature and
the applied voltage, see Fig. 6.2.9 a) [Hacke11].

Fig. 6.2.9: a): | rradiance, h umidity, | eakage c urrent, an d t emperature during
daytime [Hacke11]. b): AES imaging of the SiN,/Si boundary [Hacke11].

Several ex periments were per formed t o e laborate a microscopic m odel w hich
explains the effect.

In-depth investigations of the cell-encapsulant boundary by means of Auger Electron
Spectroscopy (AES) [Hacke11], see Fig. 6.2.10 b), detects sodium rich regions at
the antireflection coating-Si interface.
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Fig. 6.2.10: a) and c): Depth profiles recorded by means of time of flight SIMS (a)
with, and c) without PID, respectively. c): AES imaging of the SiNx/Si boundary. b):
Original band g ap structure, and by P ID c hanged energy | evels (dashed lines)
[Naumann12].

Also secondary ion mass spectroscopy (SIMS) [Naumann12], Fig. 6.2.10, with (a),
and without (c) P ID, respectively give evidence of Sodium ions trappedin the so
called K -centers o f t he s ilicon nitride anti r eflective ¢ oating. This pos itive s pace
charge forms a double-layer with electrons changing the semiconductor’s band gap
structure, see middle drawing of the energy band model in Figure 6.2.10 b), causing
the shunted paths in the p-n junction of the cell.

Additional i mpurity m odels were presented, whereby positive ions are attracted to
the c ell an d t he i mpurities t hemselves ¢ ause r ecombination i n t he j unction an d
where charge accelerates by an electrical potential over silicon nitride causing lattice
damage [Hacke12].

As depicted in Fig. 6.2.7 the I-V curve measurement (see chapter 5.2) e.g. at STC
and at low light conditions gives clear evidence of PID. Infrared Thermography, see
Tab. 5. 3.1in chapter 5. 3,isa s uitable methodinthe field, whenthe arrayis
illuminated and operating at (maximum) power (point), Fig.6.2.11.

Fig. 6.2.11: O peratingm odule arrayi nvestigated by t hermography under
illumination. The negative module voltage decreases from the right to the left side,
and t he pow er| osses he ating the modulesi nt he s hunted areas are also
increasing from the right to the left [Weinreich13].

Figure 6.2.12 shows electroluminescence images made at 10% and 100% /sc and a
thermographic image made at 100% /sc. The images are made from the same PV
module studiedi n Fig.6.2.7b ).In c ontrastt o the ar rayw itht he outdoor
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thermography depicted in Fig. 6.2.11, this module was rack mounted in landscape
position. While cells with a black EL-image in the middle and upper parts are heated
through the shunts, the cells in the lowest row are shunted with very low resistance,
resulting in a dark part in the thermographic image.

Up to now safety problems directly related to the PID are not reported, but “medium”
degraded cells have higher temperatures (hot spots), while low resistive shunting of
severe de graded c ells hav e | ess t emperature, c f. F ig. 6. 2.12. H ot s pots a nd
corrosion m ay ¢ ause del amination b etween ¢ ells a nd e ncapsulant, possibly
exposing the inner circuitry of the module to the ambient, see chapter 6.1.1.

Fig. 6.2.12: Fielded 6x9-cell-module with the /-V curves depicted in Fig. 6.2.7 (b),
investigated w ith e lectroluminescence images m ade at1 0% /s (left), 100% /s
(middle) and dark IR thermography at 100% /s (right) [Berger13].

How severe the power losses due to PID are de pends on the ambient conditions
and s ystem configuration, as well as module d esign parameters. Fora g iven PV
module d esign the value of the | eakage current (and its time integral) can be a n
indicator for the PID effect in some circumstances. Figure 6.2.13 depicts measured
values for the | eakage c urrent between the cells and the module frame overthe
applied v oltage ( with par ameters t emperature an d r el. hu midity), t he r elative ai r
humidity at constant voltage, and reciprocal abs . temperature (with three different
variants for contacting the module’s outer surface) [Hoffmann12].

These v ariable ac celerating factors result in the complex v ariation o f t he outdoor
leakage c urrentas depictedi nF ig. 6. 2.9 a) . Additionally t he g lass s urface
conductivity is lowered during rainfall and t hrough pollutants, e.g. salt mist near by
the sea. The power degradation in the field may evolve within several months and
can reach almost 100%. Figure 6.2.14 gives an example, cf. schematic diagram in
Fig. 6.2.7. The fill factor degradation can be modeled with increased second-diode
pre-exponential and ideality factor and a decreasing shunt resistance in a two-diode
model [Hacke11al].
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Fig. 6.2.13: M easured v alues fort he | eakage c urrent (LC) between cells and
module frame. Left side: voltage dependency of LC, with parameters temperature
and h umidity. Middle: LC a s function o f t he hu midity m easured ( squares) and
approximation by a s igmoid function (blue curve). The effect of humidity in the
climatic chamber is time dependent. This is due to condensation at the module
[Mathiak12]. Right s ide: Arrhenius pl ot of L C with t hree di fferent v ariants for
contacting t he module’s out er s urface: frame only, in (dry)air; front glass and
frame ad ditional c overed with aluminum foil; frame only contacted, but 85% rel.
humidity applied. Modified, from [Hoffmann12].

Figure 6.2.14: Measured power for individual PV modules at STC dependent on
the module’s position in the string. The power losses at negative potential are still
increasing until the polarity is changed and recovery to the original Pmax values
takes place [Herrmann12].

Quick recovery is of ten pos sible within hour s by applying a r everse voltage, | ow
resistive contact to glass and frame, and at elevated temperature. PID occurring at
higher temperatures (85°C) is much less reversible [Pingel12]. Some recovery can
also b e achieved by v oltage and t emperature al one, b ut with much [ onger time
constants. Recovery can be achieved by applying reverse voltage during nighttime.
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But t his may nee d s everal m onths or ev en y ears w ithout a dequate ac celerating
factors [Mathiak13], cf. Fig. 6.2.13. A climate model for the outdoor module power
degradation prediction based on measurements as depicted in Fig. 6.2.13 and local
site specific climate profiles was presented in [Raykov12], including the regeneration
processes. Further literature concerning the regeneration process can be found in
[Pingel12], [Koch12], [Nagel12], [Taubitz12], and [PID-TI-UEN113410].

The module d esign has a fundamental i nfluence ifand how a prone moduleis
affected by PID. The Tab. 6.2.1 lists the effects of conditions and m easures on
different levels from the environmental and system influences down to cell design
aspects and gives references for further information on these topics.

Table 6.2.1: Factors influencing PID.

Design level Influence on / accelerating factor References
Environmental conditions
(Micro-, macroclimate)
» Temperature « Surface conductivity, leakage
current, ion mobility, chemical [Raykov12]
reactivity [Hoffmann12]
« Humidity, rain, and « Surface and encapsulant bulk [Berghold12]
condensation conductivity, leakage current [Hoffmann12]
« Insolation(-distribution) |+ Fraction of energy yield at low light | facke!]
conditions [Berger13]
« Aerosols « Surface conductivity, leakage [Mathiak12]
current
System related factors
» Operating and open * Leakage current [AE13]
circuit system voltage [Berghold12]
* Inverter topology and * Array polarity levels (DC + AC [Herrmann12]

array potentials

* Reverse array polarity
during nighttime

* Grounding concept

content), leakage current,
and polarity

* Recovery

+ Conductivity of ele. path,
leakage current

[PID-TI-UEN113410]

Module level

* Mounting orientation

* Wetness, number of cells next

(angle, portrait or to the lower edge with [Herrmann12]
landscape orientation) higher surface conductivity, [B?rghold12]
soiling, temperature, and [Richardson11]
[Raykov12]

* Frame and mounting
on structure

leakage current
» Conductivity of electrical path,
leakage current

[Herrmann12]
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» Encapsulant material
and thickness
» Back-sheet material

* Front cover material

* Front cover surface
treatment and coating

* Bulk resistivity, ion mobility, leakage

current

« Water vapour transmission rate
(WVTR), encapsulant’s water
content, bulk resistivity, chemical
reactivity, leakage current

* Electrical conductivity, sodium ion
concentration, ion mobility, leakage
current

 Surface conductivity, soiling,
leakage current

Cell (manuf.) level

* Anti-reflective coating

* No ARC - no PID, conductive

(ARC) thickness and coating on ARC arrests PID, {:Z;Zle:;]]
homogeneity, Si/N ratio higher refracting index of SiNx [Pingel10]
lowers PID (but increases reflective [Raykovi2]
|OSS€S) [Naumann12]
 Surface structure » Reduction of “attractive” K-centers [Koch12]
» Emitter depth * Emitter sheet resistivity influences | xoon12a]
PID

. [Schutze11]
* Doping, p- or n-type [Richardson11]

semiconductor

» Wafer base resistivity
influences PID
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6.2.6 Disconnected cell and string interconnect ribbons

Conventional wafer-based crystalline s ilicon P V m odules have num bers of s olar
cells, w hich ar e i nterconnected i n s eries with c ell interconnect ribbons t o o btain
higher voltage. These cell interconnect ribbons are connected from the front side to
the rear side of the solar cells. Aseries of interconnected cells is called a string.
These cell strings itself are typically interconnected in series or sometimes in parallel
by string interconnect ribbons.

In such conventional interconnected PV modules, we sometimes find weakened cell
or string interconnect ribbons and following disconnections. Especially the so-called
ribbon kink between the cells and the joint between the cell interconnect ribbon and
the s tring i nterconnect [ Munzo8] are prone for fatigue br eakage. There may b e
several possible causes of this PV module failure. Poor soldering in the PV module
production process of t he connection between cell i nterconnect ribbon and s tring
interconnecti st he mosti mportantr eason for di sconnections. At oo intense
deformation during the fabrication of the ribbon kink between the cells mechanically
weakens the cell interconnect ribbon. A narrow distance between the cells promotes
cell interconnect ribbon breakage. Physical stress during PV module transportation,
thermal cycle, and/or hot spots by partial cell shading during long-term PV system
operation forces mechanical weak ribbon kinks to break [Kato2].

Aribbon breakage may be de tected by EL, IR imaging, UV imaging or the signal
transmission method, compare chapter 5.3, 5.4, 5.5, and 5.6. InFig. 6.2.14 an IR
and EL image of a module with three disconnected cell interconnects are depicted
on the left and right hand side, respectively.

Fig. 6.2.14: Left: An example of disconnected cell interconnections found in the field
(IR image). Right: The corresponding EL image of the same PV module.

Figure 6.2.15 left and right represent an IR image and the |-V characteristic curve
(measured at s tandard t est ¢ ondition) o f o ne PV module, | ocally i n which one
interconnect r ibbon i s el ectrically di sconnected. In this i mage the di sconnected
position detected by the STD is also given. As shown in the /-V characteristic curve,
only this one disconnection among many interconnection results in 35% power loss.
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But on t his stage ( “failure stage 1”) s afety risk may be not so high because the
temperature of this hot spot cell does not increase to more than around 100°C. This
module failure is categorised into safety class B(f,m,e).

Fig. 6.2.15: Left: an|Rimage ofa PV module w here o ne interconnect ribbon is
locally disconnected (“failure stage 1”). Right: /-V curve (indoor STD) of a PV module
in w hich o ne i nterconnect ribbon i s | ocally di sconnected ( “Failure S tage 1”). The
Nominal and initial rated /-V curve parameters are plotted into the graph.

Fig. 6.2.16 |l eft and right hand sides show an | R image and the |-V characteristic
curve (also measured at standard test condition) of another PV module. On this
stage (“failure stage 2”) a s ub-module has given up power generation since both
interconnect ribbons are electrically disconnected and current flow constantly goes
through a by pass diode d uring day time. The /-V characteristic c urve of this PV
module i ndicates 46 % pow er | oss. O nt his failure stage 2, s afety r isk h eavily
depends on the durability of this bypass diode. This module failure is still categorised
into safety class B(f,m,e), because a further failure (diode becomes defective) must
occur until this failure leads to a safety issue.

A photograph of one PV module on the “final stage” is shown in Fig. 6.2.17 on the
left and right side, respectively. The cover glass has been completely broken and
many burn marks can be seen on the back sheet. As one can imagine, this situation
is that the bypass diode, which had worked during daytime, has been worn out to be
open-circuit state. As aresult, the generated current went back to the failed cell
string and g enerates heat at the disconnected position. The cover glass breakage
was caused by rapid increase in temperature.

83



Fig. 6.2.16: Failure stage 2. Left: an IR image of a PV module with two parallel cell
interconnect ribbons | ocally di sconnected. Right: /-V curve m easurement (indoor
STD) of PV module with two parallel cell interconnect ribbons locally disconnected.

Fig. 6.2.17: Final stage. Left: glass breakage of a PV module caused by broken cell
interconnect ribbons. Right: burn marks onthe PV module r ear s ide c aused by
broken cell interconnect ribbons.

Figure 6. 2.18 s hows an | Rimage o ft his final stage P V m odule. The hi ghest
temperature obs erved att he di sconnected pos ition r eaches over 50 0°C. This
module failure is categorised into safety class C(f,m,e), because it may cause a fire,
open electrical conducting parts to the user and d estroy the mechanical integrity of
the module. The power | oss oc curs stepwise therefore this failure mode is power
loss class E.
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Fig. 6.2.18: An IR image of the “final stage” PV module (observed from rear side).

Figure 6.2.19 represents the trend in number of these PV module failures happening
in a PV system. Bypass diodes play a very important role in conventional crystalline
silicon PV modules as “safety valves” in case some electrical fatigue occurs in the
cell strings.

Fig. 6.2.19: Annual trend in number of modules with cell interconnect ribbon failures
happening in a PV system. The system consists of 1080 PV modules in total and
was built in 2004.

6.2.7 Defective bypass diode

In parallel to a certain number of solar cells bypass diodes are integrated into the PV
module. These bypass diodes reduce the power |loss caused by partial shading on
the PV module. Besides the p ower | oss the diode avoids the reverse biasing of
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single solar cells higher than the allowed cell reverse bias voltage of the solar cells.
If a cell is reversed with a higher voltage than it is designed for the cell may evolve
hotspots [Hermann09] that may cause browning, burn marks or, in the worst case,
fire. Typically, Schottky diodes are used as bypass diodes in PV modules. Schottky
diodes are very susceptible to static high voltage discharges and mechanical stress.
So they must be h andled with care and hu man contact without grounding must be
avoided.

Consequently, many bypass diode failures may occur. But it is difficult to find them
because they only attract attention when the PV modules have severe mismatch in
the i ndividual /-V characteristico fs ingle c ells, e. g.c aused by s hading or
disconnected parts of a cell due to cell cracks.

To our knowledge there is only one published non representative study on defective
bypass diodes of crystalline PV modules [KATOO02]. The study has been conducted
ona PV systemovercarparks atthe N ational | nstitute of Advanced | ndustrial
Science and T echnology (Japan) which operated 53 uni ts of 4 kWp. T he total
number of single crystalline PV modules with 180 W, nominal pow er amounts to
1272.

Fig. 6.2.20 left shows a rear side of one PV module with burn marks. Both left and
center s ub-modules have s ome b urn marks. /-V curves measured out doors are
giveni nF ig. 6 .2.20 r ight. The bl ack, r ed, g reen, and bl ue ¢ urves i ndicate
measurements without partial shade, with partial shade on the left sub-module, with
partial s hade on the center s ub-module and with partial shade on the right s ub-
module, respectively. The blue curve has 1/3 reduction in voltage compared with the
black curve. This means that the bypass diode integrated into the right sub-module
works well. On the other hand, both red and green curve have different shapes from
the blue one, that is, a small amount of current can be measured without reasonable
voltage drop. These results point out that the bypass diodes combined into the left
and center sub-modules operate in open circuit. Its cause is not yet confirmed but
possible options are defective bypass diodes or soldering disconnection between the
bypass diode and the metal contact inside the junction box.

Fig. 6.2.20: A rear side view (left) and a measured /-V characteristic curve (right) of a
PV module with burn marks.

86



The system shows 47 % of modules with defective bypass diodes, see Fig. 6.2.21.
3% of the defective PV modules also show burn marks on sub-modules. The sub-
modules with burn marks always have defective bypass diodes.

The burn marks are found along cell edges ont he back s heet such as pictures
shown in Fig. 6.2.22. All of these PV modules are partially shaded by neighbor trees,
streetlights, and PV installation. Edge isolation faults on the solar cell level are under
normal ¢ ondition no problem, b ut w hen the by pass di ode i s in open-circuit the
currentis driveninreverse t hrough t he s hunts of the solar cellsand b urns the
encapsulation.

Fig. 6.2.21: A result of bypass diode check for 1272 180 Wp PV modules of one
type. The diagram shows the number and percentage of PV modules with one or
more de fective bypass diodes. The PV modules have been in the field for ab out
four years.

Fig. 6.2.22: Burn marks caused by open-circuit bypass diodes.
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6.3 Review of failures found in thin-film modules

For thin-film PV modules there are far fewer experiences accumulated in the past
years than for crystalline Si PV modules. Also the variety of different thin module
types is much broader than for crystalline Si PV modules. Therefore many module
failures are very s pecific for a certain manufacturer. I n the following c hapters the
focus is on failures which can be found in a broader range of PV module types.

6.3.1 Micro arcs at glued connectors

For thin-film PV modules v arious t echniques are usedt o c onnectt he s tring
interconnecttothe cellsandto each other. The most common techniques are
ultrasonic s oldering, soldering a nd ¢ onductive g luing. F or c onductive g luing t he
pressure on the connection area is an important factor for the electrical conductivity.
Ins ome c asesw hent he pr essure i s n ots ufficientt he connection | oses its
conductivity and t he PV module loses up to 100 % of power. The here-described
failure affects mainly the FF of the /-V curve, see chapter 5.2.4. Due to the contact
loss micro arcs appear at the connecting areas, compare Fig. 6.3.1. To confirm that
this failure occurs one may press/clamp the PV module at the suspected connection
points b etween s tring i nterconnect and cell or s tringi nterconnectt os tring
interconnect. The FF of the module should increase by increasing the pressure to
the connection point. In the evaluated cases the failure occurs in the first year after
installation. There are no k nown s afety issues or follow-up failures. So this failure
has the safety class A.

Fig. 6.3.1: Mirco arcs which occur if the conductive glue on the string interconnect
has an insufficient contact.
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6.3.2 Shunt hot spots

The electrical performance of thin-film modules strongly depends on t he quality of
the d eposition process. As an ex ample Fig. 6. 3.2 shows t he el ectroluminescence
image of an a-Si module, i n which s hunts ar e clearly visible as dark and bright
areas. Two types of shunts must be differentiated:

a) Type A shunts that originate from the manufacturing process.

b) Type B shunts that originate from reverse bias operating of cells. These shunt
paths are follow-up failures and are caused by shading of modules/cells in a PV
system.

Fig. 6.3.2: Electroluminescence image of an a-Si thin-film module. Dark areas are
shunts originating from the production process (type A s hunt). Bright s pots are
severe shunt paths formed by hot-spot operation (type B shunt).

Type A shunts in thin-film solar cells can be found at typical positions in the module:

a) At cell interconnection lines: Imperfect laser scribing process (scribe lines P1, P2,
P3). The laser beam may cause crystallisation to some extent, see Fig. 6.3.3 a).
b) Cell area: any particles or impurities generated during processing, particles on the

glass surface or TCO surface roughness (pinholes).
c) Edge of active cell area: imperfect edge insolation process (i.e. sand blasting).

Shunts in thin-film solar cells can be easily made visible by EL imaging. Alternatively
lock-in t hermography ( see ¢ hapter 5. 3.3) can al so b e ap plied as a visualisation
technique for s hunts. This t echnique en ables t he di stinction of weak and s trong
electrical shunts caused by type A fabrication defects [Buerhop10].

Major subsequent failures are damage caused by reverse bias operation of thin-film
cells. This c ondition occursina module whena cellis producing | ess c urrent
compared to the operating current of the module. Typically for thin-film modules this
is caused by shading. When such a c ondition occurs, the affected cell or group of
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cells is forced into reverse bias. Thin-film cells are extremely s ensitive to reverse
bias operation. Accordingly a junction breakdown will easily occur and a s hunt path
is formed (type B shunt) or an already existing shunt of type A carries the current.
Module current will concentrate in the shunt path and power dissipation will lead to
point-focal h eating ( hot-spot he ating), t hat ¢ an c ause s evere module damage;
compare Fig. 6.3.3 c).

The ho t-spot o perational behaviour o f thin-film andc rystalline s iliconP V
technologies under shading is very different. This is due to the fact that for thin-film
modules preventive measures using bypass diodes may not be possible to limit the
reverse v oltage at a ffected c ells. Table 6 .3.1 g ives an ov erview o f t he hot-spot
behaviour of the two technologies.

Tab. 6.3.1: Comparison of hot-spot behaviour of thin-film and crystalline silicon PV

modules

Thin film PV modules

Crystalline silicon PV modules

Formationo f
hot-spot
shunts

Cellsar ev erys ensitivet o
junction breakdown i f oper ated
underr everse bi asv oltage.
Visual ap pearance of dam ages
can be very different (pins, small
areas pots, w orm-like t rails).
Figure 6.3.3g ivess ome
examples of ho t-spot da mage
observed d uring | aboratory hot -
spot testing (IEC 61646).

Measures f or
prevention o f
hot-spot
heating

Formation o f hot-spots hunts
cannot be avoided. The damage
is clearly visible and is normally
spread acrosst hea ffected
groupo fc ells.V arious
technologies apply an additional
laser s cribe t o divide cells i nto
electrically i solated p arts. This
measure s hall r educe pot ential
hot-spot damage.

Cellsar e tolerantag ainst
reverse bi as operationi f
protective m  easuresw ith
bypassdi ode arew el
designed.

Bypass di odes ar e
implemented i nt he

interconnection c ircuit o f c ells.
Reverse v oltage at a s haded
cellis lim ited t o a n u ncritical
value t o pr event p nj unction
breakdown. F orex ample, 2 0
serially c onnected cells per
bypassdi odec anl| eadt o
reverse v oltage up t o ap prox.
-12 V.

Hot-spot
heating

This isa m inorf ailure
mechanismas s huntsar e
typically s pread across the cell
and t he module is o perated at
low c urrent. B ecause no he at
strengthened glass is used, hot-
spot he ating c an b e c ritical at
the module edges (risk of glass
breakage).

Operatingt emperature o fa
shaded c elld ependsont he
leakage c urrent di stribution i n
the c ellar eaan d t he c urrent
density. E veni fn o] unction
breakdown oc curs ov erheating
can oc cur, such as melting o f
encapsulant or b ack insulation,
break-up o f s oldering j oints or
breakage of glass.
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Power loss

Power loss due the formation of
hot-spots is de pendent ont he
technology andt he numbero f
affected c ells. Typically a
significant pow er | oss will o ccur
as a group of cells is affected. If
no pr otective m easures w ith a
bypass di ode betweent he
module terminals are taken, the
power loss of the system can by
farex ceedt he p owero ft he
affected module. P ower| oss
category E(s).

Power loss due to the formation
of hot -spoti snor mally
insignificant as typically a single
celli sa ffected. P ower| oss
category A(s).

Safety issues

As ov erheating n ormally does
not occur, module safety is only
affected for glass breakage. This
may cause m echanical
instability of t he module a nd
electrical s hocks ar e pos sible.
Safety class B(e,m).

Module s afetyi s af fectedi f
overheating c auses
delaminationor m elting of
polymeric m aterials. S afety
class B(e).

Other

Cleaning o f thin-film modules
with t ools pr oducing shadow is
critical as reverse bias operation
of cells will occur.

Any short-circuit operationof a
thin-flm  modules hall be
avoided. D ue t o t he production
tolerance i n c ell per formances,
reverse biased operation of cells
with low I'sc will occur and | ead
tom oduled amages.l n
particular, t hisi ssue s hall be
considered by calibration labs if
a ¢ ontinuous | ight source or
natural s unlighti sus ed for
measurements.

Cleaning m easures ar e
uncritical regarding formation of
hot-spots

91




c) d)

Fig. 6.3.3: Module damages and failures observed for hot-spot testing of thin-film
modules in ac cordance with | EC 61646: a) Formation of hot-spot s hunts along a
laser scribing line, b) Formation o f hot -spot s hunts att he c ell i nterconnection
associated with large-area cell damage, c¢) Formation of hot-spot shunts associated
with wo rm-like cell damage, d) Glass breakage through high temperature gradient
and not tempered glass [Wendlandt11].
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6.4 Review of specific failures found in CdTe thin-
film PV modules

Most c urrent C dTe devices us e glass as front and b ack-sheets. T he front-sheet
glass is used as a “superstrate” for building the stack of functional thin-films, starting
with the front contact, which is a transparent conductive oxide (TCO), next CdS is
deposited as t he buffer | ayer ( n-type) and then C dTe (p type). F inally t he bac k
contact is deposited. Several barrier layers are needed to prevent diffusion between
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layers, s ee F ig. 6.4.1. A fter c ell s cribing and ¢ ontact r ibbon arrangement, an
encapsulant like EVA is put in place. Then the edge sealing is positioned on t he
module border and the connector exits, before completion of the module with adding
the backsheet made of tempered glass and gluing the junction-box.

Ag
back contact - Cu, . Te
Cu/C ‘ospod’ contact
m LT
CdTe

C‘ITC|_151
‘alloy layer’

cds [Ag]

TCO

glass

Fig. 6.4.1: Typical CdTe cell design, taken from [Visoly-Fisher03].

6.4.1 Front glass breakage

One of the inconveniences of the superstrate conceptis that the front glass goes
through t he di fferent pr ocessing s teps, a nd t herefore har dening or temperingis
basically ex cluded. | ndeed, t hermal t empering needs an i nitial high t emperature
which w ould be harmful fort he d eposited thin-films, followed by v ery q uick air
cooling, also not compatible with the thin-film process.

Thermal t empering o f 3.2 m m t hick g lass allows having more than 100 MPa of
compressive s tress [ Daudeville98, G ardon80] i nt he front surface s ubjected t o
potential impact, while the same surface of annealed or slightly hardened glass for
the C dTe m odule front-sheet will not exceed 1 to 5 MPa of compressive s tress.
Therefore, front glass breakage can occur at lower impact stress. Once the glass is
broken, itis very easy to know what type of tempering or hardening was initially in
the glass. Tempered glass fragments in small pieces, all over the sheet. The number
of fragments per unito fs urface ( 5x5cm?) is a g ood i ndication o ft he | evel of
tempering or hardening stress.

A second reason for glass breakage comes from impact stresses on the glass edge.
This type of breakage is common for CdTe modules. Frameless modules are more
subjectt 0 e dge br eakage t han framed modules. Iti s w orth m entioning t hat
differentiating both breakage origins need little glass breakage expertise, since the
impact location can be readily found on non-tempered glass, since fragmentation is
not occurring.
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6.4.2 Back contact degradation

Back contacts in commercial CdTe devices are pretty hard to conceive. The main
reason for that is the energy needed to extract the charges from the CdTe. Cu, Mo,
C or Ag are typically used for this purpose, but other components are needed for fine
tuning, like Cd or Te based alloys.

Many studies have dealt with the stability of the back-contact [Jenkins03, Albin09].
Recently, F irst S olar publ ished a n introductiont ot he s ubject [ Strevel12] and
interesting degradation kinetics. Depending on climate, one may expect a first initial
degradation of 4 to 7%, over the first one to three years, depending on climate and
system interconnection factors. High temperature climates tend to ac celerate t his
initial stabilisation.

Starting in the second year of operation and every year after, a y early degradation
rate of 0.5t0 0.7% can be expected, depending on temperature climate conditions,
see Fig. 6.4.2.

System
Performance 4

4-7%

EPM
Long-Term System Model

Hot Climate : -0.7%/yr
Moderate Climate : -0.5%/yr

Stabilisation profile
shaped by temperature and bias

1-3yrs Project Life

Fig. 6.4.2: Time dependence of degradation caused by Cu diffusion from the back
contact into the CdTe absorber [ Strevel12, modified]. EPM is the abbreviation for
Engineered Performance Margin.

Both p hases ar e at tributed t 0 g rain bo undary di ffusion o f c opper f rom t he back

contact as discused by Cahen et al. [Cahen01], see Fig. 6.4.3. Cu from the Cu-rich
back-contact ar ea m igrates t hrough t he CdTe/CdS i nterface. The pr ocess of
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diffusion can be accelerated in the laboratory by performing accelerated life tests
under i ncreased t emperature a nd c ell bi as. When i nstalled m odules ex perience
prolonged open-circuit conditions, c ell bi as is i ncreased c ompared t o t he typical
voltage conditions at the maximum power point and the degradation also increases.

Fig. 6.4.3: Copper migration through a CdTe device [Strevel12].

By Vi soly-Fisher [ Visoly-Fisher03] and [Carlsson06] as econd d egradation
mechanism is identified. Oxidation of the CdTe back surface in an O,/H,O containing
environment creates a back-contact barrier. This barrier results in a roll-over as seen
in the I-V curve, see Fig. 6.4.4. However, no detailed module degradation kinetics is
available.
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Fig. 6.4.4: Roll-over seenin [-V curve of CdTe devices [Carlsson06]. Both field-
deployed modules F1and F2showa decreasein Py, and F F relative tot he
reference. The decrease in rollover is more pronounced for module F1.
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7 Adapting testing methods to failure
mechanism for PV modules

In the following c hapters not-yet-standardized t esting m ethods are discussed and
described. These methods may lead to standards in the future. A majority of TASK13
experts agree that these tests are important missing not standardized test methods
to assess the reliability of PV modules in the field.

7.1 Mechanical loads caused by transport

In thelE C standardsf ort ype appr ovalt estingo fp hotovoltaic m odules
(IEC 61215/61646) it is noticeable that mechanical load testing (test code 10.16) is
only considering static loads. To estimate and characterize also the performance and
lifetime behaviour of PV modules in regards to dynamic loads, additional tests need
to be c arried o ut under different |oad parameters. Various mechanical stresses in
reality c an be ex pected by t ransportation, w ind, and t hermo-mechanical | oads
[Reil10]. To analyse the influence under adapted s imulations, a test procedure is
worked out t o ev aluatet he m echanical and electrical b ehaviour o f di fferent
crystalline PV modules.
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To es timate t he i nfluences from v ibration-wise impacts o n P V m odules, t ruck
transportation simulations are carried out on complete s hipping stacks and single
resonance frequencies o fs ingle modules ar e determined. E lectroluminescence
images and IV measurements are used as characterization tools for the identification
of the induced state of mechanical and electrical degradation.

7.1.1 Determination of resonance frequencies of single PV modules

Mainly three kinds of measuring are applied to estimate the resonance frequency of
am odule, ( 1) by t he dec ay c urve det ermination, ( 2) t he r esonance frequency
spectrum as a result of sinusoidal excitation, and (3) by a broadband noise excitation
(not shown here). Because a PV module consists of several individual i nterlayers
and attached components, such as a j-box, the vibrating behavior correlates to the
character of multi-mass o scillators, which indicates the c omplexity of determining
exact resonance frequencies by the decay curve. The modules are placed flat on the
ground (sunny side up) and excited at the center, where on the opposing back, an
acceleration sensor was attached. Resonances for 18 individual PV modules were
found between 5.5 Hz and 18 Hz.

By us ing a s inusoidal ex citation, t he m odule’s deflection is m easured und er a
constant ac celeration of 1 g (g is the gravity constant) for a m aximum ex citation
length of 5 mm between 3.5 Hz and 15 Hz. Resonances are found around 11 Hz.
For this method, the modules were fixed at the short frame elements each on t he
opposing sides and excited by two synchronized servo-hydraulic rods. Figure 7.1.1
shows EL images indicate clearly the destruction of single cells distributed over the
whole module. In this case a total power loss of 8% is induced.
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Fig. 7.1.1: E lectroluminescence image b efore ( left) a nd a fter ( right) r esonance
search.

7.1.2 Transport and environmental testing of silicon wafer-based
PV modules in a shipping stack

The simulation method used for transport testing of PV modules was adapted from
standards ASTM D 4169/4728. In Appendix X1.1. of ASTM D 4728-2006 conditions
for truck transportation are specified by the power spectral density (PSD)-spectrum
and A ssurance levell Iw ith grus =0. 52g under 18 0 minuteso ft esting
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[ASTM1,ASTM2]. This standard formed t he basis for t he transport testingof PV
modules, including the above resonance frequencies within the frequency range for
vibration s imulation [ ASTMZ2]. C omplete s hipping s tacks of products un dergoin
reality, depending on the road conditions, different impacts, and vibrations that have
to be regarded. In terms of PV modules, the transport inside a truck is a common
way to carry PV modules from the manufacturer to the distributor and end customer.
Complete module stacks, with standing and flat modules, are exposed to this testing
method [ IEC62759-1]. As yet, s everal ot her t ests w ere c onducted w ith c omplete
shipping s tacks w ithout h aving an i ndication t hat either s tanding or flat module
orientation is more or less severe. The shipping stack in total has to be regarded
which m eans t hat al so t he p allet, foil, s trap ban ds, attachments or el ements for
suspension have to be evaluated. Not only the orientations of the modules is the
qualifying argument.

Subsequently, t en ne w m odules i n s hipping s tacks ( 5 m odules w ere or iented
horizontally, 5 modules vertically) were exposed to different environmental tests after
the transport simulation with test methods deriving from the IEC 61215 [IEC61215]
and DIN EN 12210/12211 [DIN EN 12210, DIN EN 12211] test standards. The aim of
these test sequences is to generate an intentionally induced stress which helps to
predict failures from the pre-stress (transport) that potentially may also occur in the
field. To determine the electrical and mechanical behavior of the modules in relation
to the extended stress tests, thermal cycling- and dynamic wind loads were carried
out. In combination w ith el ectrical measurements, s uch as the wet | eakage and
insulationt est, E Li mages are takena sw ellas | V-measurementsf ort he
determination of the electrical power output.

The temperature c ycles s hall i nduce h igh t hermo-mechanical s tresses on the
material compound, but also on the conducting materials and interconnections. In
total, 10 0 cycles are carried o ut. Tot ransfer s ingle m echanical | oads fort he
substitution of wind gusts, dynamic loads in the form of alternating impacts (0.04 Hz
at £1000 Pa) are applied on the test samples.

After the transport simulation, single cell cracks could be detected at single modules
[Reil11]. Although individual parts of the crystalline wafers are affected, the severity
and i mpact ont he generated p ower out putat STC are m arginal. E vent he
subsequently ¢ onducted e nvironmental t ests, as s howninFig.7. 1.2,didno t
downgrade mechanical failures from the transport.

According to the dev elopment and results of t he | V-measurements, the transport
simulation o f t he t wo c omplete module s tacks ac cording to ASTM D4169/4728,
resulted in changes of the el ectrical power at a maximum d egradation of Apwax=
1.5%. The adjacent conducted e nvironmental tests (thermal cycling, dynamic wind
loads) induced after the transport tests a power degradation up to Apmax = 2.8%.
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Fig. 7. 1.2: Test p attern for c ombined t ransport and e nvironmental s imulation t o
determine the longtime behavior of the modules.

7.1.3 Transport testing of single silicon wafer-based PV modules

To assess the influence of transportation on the cracking behaviour and the module
power of PV modules several PV module transports w ere attended. O ne general
setup is used for the measurement of the vibrations and shocks. Figure 7.1.3 shows
the positioning o ft he s ensors during t he t ransportation. F or t he | ogging of the
acceleration of the modules two kinds of sensors are used. A calibrated standard
conform acceleration logger is used to measure shocks at the pallet. However these
loggers are quite heavy. To avoid an influence of the logger on the vibration of the
PV modules lightweight uncalibrated data logger are used to log the vibration on the
PV modules. The lightweight | ogger is calibrated ona shakerat10 Hz with an
effective 1 g and 10 g sine wave against the calibrated s haker sensors. F or s hock
measurements the MSR 165 is used in a shock mode. In the shock mode b oth
sensors are programmed to start logging after an acceleration of at least3g. For
vibration measurements the logger is connected to a s elf made remote control so
that vibrations for 10 s can be measured. For that purpose the truck is followed with
a car to document the route section and start the sensor by a remote control.

To as sess t he i nfluence o f vibrations on 6 0 c ell multi c rystalline PV modules a
shaker s ystemisus edto s imulate v ibrationsto PV modules. To m easure t he
acceleration of the modules small calibrated acceleration sensors are used. These
sensors are very lightweight so they do not influence the vibration of the PV module.

99



- 4 Y

Fig. 7.1.3: The s ketch s hows t he s tandard positions o f t he data | ogger f or t he
acquisition of acceleration data in a PV module transport stack. The standard logger
is screwed in the corner of the pallet. Each module in the bottom, in the middle, and
in the top position is equipped with two lightweight | oggers. They are taped with
double sided carpet tape on the module back sheet. On the above-mentioned PV
modules one logger is positioned in the module middle and one logger in the module
corner. The logger in the module cornerislocated in the opposite corner of the
junction box directly above the lightweight logger.

The s haker i nclusive expander pl atform i s free o f r esonance frequenciesinthe
range of 3H zto 140 Hz. To testthe cracking s ensitivity of seven typesof PV
modules to transportation single PV modules are mounted on the shaker platform.
The module is mounted on the shaker by rigidly fixing the PV module corners like it
is in a module shipping stack.

For the counting of cell cracks the differential electroluminescence method is used
which reveals even small cell cracks in multi crystalline solar cells. The EL images of
the PV modules are measured in the initial state and after any test procedure at the
nominal current of the module. Subsequently both EL images are compared. A high
quality al ignment o f t he t wo i mages i s ac hieved by appl ying i mage r egistration
techniques before comparison of both images. The method is already used in former
crack analysis [Kajari11]. To characterize the direct impact of the crack on the PV
module power the cracked cells are classified according to the cell crack classes A
(no electrical loss over the crack), B (crack with electrical losses), and C (electrical
isolating crack) as defined in Table 5.4.1.

The shock intensity and frequency for transport handling, a full loaded 40-ton truck
and t ransport do ne by as hipping c ompany w ith an unknown t ruck t ype are
compared in Fig. 7.1.4. The results show that during the transport handling shocks
with the highest intensity occur to the pallet, but not to the PV modules. T he full
loaded 40-ton truck transport shows as expected shocks with low intensity and low
frequency. The transportation with the shipping company shows the highest shock
intensity for the modules and the highest shock frequency. So we focus on that worst
case transport (truck company). The maximum number of cell cracks per module
after the transport of a module package is two if the manufacturer’s packaging is
used. There is still the uncertainty that it cannot be differentiate in the test between
cell cracks caused by the transport handling and the transport itself.
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Fig. 7.1.4: Measured shock frequency for a) transport handling, b) transport in a fully
loaded 4 O-ton tr uck, and c) transport w ith a truck company dr ivingt he s ame
distance. Pallet, bottom, middle, and upper indicate the measurement at the module
positions in the bottom, middle, and upper part of packaging unit.

To create a test P SD-spectrum for s ingle PV modules t he v ibration ofthe PV
modules is measured and a reduced P SD-spectrum is c reated in ac cordance to
standard DIN EN 15433-5 [DIN EN 15433]. Figure 7.1.5 shows the reduced PSDs
for the upper and bottom module in the transport stack. This analysis is done for city,
country road and autobahn. The country road ex hibits the highest reduced P SD-
spectrum for the upper module. A comparison with existing standards shows a good
agreement with the PSD-spectrum of the ASTM D4169-09 Truck Assurance Level |l
with grms = 0.52g [ASTM1]. The standard spectrum is used in the following to test
single PV modules on a shaker.
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Fig. 7.1.5: Measured reduced PSDs in the corners of PV modules in a transport
stack for sunny side down stacked PV modules. L eft: Upper PV module in the
stack, right: B ottom PV module in the stack. The reduced P SDs ar e c reated
according to the standard DIN EN 154335 [DIN EN 15433]. The purple and black
PSD spectra are similar standard spectra.

Seven different types of PV modules with the chosen PSD-spectrum are tested. With
low mean acceleration intensity (arus) the test is started for 15 min. For the same
PV module the mean acceleration intensity for the chosen spectrum is increased by
0.98 m/s? again for 15 min and so on. In-between EL images are taken and the new
cell cracks are counted and classified into the crack classes A, B and C. Figure 7.1.6
shows the mean cumulative cracks counted for all 7 module types.

Fig. 7.1.6: The graph shows the cumulative mean number of solar cells with new
cracks of type A, B, and C after a 15 min. noise test using the ATSM D4169-09 Truck
PSD-spectrum [ASTM1]. T he R MS ac celeration a mplitude arus oft he P SD-
spectrum is varied in this experiment. The error bars show the maximal variance of
the set of tested PV modules.
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The ASTM D4169-09 Truck Assurance Le vel | | [ ASTM1]isa well fitting P SD-
spectrum t o s imulate t he v ibration of P V-modules ina PV module stack during
transportation. However if we look into Fig. 7.1.6 and compare the number of cell
cracks found in this test at the level grus = 0.52g of the standard we find that even
after 15 minutes there are many more cell cracks than found in the realistic tests. If
we choose a level of maximum 2 cell cracks as found in the realistic transports we
should choose a mean test acceleration intensity of 3-4 m/s? (grus = 0.32-0.41g) for
the test. Moreover we find a clear threshold of mean acceleration level for the first
occurrence ofac ell crackinall PV modules. B elow 3 m /s*> mean ac celeration
intensity no cell cracks occurs, below 4 m/s? no type B cell crack occurs, and below
5 m/s? no type C cell crack o ccurs. The time d ependence of t he c ell c racking
behaviour is still under investigation.
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7.2 Mechanical loads caused by snow

Several incidents in the field revealed various mechanisms of structural failure in
installed P V modules und er t he i mpact o f | ong-term s now | oads as reported in
chapter 6. 1.4. Although |EC 61215 and | EC 6164 6 require m echanical load (ML)
tests (10.6) at 2.4 kPa and 5.4 kPa, the qualification test sequences for modules do
not yet represent potential mechanical failures in the field. The mechanical load test
transfers homogeneously distributed loads such as weights in the form of simulated
wind gusts or snow applications to the top and rear surfaces of the modules. As the
PV m odules ar e installed rather at at iltang let han h orizontally or iented, a
completely different | oad c haracteristic arises w hen these products are s ubject to
high snow loads.

Previous research and publications have already treated these aspects and lead to
the i ntroduction o f t hese i ssues i n t he i ndustry [ Schletter08, H aeberlin07]. TUV
Rheinland has followed up by developing a testing apparatus for heavy snow load
testing on PV modules subject to inhomogeneous distributed snow loads on inclined
surfaces. The main goalo ft hisr esearchi st os imulate s imilar s now | oad
characteristics as to be found in several regions subject to longer-term snow loads
and to define a test procedure for potentially qualifying PV modules as resistant to
such environmental influences.

A test apparatus was therefore developed to transfer such factors from nature to the
laboratory, where similar failures could be reproduced based on standardized |oad
calculations from the Eurocode [EUROCODE10]. Figure 7.2.1 shows the the newly
developed test apparatus at TUV Rheinland. Several test series are performed on a
total of more than 20 PV modules. The ap paratus allows free p ositioning and the
application of different installation angles, along with expansions of individual loads
up to 10 kPa [Reil12].

Under a | oad of only 15% of initial load and a t wo-point |oad application, modules
already revealed weaknesses from lack of frame rigidity, with deformations of up to
5 mm. The slight deformation of the frame is also greatly influenced by the loosening
of the adhesive bonds between the frame and the glass surface. With different frame
designs w e obs erved a single s pecimen w ith s crews br oken of f from t he c orner
clamps.
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Figure 7.2.1: New test apparatus for snow load testing at TUV Rheinland 2012:
Application of load elements causing the bending of a PV module frame.

Following these initial observations, tests are carried out at a module inclination of
45° and 37° starting from an initial load of 2.37 k Pa. The | oads were i ntensified
according t o t he c¢ alculations from EN 19 91-1-3 [E UROCODE10]. M ost of t he
damage des cribed o ccurred dur ingt he first 60 m inutes, ei ther directly wit h
deformation of the frame and breakage of the glass or with slow creepage of the
adhesive over a longer period of time.

PV modules with longer frame lengths are more susceptible to easy bending and to
the m aterial c ontact of t he bac k surface with supporting m ounting constructions
(mounting rails) compared with frames of reduced height. Electrical safety may then
be affected s hould t he i nsulation properties o f t he bac ksheet deteriorate dueto
scratches and contact of the frame with electrical conductors.

It was found that modules with silicone-based adhesives can resist loads of up to
nearly 500 kg (~3 k Pa) without any frame bending or per manent da mage, w hile
modules with the same dimensions and frame design but with tape-based adhesives
allow frame bending and a glass breakage at lower loads between 230 kg — 360 kg
(1.4-2.3 kPa). The loads were applied to 2/3 of the module length.

The work carried out at TUV Rheinland clearly identifies the weaknesses of module
types as a function of the frame and the adhesives under inhomogeneous applied
snow loads. The test results will help to estimate design weaknesses (constructional
dimensions, materials et c.) un der s uch s tress s ituations a nd qualify m odules
according to their mechanical resistance under snow loads when those modules are
installed at inclined angles. The results and proposed test methodologies are being
presented in future IEC standardization work.
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7.3 Testing for UV degradation of PV modules

Solar s pectrum comprises different wavelength ranges. N ormally, Ultra violet (UV)
light (200 nm -400 nm), visible light (400 n m-750 nm) and i nfrared light (750 nm
~1 ym) cover the majority of solar spectral irradiation. The reference solar spectrum
distribution AM1.5GisshowninFig.7.3.1. The UV lightintensityinthe s olar
irradiation v aries w ith c limate and al titude, w hich i s a bout 3%-5% of t he gl obal
irradiation. The U V e ffect on t he m aterial is v ery di fferent w ith U V wavelength
changing. The UV wavelength range is typically divided into three ranges, which are
UVA (320 nm-400 nm), UVB (280 nm-320 nm) and UVC (200 nm-280 nm). Many
materials can be easily influenced by long term UV irradiation such as human skin,
eyes and some polymers. UV light only is a small fraction of the whole solar spectral
irradiation. N evertheless, t he i mportance a nd i mpact o f U V irradiation cannotb e
ignored. The annual UV irradiation dose reaches about 100 KWh/m? in lower altitude
regions and more than 150 kWh/m? in plateau regions (3000 m above sea level).

Figure 7.3.1: A M1.5 global r eference s pectral i rradiance distribution. T he solar
spectrum comprises UV light, visible light, and infrared light.
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7.3.1 UV preconditioning for PV modules

Photovoltaic modules operate under solar irradiation condition. Ultra violet (UV) light
in the natural sunlight can cause degradation of polymeric materials that are used for
encapsulation. As spectral responses of most PV devices cover the UVA and UVB
wavelength ranges, it is important to confirm whether the performance of polymeric
materials changes /-V characteristics after long-term UV irradiation.

Because outdoor U V pr e-conditioning requires much more t imet or eflectt he
changing and i mpactont he e lectrical per formance o f modules, i ndoor U V | ight
simulation methods are widely adopted by the majority of test laboratories. In order
to c larify the degradation | evel o f modules be fore and a fter U V | ight i rradiation,
presently, UV irradiation test is carried out according to standards of IEC 61215 and
IEC 61646. The dose of only 15 kWh/m? comprising wavelength ranges from UVA to
UVB is defined to simulate a low dose of UV light under natural sunlight condition.
The peak power degradation of module should be limited to less than 5% after UV
exposure.

To achieve indoor UV irradiation testing, the most important thing is the choice of the
UV light source. To meet the requirement of module size and operation condition, a
large area and high intensity UV light source is needed. Furthermore, the spectrum
of a UV light source should be matched with the natural sunlight spectrum over the
certain w avelength. A filtered X enon light s ource having a s pectrum as close as
possible to the AM1.5G is not chosen for UV exposures, because the visible and
infrared light intensity heat the modules unacceptably. Itis difficult to maintain the
module t emperature around n ormal operation t emperature r ange. B esides, t he
usage of xenon lamps is restricted by their high costs for consumables. Therefore,
fluorescent lamps are adopted by many PV laboratories to be UV light sources. As
the contribution in the visible and i nfrared wavelength range is small, and there is
little temperature rising influence with the module, fluorescent lamps and other new
type | amps are being dev eloped t 0 ac hieve ac curate s imulation of outdoor U V
irradiation.

The PV module temperature is another important factor during outdoor long term UV
light irradiation. The impact of UV irradiation not only relates to the UV dose over a
certain time period, but also to the module temperature during operation. In order to
obtain the worst case conditions of UV irradiation, the integral UV irradiation data in
different regions s hould be monitored and v erified around the world. The module
temperature used under different environmental conditions must be combined with
the U Vi rradiation d ose. Since t he module t emperature ac celerates t he photo-
degradation processes during o peration, an ap propriate UV acceleration level and
module temperature are needed to simulate and to reflect the actual UV irradiation
condition in laboratory tests. The relevant research and experiments are described
by Koehl [Koehl01].
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7.3.2 Performance degradation of PV modules

As t he s tandards | EC 61215and | EC 61646 r equire at otal UV i rradiation o f
15 kWh/m? in the wavelength range between 280 nm and 400 nm, with 3% to 10%
of the total energy within the wavelength band between 280 nm and 320 nm, the UV
dose above does not reflect the actual UV irradiation condition. In order to clarify the
correlation of UV dose and p ower degradation of a module, a t ypical experimental
result of performance degradation of a PV module is shown in Fig. 7.3.2. Five single
crystalline PV modules (different manufacturers) were chosen to be samples under
test. The UV testis carried out under indoor fluorescent lamp irradiation. The UVA
and UVB irradiation is adopted in accordance with IEC 61215 requirements. The UV
intensity is five times that of natural sunlight and the spectral distribution is shown in
Fig. 7.3.3.

The temperature in the UV chamber is in the range of 55°C to 70°C. The total UV
dose of 160 kWh/m? simulates U V e ffects for different r egions o ver a long time
period. The UV irradiation dose is equivalent to one to two years outdoor weathering
depending on the site.

It is clear that the output power degradation of five modules do not reach 5% after
15 kWh/m? UV i rradiation accordingtothe | EC 61 215 standard. H owever, t wo
samples of five modules show slight changes of power after 20 kWh/m? irradiation
dose. The pow er degradation o f one of the modules is m ore than 5% a fter
160 kWh/m? irradiation. This result illustrates f ailureso fm odule electrical
performance an d p olymeric m aterials. Two m odules s how an a pparenttrend of
power degradation over long term UV irradiation.

Fig. 7.3.2: The peak power degradation of monocrystalline PV modules after UV
irradiation exposure under a s imulated UV light source is s hown. The m odule
temperature is between 75°C and 85°C.
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Fig. 7.3.3: The s pectral i rradiance di stribution o f a fluorescent | amp usedin
laboratory is shown. The UVB irradiation (wavelength range betwee 280 nm and
320 nm) share 9% of the total UV energy.

The IEC 61215 standard only requires total UV energy of 15 kWh/m? irradiation. The
modules under t est usually can m eet t he ac ceptance requirements und er these
conditions. H owever, some of t hese have the potential for power deg radation o f
more than 5% after long term U V i rradiation ( 150 kWh/m? or m ore). In addi tion,
these modules often show browning of EVA m aterials with significant power | oss.
The UV testing method in a laboratory (fluorescent lamp or other artificial UV light
source) provides an accelerated test to s imulate | ong term U V irradiance under
natural s unlight ¢ ondition. C onsidering di fferent U Vi rradiationa nd module
temperature under o utdoor ¢ ondition, desired U Vi rradiation, and c ontrolled
temperature of module and environment can be set to adapt real outdoor conditions.

The polymeric materials (such as EVA) in the PV module are very sensitive to UV
irradiation; the s pectral r esponse of these m aterials d ominates t he deg radation
speed and status. It must be noticed that the spectral irradiance distribution of a UV
light source influences the effects of UV irradiation. Therefore, the UV testing results
are affected not only by dose of UV irradiation, but also by spectral distribution over
the wavelength range of UVA and UVB.
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7.4 Ammonia Testing

Quality tests of PV modules, e.g. the damp-heat test of IEC 61215 or IEC 61646
[IEC61215, IEC61646], often show corrosion at the cell connectors, soldering joints,
and o ther metallic parts. The installation of PV m odules on farm r ooftopsinan
agricultural env ironment | eads t o ex tra environmental s tress. B esides ¢ orroded
mounting s ystems, power |oss, and d amaged s eals have been found in the field
[Mathiak12]. C orrosion o f s ilicone-based adhesive s ealing may r esultin|oss of
insulation effectiveness as w ell as adhes ive s trength and pose ar iskto human
beings and animals or to the infrastructure. Corrosive atmospheres can cause arcing
possibly leading to fire. Failures found in the field must be analysed and simulated in
environmental t est c hambers. TUV R heinland ac cordingly s tudied t he ¢ orrosion
effects on PV modules un der s pecial e nvironmental s tress. At est c hamber
accommodating full-size PV m odules w as dev eloped a nd qualified f or am monia
testing according to the standard IEC 62716 [IEC62716].

The relatively high corrosive effect of ammonia is well known in the case of copper
alloys (brass) and pol ycarbonate. Both materials are used in photovoltaics: copper
as a conductor in the cell interconnect ribbon and polycarbonate in polymeric blends
for the plugs and the junction box.

As different test institutions have started developing their own methods of ammonia
resistance testing [Petzold11], it is important to harmonize these efforts and provide
a uniform scientific basis. The ammonia e mission data from several pig pens was
analysed. The data collected by a r esearch project of the German institute INRES
showed am monia concentrations of up to 46 ppm [IN RES06]. In a roof-integrated
system s uch concentration | evels s eem realistic on t he rear sides of installed PV
modules. The data in this project was limited to pig pens. However chicken coops
generally have an even higher ammonia concentration.

TUV R heinland employs a test p rocedure ac cordingto | EC 6 2716 [IEC62716]
“‘“Ammonia corrosion testing of photovoltaic (PV) modules”, which is based on the
Kesternich test. Table 7.4.1 shows the test parameters of the Ammonia c orrosion
test procedure.

Tab.7.4.1: T est parameters accordingt ol EC 62 716 [ IEC62716]. The N Hj
concentration level is chosen based on | SO 6988 [ ISO6988] using am monia g as
instead of sulfur dioxide. This standard suggests two litres of gas and two litres of
water for a chamber volume of 300 litres, resulting in 6667 ppm.

Standard IEC 62716 (draft)
NH; concentration (initial) 6667 ppm
Temperature 60°C /23°C
Relative humidity 100% / 75%
Test duration 20 days (20 cycles)
Cycles 8 h @ 60°C, 100%
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The m oist/humid sulphur di oxide t est w as dev eloped by K esternich ( 1951) t o
simulate the effects of acid rain. The test method is described in DIN 50018: “Testing
in a saturated atmosphere in the presence of sulphur dioxide” [DIN50018]. The test
has been used extensively in the automotive and construction industries and initially
was performed not only with sulphur dioxide as in the present days, but also with
ammonia gas, for example. In its original form metal parts are exposed in a cabinet
to an elevated temperature and high humidity in the presence of sulphur dioxide.
The exposure conditions may be v aried to suit particular requirements set down in
various standards, as f or corrosion protection f ilms, f or example. T he method
described in DIN 50018 [DIN50018] c alls f or c ycles of al ternate ex posure to a
sulphur dioxide atmosphere and an ambient atmosphere. The sealed test cabinet
contains a water basin placed underneath the sample. While the chamber is being
filled with gas, the water basin is h eated to the saturation | evel of 100% r elative
humidity. The gas mixes with the water and forms the corrosive ammonia solution.
The water solution will condense on the surface of the test specimen, initiating the
corrosion process. P airs of slightly tilted m odules, one s unny side up, the other
sunny side down, are tested. The specimens are left in the cabinet with the mixed
atmosphere o f c orrosive gas and w ater for ei ght hours, followed by ex posure to
ambient atmosphere for 16 hours. The water at the bottom of the cabinet and the
gas is changed daily. The test can be performed on fully as sembled products, for
better simulating actual conditions.

The module performance and insulation properties are as sessed be fore and after
the exposure to ammonia atmosphere. Table 7.4.2 shows the full test sequence with
visual inspection, insulation tests and power measurements which are performed in
accordance with IEC 61215 Ed. 2 [IEC61215].
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Tab. 7.4.2: Test paths of IEC 62716: Two modules run through the complete path.
The reference module undergoes preconditioning and initial measurement only. The
flowchart is analogous to that for the salt mist corrosion test according to IEC 61701
Ed.2 [I[EC61701].

* Numbers correspond to test numbers in standard IEC 61215 [IEC61215].

** Code numbers correspond to module safety test (MST) numbers in standard IEC
61730-2 [IEC61730].

Ammonia Corrosion Test steps Description

Preconditioning Sunlight exposure for 5 kWh/m? @ open-circuit
conditions

Initial measurements 10.1* Visual inspection

10.2* Determination of maximum power
MST16** Dielectric withstand test
10.15* Wet leakage test

MST13** Ground continuity test

Corrosion test Ammonia resistance test based on ISO 6988
using ammonia gas instead of sulphur dioxide

Recovery Cleaning and recovery

Final measurements 10.1* Visual inspection

10.2* Determination of maximum power
MST16** Dielectric withstand test
10.15* Wet leakage test

MST13** Ground continuity test

Final measurements Bypass diode functionality test

7.4.1 Tests performed on crystalline Si glass/foil PV modules

A series of tests are performed with 30 different small-sized PV module samples in a
small chamber and with more than 20 full-size PV modules in the new chamber.
Visual inspection, insulation measurements and power determination are performed
before an d a fter s ubmitting t he s amples t 0 a K esternich-based t est of v arying
duration. All s amples pas st he s uggested pas s c riteria o fa maximum p ower
degradation of <5%. None of the samples failed the minimum requirements of the
insulation or wet leakage current test. A subsequent bypass diode functionality test
shows no failed diodes.

However, visual inspections d o reveal corrosion and erosion effects similar to the
ones found on samples taken from the field. The seal, the surfaces of the anodised
aluminium frame and the anti-reflective coatings of the glass are slightly affected.
Potentially critical findings are small, 10 ym pores in the backsheet (see Fig. 7.4.1
and F ig. 7.4.2), r esulting f rom t he ¢ hemical r eaction o ft he o uter | ayer of t he
backsheet with ammonia.
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Fig. 7.4.1: Scanning electron Fig. 7.4.2: Scanning electron

microscopic image of a backsheet microscopic image of a backsheet after

before ammonia test. the ammonia test. Small pores (10 um
in diameter) can be seen.

7.4.2 Tests performed on non-glass modules

The ammonia test IEC 627 16 applies only to flat-plate panels. The test procedure
had to be adapted for flexible non-glass PV modules, which are more than 3 metres
long, with solar cells consisting of amorphous silicon glued onto a metal sheet of 1
millimetre t hickness. D uet ot hel engthso ft he P V modules, performance
measurements by pul sed s un s imulator ar e not p ossible. B efore and a ftert he
ammonia exposure the modules are exposed to light for 43 kWWh/m? and maximum
power i s r ecorded c ontinuously under | ight-soaking ¢ onditions. | n ad dition, on e
module is wrapped in polyethylene foil during the ammonia exposure, to inhibit the
effects o ft he aq ueous a mmonia s olution an d to al low ac tion of t he ga seous
ammonia.

The difference in the effect on the corrosion of the metal sheet as described above is
evident. The metal sheet of the wrapped module is |l ess corroded. The el ectrical
performance of the two modules is similar: During the first light-soaking phase the
modules become degraded as expected. After the ammonia exposure, the maximum
power decrease to 70% of the value after the first light-soaking. During the second
light-soaking phase the modules recovered to 80% of the value after the initial light-
soaking. These measurements suggest a n egative effect of gaseous ammonia on
the a-Sior TCO | ayer, al though t he error of p ower det ermination o f flexible P V
modules lies in the order of 10%.

In the ammonia test chamber, a serial examination on current quality modules shows
no m ajor failures inside the junction box (bypass diode test) or in insulation and
performance. H owever, v isual i nspections r evealed minor ¢ orrosion a nd erosion
effects similar to the ones found on samples taken from the field. Potentially critical
findings of the ammonia corrosion test were small pores 10 pym in diameter in the
backsheet and the power loss of non-glass PV modules. In particular, roof-integrated
PV 's ystems o n s uch b uildings w ill be continuously e xposedt o an ammonia

113



atmosphere and condensation on the modules is likely. The water and g as mixture
has corrosive properties and hence forms a potential risk to the durability of the PV
modules and components.

Investigations are continued to benchmark ammonia concentration and test duration
relative to real life effects. Studies using reference samples of polycarbonate and
brass f or ex posure i n t he am monia t est c hamber an d on ag ricultural r oofs ar e
performed to determine the accelerating factor.
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7.5 Testing for potential induced degradation of
crystalline silicon PV modules

Measurement for d urability t o s ystem v oltage s tress e ffects in t he | aboratory i s
generally carried out by applying a high voltage, such as the module’s rated system
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voltage written on the nameplate, to the shorted modules leads and grounding the
module exterior surfaces in any number ofways. The J et P ropulsion La boratory
[Mon84, Mon85a, Mon85b] first studied effects of system voltage in various module
technologies and in crystalline silicon mini modules built for the purpose. They also
studied c oulombs t ransferred as a function o f degradation a nd found extreme
degradation in all cases after around 1 C/cm of module frame edge transferred.
Significant d egradation c ould al so b e s een be fore t his t hreshold in s ome c ases.
Leakage current was shown to vary with module materials and increase with the
temperature and humidity within these materials. D espite it being understood that
ionic c urrenti s fundamentalt ot he P ID mechanism, | eakage c urrenti s now
considered a weak indicator of the degradation extent because of many extraneous
factors t hat al so enter i nto t he r elationship i n c rystalline s ilicon c ell t echnology
[Hattendorf12].

Stressing of modules under system voltage for the testing of PID has been carried
out in the literature in the range of 25°C up to 85°C. An example of the circuit for
application of the voltage stress is given in Fig. 7.5.1. Grounding has been carried
out in the damp heat chamber using humidity itself adsorbed on the module surface,
with wet condensed water or wet towels, with conductive m ediums (pastes, jells),
and w ith m etal foils wrapped o nt he m odule f aces. L eakage current m ay be
monitored f or verifying s tability and r eproducibility. M ajor c onsiderations i nt he
choice o f t esting i nclude r epresentation o f t he s tresses t hat exist i n t he nat ural
environment, reproducibility, and expediency.

Figure 7.5.1: Application of voltage to the active layer of a PV module via the shorted
leads. The leakage currentin this example is monitored by a v oltmeter across a
resistor R1 connected to ground. The voltmeter may be protected from overvoltage
by a s econd resistor R2 [ Hacke11]. High v oltage p ower s upplies t hat m eter t he
leakage current may alternatively be used.
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Use of foil f ilmst o g roundt he m odule f aces has b een preferred by s ome
organizations. A significant number of companies have been performing such testing
for 16 8 h at 25°C [ Schutze11]. Some have m odified the test with t his g rounding
method to higher temperatures (50°C, 60°C, 70°C) and reduced the duration of the
test [ Hattendorf12, D ietrich13]. There is however no s ystematic | ong term testing
performed outdoors to show the equivalency to real world conditions, to understand
the meaning of these various stress levels, nor information showing the |ab-to-lab
repeatability of these foil tests published at this time. While not a concern for testing
of a given module design comparatively, use of a solid conductor film bypasses any
components of the module frame design such as small edge clamps or use of rear
rails, that can increase the resistive path from the active cell circuit to ground and
slow the through-glass ionic current associated with PID [Hacke13a]. More work is
therefore r equired t o understand t he optimum t est c onditions t 0 g et m eaningful
results an dt o understand any | imitations o ft he t ests by g rounding w ith f ilm
conductors such as metal foil.

Damp heat chambers without use of any applied conductor other than the adsorbed
humidity itself are also used to test for system voltage stress. Tests originating from
the IEC 61215 ed. 2 condition of 85° C 8 5% relative h umidity with application o f
system voltage bias exist [Koch12]; however, extended tests in this regime may lead
to alternate deg radation mechanisms s uch as s ilicon ni tride degradation and
dissolution of metal-silicon interface that contains glass frit [Hacke13b].

A m odule des ign s urviving with ar ound 5% deg radationin 96h a tt he r educed
temperature of 60°C and 85% relative humidity and -600 V system voltage was also
tested in an outdoor test with -600 V applied to the cell circuit during daylight hours
in Florida USA, which displays stable power for 28 months. M odules that degrade
more than 5% in the 60°C stresstest fail by PID in the outdoor tests [Hacke12].
Since then, other modules that fail this stress test are also found to fail by PID in the
natural environment [Hacke13c].

Repeatability of the 60°C and 8 5% relative humidity test with two module designs
was examined among five test labs. Using a sample of two modules per polarity, it
was found that the test could differentiate modules with P ID problems at the 5%
pass/fail ¢ riterion with s atisfactory ¢ onsistency. Still, m aintaining uni form an d
accurate temperature and relative humidity in the chamber, and the non-equilibrium
water on t he cooler module surfaces during ramp up were found to be i ssues that
need at tention [Hacke13c]. Additionalt esting and i nter-laboratory r ound r obin
comparisons are being performed to further refine these test methods.

To simulate t he diurnal stressing of the natural environment, a multiple s equence
test called the Spain test was devised [Nagel12]. The procedure has an initial short-
duration ac celerated test ph ase w ith hi gh v oltage, t emperature, an d hu midity
applied, followed by a 24 h harsh cyclic climate with constant 85% relative humidity,
a night time of low temperature, without voltage applied, and a “day time” with a bell
shaped temperature curve up t o 75°C, with bias voltage applied. In some cases,
continued degradation is found to occur, while recovery of power is seenin other
PID susceptible modules.
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A worldwide recognized standard for the determination of PID does not yet exist.
The above developing results are being considered to define such a common test to
discern if a module is durable to stresses that the combination of system voltage,
humidity, and temperature exert in bulk of the marketplace for photovoltaic modules
today. |IEC 62804 Ed. 1. System Voltage Durability Qualification Test for Crystalline
Silicon Modules is a standard presently under development to meet this need.
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7.6 Extended IEC testing in the lab

The product qualification of c-Si PV modules refers to the IEC 61215 test standard.
The stress tests defined in the test programmes are short-duration accelerated tests
performed at stress levels higher than the operating stress level in order to facilitate
the occurrences of failure in a timely manner. The qualification t ests c onstitute a
minimum r equirement on r eliability t esting an d demonstrate ( within r easonable
constraints o f c ost and time) t he ability of t he module t o w ithstand pr olonged
exposure in so-called general, open-air climates.

The general view is that the primary goal of IEC qualification testing is to identify the
initial short-term reliability issues in the field. As a consequence, mainly early product
failures ar e d etected. The IEC s tandards al low no ¢ onclusionst ob e made
concerning t he ac tual | ifetime ex pectancy f or g ualified pr oducts, how ever. I ti s
merely noted t hat the lifetime depends on the design, the environment, and the
conditions under which the product is operated.

However it is useful to know whether an expanded test leads to realistic failures or
just to failures that are never found under realistic conditions. Therefore, we show
test results of extended standard tests and relate these to field experience in the
following chapters.

7.6.1 Test results from extended testing

With q ualification t esting, t he t ests s howing t he | argest i mpacton P V module
performance are temperature cycle tests and tests in which the temperature and
humidity act on the modules. Figure 7.6.1 shows the change of output power of 8
modules of the same type after 1000 h, 1500 h, and 2000 h of damp heat. Obviously

118



the degradation of these modules does not proceed similarly. This is an i mportant
issue when it comes to correlate degradation by theoretical models as, for example,
using t he Arrhenius equation. T he differences int he deg radation be haviour o f
different t ypes o f modules impede the prediction of PV module d egradation from
qualification test results.

However, even after ex posure to 2000 h o f da mp-heat, w hich i s t wice t he time
required by 1EC 61215, seven out of eight modules s howed less than 5% p ower
degradation. The degradation though was clearly measurable and could serve the
comparison with the degradation outdoors.

Fig. 7.6.1: Change of output power of 8 PV modules of same type after 1000 h,
1500 h, and 2000 h damp-heat test at 85°C/85%RH [Herrmann11].

After 2000 h o f damp heat the power degradation of another module amounted to
4%, as is also visible in the EL image in Fig.7.6.2. A further extension of the damp
heat test to 3000 h causes severe cell degradation. The output power of the module
drops by 28% . Inthe E L image the outer parts of the cell are completely dar k.
Evidently t he m oisture di ffused t hrough t he rear side of the module in the g aps
between the cells caused cell corrosion on the front side of the cell. Comparing such
results w ith out door deg radation be haviour,w ef indt he module obviously
overstressed a fter 30 00 h s ince m odules featuring s uch i ntense deg radation by
water vapour ingress can har dly be f ound in the field ev en a fter dec ades o f
exposure. N evertheless, des pite one single module which showed some browning
(compare 5.3.1) neither delamination as de scribed in chapter 5.3.5and 5.3.6 nor
loss of adhesion strength could be observed.

An extension of the thermo-cycling (TC) test leads, with respect to loss of output
power, to comparable results, although the type of stress is different. Figure 7.6.3
shows the results of 7 crystalline modules manufactured by different companies and
undergoing TC tests for 200, 400, 600, and 800 cycles, with re-measurement after
each subtest. Again, at twice the stress, the power loss for all modules remained
within the margins set by I[EC 61215. Another 200 cycles were needed in order to
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observe significant de gradation with one of the modules. Three modules s howed
less than 5% power degradation even after 800 cycles.

Fig. 7.6.2: Electroluminescence images of a module after 1000 h, 2000 h, 3000 h of
damp h eat ( from | eftt o r ight) at 8 5°C/85%RH, f eaturing -1%, -4%, and -28%
degradation of output power, respectively [Herrmann11].

Fig. 7.6.3: Change of power of 7 modules of different types after 200, 400, 600, and
800 temperature cycles [Herrmann11].

Frequent changes in temperature are known to wear out the cell interconnections.

Temperature c ycle t ests r eveal weak ¢ onnections w ithin m odules. F igure 7.6.4
shows EL images of modules after 200, 400, and 600 cycles, respectively. With an
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increasing number of cycles and after 200 cycles, an increasing number of busbars
become di sconnected, as is evident fromthe dark areas. While s ome o ft hese
disconnections may not last permanently (see red markers), in general the output
power w ill dec rease ast he nu mber o f ¢ ycles i ncreases. The resulti s further
degradation. D ue t o t he i nhomogeneous c urrent di stribution be tween c ells with
broken busbars, high temperatures or even hot spots can occur. Loose contacts can
also cause arcing.

Fig. 7.6.4: Electroluminescence images after 200, 400, and 600 temperature cycles,
as described in IEC 61215. Dark areas indicate disconnection of busbars that may
not always be permanent, see red markers [Herrmann11].

7.6.2 Accelerated testing and field experience

The ex pressiveness of s uch ex tended s tress t ests how ever i s i mpaired by t he
questionable c orrelationt o t he r eal i mpact oc curringi nt he field. Asa r esult,
extended s tress t ests m ight ov erstress t he m odules generating deg radation that
would not occur in that particular manner in the field.

Numerous studies have shown that failures of cell interconnect ribbons and/or solder
bonds ¢ an ¢ ause failures o fs ilicon modules [ Degraaff11, K ato02, Munoz08,
Wohlgemuth93]. Thermal c ycling with i njected c urrent has b een de monstrated to
identify des ign flaws | eading to early f ailure o f t he modules, b ut the 200 c ycles
typically used in qualification testing have been reported to be inadequate for giving
confidence in the warranty of ~ 20 years [Wohlgemuth05, Bosco10]. While there is
evidence that longer thermal cycling would be useful toward reducing field failures
within t he w arranty per iod, itis notclear how m any c ycles ar e ne eded an d/or
whether t he da mage c aused by t hermal c ycling has a s ignificant v ariation w ith
climate. The addition of hundreds more thermal cycles adds substantial test time, so
other s trategies for i ncreasing the d amage r ate ar e us eful to explore. As noted
above, itis possiblet o fabricate modulest hatc an s urvive > 800 c ycles, s ee
Fig. 7.6.3.
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When at tempting t 0 demonstrate thata module design h as g reater d urability, a
common practice has been to increase the damp heat testto 2000 h, 3000 h or
more. H owever, 3000 h has been reported to cause failures that have not been
reported in the field. E.g. Fig. 7.6.2 shows a detachment of the silver front side
fingers of the solar cell which has not yet been reported from the field. Thus, itis
unclear w hether t he appl ication o f 3 000 h of d amp h eatt o am odule w ith a
breathable back sheet has any value toward predicting life in the field. H owever,
modules that attempt to keep all moisture out by using two sheets of glass with an
edge seal age in a very different way and a recent paper estimates that 3000 h may
be appropriate for quantifying the movement of moisture through the edge seal to
simulate close to a 20-year in-field exposure [Kempe12]. Nevertheless, the value of
3000 h of damp heat testing as a predictor of field performance has not yet been
reported.

In addition to the exploration of the effects of longer thermal cycling and damp heat,
there has been substantial discussion of the need for longer UV exposure. The UV
exposure us ed i n t he q ualification tests r epresents only a s mall f raction of t he
expected U Vdos e fora modulet hroughouti ts lifetime. Historically, E VA
manufacturers have optimized their formulations by applying longer UV exposures,
but these types of tests have not been adopted into the standard qualification tests.
According to one review, encapsulant discolouration is seen to some extent in the
majority of long-term silicon installations [Jordan12]. Nevertheless, it can be difficult
to c orrelate ac celerated t est r esults on encapsulant materials w ith out door t est
results because of the complexity of some of the degradation mechanisms.
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8 Conclusions

PV modules may degrade or fail in many ways. While the types of failures are highly
dependent on the design (or failure of the design) ofthe PV module and on the
environment in which the module is deployed, statistical evaluation of what has been
reported ¢ an help un derstand s ome of t he most c ommon failures. H asselbrink
recently summarized data for returns from a fleet of >3 million modules, from ~20
manufacturers [ Hasselbrink13]. The study found that 0.44% of the modules were
returned after an average deployment of 5 years, with the majority (~66%) of these
returned because of problems with interconnections in the laminate (e.g. breaks in
the ribbons a nd s older bon ds). The s econd m ost c ommon r eason ( ~20%) for a
returnw as because o f problemsw itht he backsheetor encapsulant( e.g.
delamination). Thus, the vast majority of the returns were associated with failures
that can usually be identified visually, though there could be bias in this data since
modules with no visual defects would be harder to identify by the customer.

Modules that have failed and been returned to the manufacturer are not the only
thing to be considered; modules are usually observed to degrade slowly in the field.
Figure 8.1 summarizes ~400 reports in the literature of degradation rates for silicon
modules [Jordan13]. The degradation is dominated by a loss of short-circuit current.
In most cases, the researchers observed that this decrease in short-circuit current is
associated w ith di scolouration and/or d elamination o f t he enc apsulant m aterial.
Thus, both statistics on returns of modules and statistics on slow degradation appear
to be correlated with mechanisms that can be obs erved visually. Although there is
much value in more sophisticated i nvestigations, the simplicity of collecting visual
observations al lows c ollection for av ery| arge s et o f m odules, en ablingus to
correlate the environment with the types of changes that are occurring. We propose
to collect the data in a systematic format, greatly simplifying the analysis.
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Fig. 8.1: Degradation rates of the maximum-power-point values for power, current
and voltage for monocrystallineSi (left), multicrystalline-Si (right). As a guide for the
eye, das hed | ines i ndicate n o d egradation. A neg ative deg radation i mplies
improvement. The symbol N represents the number of PV modules of the statistic

[Jordan13].

A standardized method and format for collecting the data are developed and multiple
sets of data were contributed by IEA Task 13 members. Refinements were made to
the standardized format to clarify ambiguities in definitions. Analysis of the data sets
that were shared found that an ad ditional field is needed to define how the sample
set was obtained. For example, Tab. 8.1 shows highly variable results depending on
the module selection process. The data from Tab. 8.1 is populated based on the top

five most commonly observed defects within each data set.

Tab. 8 .1: Summary of data sets obtained from Task 13 members using a v ariety of

selection methods.

I v -

N IT T —

c

oumZ=Z —

- m>3Z

N MmOz

wrrm2>UoZ

A - m3oZ

i B

N H - >

# modules

33

10

32

18

16

38

BACKSHEET

Backsheet- dented/cracked/
scratched/delaminated

58%

100%

75%

24%

Backsheet- delamination

100%

Backsheet- discolouration

50%

Backsheet chalking

100%

WIRES/CONNECTORS/J-BOX/FRAME

Wires degraded

45%

80%

Connectors- degraded

33%
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J-box weathered 30% 100%

Frame damage 100% 25% 33% 11%

Frame adhesive issues 40%

Frame ground corrosion 100%

GLASS/EDGE SEAL

Scratches/chips in glass 81%

Glass cracks 6%

Glass-milky discolouration 8% 40%

Frameless edge seal degraded 100%

Soiling 94% 21%

METALLIZATION

Gridline issues 78% 40%

Busbars misaligned 33%

Cell interconnect- discolouration 100% 100%

String interconnect-discolouration 100% 100%

SILICON

Silicon-discolouration 30% 39% | 100%

Silicon- embedded foreign body 30%

Silicon- delamination 100% 60%

Silicon- damage burns 6%

THIN FILM

Thin-film- cracking 33%

Thin-film- delamination 33%

If t he proposed visual i nspection t ool becomes widely adopted, a variety of data
mining and analysis t echniques may pr ove us eful for u nderstanding m odule
degradation an d f ailure. Basic analyses w ill include identification o f the m ost
frequently observed defects among a set of identical modules in a single location. An
extension of this type of study will seek to identify which defects are more likely to be
associated with decreased performance ratio and which defects are more likely to be
benign, similar to the ap proach of Sanchez-Friera et al. [Sanchez-Friera11]. More
comprehensive s tudies w ill c ompare d ata from s imilar module typesin a s ingle
location over time [Dunlop06, Ishii11] or over multiple locations for the same amount
of field exposure time. Comparison within and between these kinds of studies will be
greatly simplified by using the data collection method developed here. Degradation
issues that arise from environmental exposure may be correlated with climate zone
through the linkage of defect frequency with latitude and longitude data. Statistical
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analysis of verylarge sets of data may reveal more s ubtle c onnections be tween
specific defects or g roups of de fects a nd t heir c orrelation w ith t he el ectrical
performance c haracteristics of modules. This type of datais currently in | imited
supply, t hough analytical frameworks f or as sessing r eliability bas ed o n field
degradation studies are in development [Vazquez08]. If visually observable defects
can be correlated or conclusively linked with the measured el ectrical performance
degradation rates, visual inspection may provide a relatively low impact method for
assessing which PV installations may be more likely to see accelerated degradation
based on the frequency and types of defects that develop.

During the past Task 13 project phase we recognise that the to pic “Characterising
and Classifying Failures of PV Modules” is an important ongoing topic in the field of
PV research. The current review of failure mechanisms shows that the origin and the
power loss assessment of some important PV module failures is not yet clear (snail
tracks, cell cracks) or the community is stuck in the question of how to test for a
specific f ailure (potential induced degradation, t ests for t he as sessment o f c ell
cracks). Furthermore, despite the fact that a defective bypass diode or a de fective
cell interconnect ribbon in the PV module might lead to a fire, there is very little work
done to detect these defects in an easy and reliable way in the system. But, there
are ¢ urrently g roups w orkingont hoset opicst o overcomet hese ¢ hallenges.
Therefore, we suggest to continue the review on failures of photovoltaic modules in
an extention of the TASK 13 project.
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ANNEX A: Module condition checklist

Documentation of module condition for field exposed modules

Date Name of data recorder
Location
Latitude Longitude Altitude

1. SYSTEM DATA

System design: [Isingle module [ Jmultiple modules (a.) [Junknown
(a.) Multiple module system: [Inot applicable
Module location/number in a series string (from negative):
# of modules in series (string) # of strings in parallel (array)
# of bypass diodes # of modules per bypass diode
System Bias: Copen circuit [resistive load [Cmax. power tracked
[Oshort-circuit CJunknown
System Grounding: Cgrounded (a.)  [not grounded CJunknown
(a.): [Inegative [positive [centre of string [Junknown

BEGIN INSPECTION AT BACK SIDE OF MODULE

2. MODULE DATA

Technology: Omono Si [multiSi  [Ja-Si [JCdTe [JCIGS/CIS
Cother:

Certified: Cunknown [JUL 1703 [JUL 61730 [JIEC 61215 [JIEC 61646
OIEC 61730 Cother:

Estimated deployment date:

Photo taken of nameplate: [Jyes [1no
Manufacturer
Model #
Serial #
Installation Site/Facility Serial #
Width cm Length cm

Nameplate: [CInameplate missing
Pmax Ve Jsc
System voltage V max I max
Bypass diode, If
Series fuse
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3. Rear-side Glass: [not applicable [Japplicable

Damage: [Ono damage [Osmall, localized [Jextensive
Damage type (mark all that apply):
[CJcrazing or other non-crack damage []shattered (tempered)

[CIshattered (non-tempered) [Ccracked (a.) [Cchipped (b.)
(a.) Cracks (#): 1 2 [3 [14-10 [1>10
Crack(s) start from: [Jmodule corner [COmodule edge [cell ~ [Jjunction box
[foreign body impact location
(b.) Chips (#): 11 2 3 [d4-10 [J>10
Chipping location: [Omodule corner [COmodule edge
4. Backsheet: O not applicable [Japplicable
Appearance: [like new [Jminor discolouration [Imajor discolouration
Texture: [like new [CJwavy (not delaminated) [Jwavy (delaminated) [Jdented
Material quality chalking: [Inone [Islight [Isubstan-
tial
Damage: [Ono damage [Jsmall, localized [Cextensive

Damage Type (mark all that apply):
[CJburn marks (a.) [Jbubbles (b.) [Jdelamination (c.) [Jcracks/scratches(d.)
(a.) Burnmarks (#): [1 2 [@O3 [O4-10 [J>10
Fraction of area burned:
[0<5% [15-25% [P0% [175%-100% (consistent overall)
(b.) Bubbles (#): 1 02 [3 [J4-10 [>10
Average bubble dimension:
[0<5 mm[]5-30 mm []>30 mm
Fraction of area with bubbles > 5 mm:
O<5% [15-25% [150% [175%-100% (consistent overall)
(c.) Fraction of area delaminated:
O<5% [1525% [150% [175%-100% (consistent overall)
Fraction of delamination that exposes circuit or cell(s)
O<5% [15-25% [150% [175%-100% (consistent overall)
(d.) Cracks/scratches (#):]11 02 [3 [O4-10 [I>10
Cracks/scratches location: [Jrandom/no pattern [Jover cells  [Jbetween cells
Fraction of area affected by cracks/scratches (approx.):
[0<5% [15-25% [150% [175% - 100% (consistent overall)
Fraction of cracks/scratches that expose circuit (approx.):
O0% [125% d50% [175% [J100%

5. Wires/Connectors:

Wires: [Cnot applicable  [Jlike new [Opliable, but degraded Cemobrittled
(mark all that apply): [CJcracked/disintegrated insulation Cburnt
[CJcorroded [Janimal bites/marks

Connectors: [Jnot applicable [Jlike new [Cpliable, but degraded [Clembrittled
Type: [CJunsure [OJMC3 or MC4 [Tyco Solarlok [other
(mark all that apply): [Ccracked/disintegrated insulation [Jburnt [corroded
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6. Junction Box:

Junction box itself:
Physical state:
(mark all that apply):

Junction box adhesive:
Attachment:

Pliability:

O not applicable/observable [Japplicable

[intact [Junsound structure
[Jweathered [CJeracked [burnt Cwarped
[intact/potted [loose CIfell off [cracked

[Onot applicable/observable [Japplicable
[Jwell attached  [Jloose/brittle Cfell off
Olike new [Opliable, but degraded Cemobrittled

Junction box wire attachments: []not applicable/observable []applicable

Attachment:
Seal:
other:

7. Frame Grounding:

[Jwell attached  [Jloose Cfell off
[Jgood seal [seal will leak
[Oarced/started a fire

Original state: [JWired ground [JResistive ground[JNo ground OJUnknown
Appearance: [Not applicable [JLike new [JSome corrosion [JMajor corrosion
Function: [OWell grounded [JNo connection

Photos taken of []back, label, and junction box

CONTINUE INSPECTION ON FRONT SIDE OF MODULE

8. Frame:

Appearance:
(a.)(mark all that apply):

Frame Adhesive:
(a.) (mark all that apply):

9. Frameless Edge Seal:

Appearance:

O not applicable O applicable

Olike new [Odamaged (a.) [missing
[minor corrosion [Omaijor corrosion [Jframe joint separation
[Cframe cracking [Jbent frame [discolouration

[Jlike new/not visible []degraded (a.)
[Jadhesive oozed out [ Jadhesive missing in areas

[Onot applicable [Japplicable

Olike new [Cdiscolouration (a.)[Jvisibly degraded

(a.) Fraction affected by discolouration:

Material problems:
Delamination:
(a.) Fraction Delaminated:

O<5% [15-25% [150% [175%-100% (consistent overall)
[squeezed/pinched out [Jshows signs of moisture penetration
[CInone [CJareas(s) delaminated (a.)

[0<5% [15-25% [150% [175%-100% (consistent overall)
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10. Glass/Polymer (front):

Material: Oglass Cpolymer [Cglass/polymer composite [Junknow

Features: [Osmooth  [Jslightly textured [Ipyramid/wave texture
[Jantireflection coating

Appearance: []clean [Tlightly soiled [Iheavily soiled
Location of soiling: Olocally soiled near frame:
Oleft [right Ctop [Jbottom all sides

Olocally soiled on glass /bird droppings

Damage: [Jno damage [small, localized [Jextensive
Damage Type (mark all that apply):
[Icrazing or other non-crack damage
[shattered (tempered ) [shattered (non-tempered )

[JCracked (a.) [CJChipped (b.) [CIMilky discolouration (c.)

(a.) Cracks (#): 1 O2 [@O3 [~d4-10 [OJ>10
Crack(s) start from: [module corner [module edge  [Tcell Ojunction box
[Jsomewhere else [Jforeign body impact location
(b.) Chips (#): 11 [O2 [@O3 [O410 [d=10
Chipping location: [Jmodule corner [Imodule edge

(c.) Fraction of area: [0<5% [15-25% [150% [175%-100% (consistent overall)

11. Metallization:

Gridlines/Fingers: [not applicable/barely observable Capplicable
Appearance: Olike new  [Jlight discolouration(a.) = [Jdark discolouration(a.)

(a.) Fraction of discolouration:
[<5% [15-25% [150% [175% -100% (consistent overall)

Busbars: [Inot applicable/not observable [Capplicable
Appearance: [llike new [light discolouration (a.) [] dark discolouration(a.)

(a.) Fraction of discolouration:
[<5% [15-25% [150% [175% -100% (consistent overall)

(mark all that apply:) [] obvious corrosion [ diffuse burn mark(s)
[ discernibly misaligned
Cell Interconnect Ribbon:[Jnot applicable/not observable [Capplicable
Appearance: [llike new []light discolouration(a.)  []dark discolouration(a.)

(a.) Fraction of discolouration:
[0<5% [15-25% [150% [175% 100% (consistent overall)
(mark all that apply:) [] obvious corrosion [] burn marks [] breaks

String Interconnect: [Inot applicable/not observable [Capplicable
Appearance: Ollike new [light discolouration(a.) [dark discolouration(a.)

(a.) Fraction of discolouration:
[J<5% [15-25% [150% [175% -100% (consistent overall)
(mark all that apply:) [‘Jobvious corrosion [ burn marks [] breaks
[arc tracks (thin, small burns)
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12. Silicon (mono or multi) module:

Number of:
Cells in module
Cells in series per string
Strings in parallel
Cell size:
Distance between frame and cell:
Distance between cells in a string:

Discolouration:
Number of cells with any discolouration:
of those, average % discolored area:

O<5% [15-25% [050%

Width cm
0>10mm [ <10 mm
O>1Tmm [J<1mm

O not applicable [Japplicable

Number of Bypass diodes per string

Length cm

[ nonellike new [light discolouration [Jdark discolouration

[075%-100% (consistent overall)

Discolouration location(s) (mark all that apply):

[Jmodule center
[Clover gridlines [CJover busbars
[lindividual cell(s) darker than others
Junction box area:

Damage: [none
(mark all that apply:)
Oburn mark (a.) Ocracking (b.)
[foreign particle embedded
(a.) Burns (#): [1 2

(b.) Number of cells cracked:

3

(c.) Number of cells with worm marks/snail tracks:

Delamination: [Onone [Ifrom edges
[Ibetween cells (a.)

(a.) Fraction delamination between cells:

[1<5% [15-25% [150%
(b.) Fraction delaminated over cells:
[1<5% [15-25% [150%

Likely interface (choose 2):
[ glass [Jsemiconductor

[Jmodule edges

[Jsame as elsewhere [ Jmore affected

[cell centers [cell edges
[CJover tabbing [Jbetween cells
[Cpartial cell discolouration

[less affected

[Omoisture CJworm marks/snail tracks (c.)

[J4-10 =10

CJuniform [corner(s) [Inear junction box
[Cover cells (b.)[Inear cell or string interconnect

[175% -100% (consistent overall)
[J75% -100% (consistent overall)

Oencapsulant [Jback sheet[Jbusbar
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13. Thin-film module: [not applicable [Japplicable

Number of cells:
Number of cells in module
Number of cells in series/string
Number of strings in parallel

Cell size: Width cm Length cm
Distance between frame and cell: [J>10 mm <10 mm
Appearance: [Jlike new [Chinor/light discolouration“najor/dark discolouration
Discolouration type (mark all that apply):
[Cspotted degradation [CJhaze(encapsulant browning)[Jother
Discolouration location (mark all that apply):
[CJoverall/no location pattern [[Jmodule centre [Jmodule edge(s)
[Ccell centre [Jcell edges [CInear crack(s)
Damage: [[Jno damage [Ismall, localized [] extensive
Damage type (mark all that apply): [Iburn mark(s) [Jcracking
Opossible moisture [foreign particle embedded
Delamination: [] no delamination [small, localized [ extensive
Location:  [from edges Ouniform Ccorner(s)
[Onear junction box [Inear busbar [Calong scribe lines
Likely interface (choose 2):[]glass [Isemiconductor [Jencapsulant
[Ibusbar
Delamination type: [[Jabsorber delamination [JAR coating delamination
[other

Photos taken of [] front and defects

14. Electronic Records dapplicable [Onotapplicable

Photographs and /-V curves recorded electronically-list file names in blanks

Photo files

I-V curve

Connector function: [functions [Ino longer mates [Jexposed
Irradiance Sensor
Temperature Sensor
EL picture
IR picture
Bypass Diode Test: Capplicable  [Inot applicable
Number of diodes:

In total , shorted , open

OTHER
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For further information about the IEA — Photovoltaic Power Systems Programme and
Task 13 publications, please visit www.iea-pvps.org.


http://www.iea-pvps.org/
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