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INTERNATIONAL ELECTROTECHNICAL COMMISSION

DERISKING PHOTOVOLTAIC MODULES - SEQUENTIAL
AND COMBINED ACCELERATED STRESS TESTING

FOREWORD

Tha Intamatonal Elecirolechncal Commission (IEC] i a worldwide organization Tor siandardzalicn  comprising
al national edecliratechrmical  commillees (IEC Malional Commilles2s). The object of 1EC s 1o promoba inlernalional
co-aparalion on all questions concerning  slandardizalion  in the secifcal and eeclronic Tields, Talhs end and
in addilion bo olher acSsities, IEC publishes Intemational Standards, Technical Spedficaions, Technical Roports,
Publicly Avsllable Spaecificatians (PAS) and Guides (hareafler  refamed W a5 CIEC Publication(s)),  Their
preparation 5 @nbrusied botachnical committess: any IEC National Committes inerestad In tha subject daalt with
may panticipals in U‘iﬂ-ﬂl‘l&l’.‘ﬁl‘-&lﬂl}' wearl, Inbannational, QD‘-‘HI‘r’II’ﬂHI’Ilﬂl arvd r'ﬂh"l-gl'.‘l'lﬂl'r'll'r'rél'l'lﬁl I}l'ﬂal'lizﬂ'l'.'ll'lﬂ- |i-Ei5iI'lg
with the IEC also participate in this preparation. [EC collaborates dosely with the inbernatioral  Organzation  for
Standardeation (150 inaccordanca  with condfions  delemined by apeament  betacen the twa organizations,

Tha tormeal cecisions of agresmants of IEC ontechnical matiers exprass, 88 nearky as possibla, an intamatonal
congangies ol apinean on e melevant subjects  since each iechnical commdies has represeniafion  from all
imerealed |EC Nalional Commiltees.

IEC Publications have ithe form of recommendalions  for milermalional wse and are accepled by IEC Mational
Commitieas 0 that sonse, While all reasonable  efforts  are made o enswe that the iechnical  contand of IEC
Publications |8 accurate, IEC cannol be held responsible Tor the way in which ey ama used or for any
misnleprelation by any end user

In arder 1o promode  inbermational  undormily, IEC Matioral Commiltess  undedake to apply IEC Publications
ransparently 0 the madmum exdent possible in their national  and regional  publicalions. Ay diverpence  betaeen
any |EC Publication and the comesponding national or negional  publication  shall be chearly indicated in the latber,

IEC itself does nat provide any aftestation of condormity, Indapandent cedification bodes provide condgrmity
assegament Sarvices and, in some areas, access o IEC markes of conformity. 1EC 8 not responsibla for any
services camied oul by independent  cedification  bodies,

A users should ersure that they have the latest edibion of this publicabion.

Mo lability shall attach to |IEC or its directars, employees, servanis o agents  including  individual  eapers  and
membars of its fechnical commibiess and IEC Mahonal Committass  for any parsonal injury, proparty damage or
alhar lﬂ-EI'I"I-E!;-E of ary  naturg whabsoeyar, ahelher direcl o indirecl,  or for costs ﬁl'l-l!h.ﬂil'l!; |Eﬂﬂ| faea) arsd
EEpENEed al'iﬁ-il'ﬂ oul ol the publication, wse of, of mdiance wpon, s IEC Publication or arry alkar IEC
Publicagicors.

Attention & drawn o the Nomatise references cibed in this publication. Use of the referenoed publications s
indispensable for the comect applicaton of this publicabion

Aftenlicn is drawn iothe possibilty et some of the alamants of this IEC Publication may ba the subjct of patent
rights. IEC shall nol be held respensitle for idenlifing any ar all such palent rghls.

The main task aof IEC technical committees is o prepare International Standards. Howeawver, a
fechnical commilfee may propose the publication of a technical report when it has collected
dala of a different kind from that which iz normally published as an International Standard, for
example "state of the art”.

IEC TR 63279, which is a Technical Reporl, has been preparad by IEC technical commitbes 82
Solar photovoltaic energy systems,

The text of this Technical Report is based on the following documents:

Enquiry draff Raport on woiing
E2MESTIOTR E2MGE2E/RVDTR

Full information on the voling for the approval of this technical report can be found in the report
an voling indicated in the above labla.

This document has been drafted in accordance with the ISONEC Directives, Part 2
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The commitiee has decided that the contents of this document will remain unchanged until the

stabllity date indicated on the |EC website under "hitp:'webstore.lec.ch” in the data related to
tha specific document. At this date, the documaeant will be

«  peconfimed,

* withdrEwn,
*  replaced by a revised edition, of
«  amendad.

IMPORTANT = The ‘colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be wseful for the correct understanding
of itz contents. Users should therefore print this document using a colour printer.
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DERISKING PHOTOVOLTAIC MODULES - SEQUENTIAL
AND COMBINED ACCELERATED STRESS TESTING

1 Scope

This documant reviews ressanch infe sequential and combined accalerated stress lests Thal
have heen devised to determine the patential for degradation mades in PV modules that ocowr

in the field thal single-factor and steady-state tesis do not show, This document is intended 1o
provide data and theory-based motivation and healp visualize the next sieps for improved
accelerated stress tests that will derisk PY module materials and designs. Any Incremental
savings as a result of increased reliability and reduced risk franslates into lower levalized cost

of electricity for PV, Lower costs will result in fagter adoption of PY and the associated benefits

of renewable energy.

2 MNormative references

The following documents are referred in the text in such a way that some or all of their content
constifutes requiremeants of this document For dated raferences, only tha edition ciled applies.

For undated references, the latest edition of the referenced document (including any
amendmenis) applies.

[EC 60721-2-1, Classifization of environmental condifions — Parf 2-1; Environmental condifions
appearing in nalure — Temperalture and hurmicily

EC 6121512016, Teresival phofovoltalc  (PV) modules - Design gualiicalion  and fype
approval — Part 1: Tesl requiremaents

EC&1215-2:20M6, Teresiral phofovoltalc  (PV) modules - Design gualiication  and fype
approval — Part 2@ Tesl proceduras

EC 61730-2:2016, Photovaltaic (PV) moowe safely qualfication - Pard 20 Reguirements for
fesfing

IEC TS 61836, Solar pholovoltale energy systems = Terms, definiflons and symbols

IEC TS 627BZ2:2016, Fhofovolaic (FV) modwies — Cyclic (dynamic) mechanical load testing

IEC 62788 (all parts), Measurement pracedures for mafarials used in phofovoliale moadilas

IEC TS 62804-1, Pholovalfaic (PY] modules — Test methods faor the defection of polential-
induced degradation = Part 1 Crystalling sifcon

IEC TS5 62B04-1-1. Pholovoltaic (PV) modwes — Test methods for the detechion of potaniial-
induced degradation — Parf 1-1; Crysfalling silicon — Delamination

A5TM DTE69-17 Slandard Practice for Xenon Arc Exposwre Test wilth Enhanced Light and
Water Exposure far Transportalion Coatings
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3 Terms and definitions
For the purposes of this document, the terms and definitions given in IEC TS 61836 apply.

120 and IEC maintain terminological databases for use in standardization at the following
afddressas:

+ |EC Electropedia: available at hifp:/fwww. electropedia.ong!
* 120 Onlina browsing platform; available at hitp: e iso,.orglobp

4 Framework for sequential and combined stress testing

A number of researchers, companies and testing |aboratories have explored aspects of
sequential and combined stress testing to fill outstanding needs. Such needs include testing
beyvond IEC 61215-2, which for the most part does not purport to examine for end-of-life waar-

oul amd failure mechanisms. In other cases, siresses ara sequanced and combined lo ebcil
failure modes that have been sean in the field that existing IEC tests may not evaluate.

& framework  for organization s proposed thal implements  stress factors of the natural
envirpnmeni, sequences and combinations of applying them, and sample types that may be
employed lor evalsalion. To ilustrate this, Figure 1 s inlroduced, which gives a thiee-
dimensional plot with the axes of =ample, factor, and combination, that together indicate the
comprehensivenass of test methods 1o represent the effects of the natural environment on the

sample in accelerated testing.

Firsl the sample comprebensiveness axis of Figure 1 is discussed. As a new maleral i
explored, the materal itself s studied to achieve a basic understanding of its infrinsic
degradation mechanisms and durability. Thus, material and coupon tests as they are performed

now according fo IEC 62788 series matarial tests will be valuable. Howewver, failures often ocour

al the interfaces between materials, and the pedormance of one component of the moduke often
depends on the behaviour of another component or material in the assembly. Therefore, to
represent  the maleral  interactions,  boundary  condiions  in actual  use, and siresses
experienced, it is necessary to examine mini-modwes, and most comprehensively,  full-size
madules with all their components,

Mext the faciors comprehensiveness axis is discussed. This is the number of stress factors of

the natural environment applied in lesting of the sample. Moving from single stress factor lesls

to multi-factor tests  increases confidence  of capiuring the faciors relevant to both known and
unknown degradation modes. Using ane factor alona may be useful to svaluate an accedaration

factor or an activation energy associated with that stress for aspecific degradation mode or
mechanism that is already undersiood 1o depend principally on that siress facior independently

of athers.

Fimally, the combination comprahensiveness asis is discussad. It represents the manner of
integration of the stress factors on the sample. We sesk to sequence and combine the stress

factors in a manner thal represents  how they appear together in nature to increase  the
probability of accelerating only the real degradation modes in the module as they would
manifest in natwre. As stress faclors are considerad, individually of in caombinaticon, 11 s
necessary to understand whether stress levels applied are maintained within the levels of the

natural environment, o il they are exceeded. If exceeded, acceleration of the test may be
imcreased, but there is significantly incressed potential of incurring degradation modes that are
antifacis—maodes  nol necessarily represeniative  of those that would be seen in the natural
environmeni.

Tablas ara given in this doecument for vanouws experimeantal results in the framework of Figurs 1
condensed into two dimensions. These serve to explain how the sequential  and combined
accelerated siress tests, with consideration of sample typa, factors, and their combination, have
served o produce particular  failures or degradation modes. In these condemsed  two-
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dimensional phots, the wvarious column-listed stress factors may be an individual stress factor
such as mechanical load, or an existing IEC 61215 stress test, such as damp heal or thermal
cycling, which in ilself contains factors of temperature cycling and curreant through the cell
circuit. Annexes in which the failure modes are collected for reference are as follows: Annex A
Cwarview of degradation modas and causal stress factors, Annex B: Failure modes plotted an

a fallure free diagram for selected clauses in this document, and Annex C @ Summary table of
sequential and combined testing: samplas, factors, combination, and stress test results of the

samples studied. The templates in these Annexes may be useful for classifying other faillure or
degradation modes as they become undersiood in the future.

Cambination
'Y
Combined
Crpclic saqueniial | ’
Saqueniial o
Steady-stabe o
SII'I!;IE'FEMI'.'I' T factor  Mulli fasior
= Faclors
Malenal - R
Ceupan
Mlini-module
ni-module p——
Modiile

o
Sample
EC

Painiz shawn arg possibdities Tor 1esing  within 1his speca.

Figure 1 - Framework for sequential and combined stress testing, showing three axes
of comprehensiveness: testing samples, the number of stress factors of the natural

environment, and their sequence or combination of application

5 Sequential and cyclic sequential test methods
54 Extended damp heat and addition of ultraviolet light

Extended damp-heal (DH) testing has frequantly bean used to atiempt to differantiate durability

of P\ modules. An example of this is shown in Figure 2a), Five modules undergo five iterations

af 1 000 h duration DH tests at 85°C and 85% relative humidity (RH). Four module types
exhibit great degradation after 2 000 hthat is due to fill factor {  &F) loss from metallization to
silicon contact-resisfance increase. The degradation comeas af test conditions with temperatura

in combination with humidity significantly exceeding those found for modules in PY field
installations, and the degradation mechanisms obsarved with extended DH tests have
frequently been inconsistent with those seen in fielded PV modules [1]1. Reviews of
agglomerated field-degradation data for crystalline silicon cell modules hawve shown degradation
primarily by shorl-circuilt current [fe) loss followed by FF loss and the least degradalion

exhibited by open-circuit voltage [ Fo) [2].

Excessive humidity may lead to wnrealistically high levels of acetic acid formation, leading in
twrn o unrealistically high  FF losses through grid finger to slicon contact corrosion and other
mechanisms. Therefore, excessively long DH stress tests thal produce very high acetic acid

1 Numbars in Bquare brackeis reler o the Biblicgrapny.
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levels are believed to hawve limited wse in evaluating the durability of conventional crystalline

gilican PV modules nstalled in the fleld.

If, aftar 2 000 h of DH festing, modulas were transferraed for ultravialet {(UV) exposurse in a OH
environment with an 85 °C largel module temperature, then the power losses were more modest

as shown in Figura 2b) and reported to be primarily associated with fae dagradatian [1], which

is represenialive  of whal is observed in the field. Including UV radialion is necessary o
represent this stress factor of the natural environment, A summary of the sample vpe wused,
stress factors, and their sequence and combination, along with resuliing degradation modes
seen for the modules in the study, is given in Table 1.

E [
E1 -—ﬁ_‘,
: T
Lk et
. 0.8
_'l.
T S p— T —— M1
0.4 ¢ —a— pZ ¥ - 0.7 —a— W2
0.3 —a— {3 - —— W3
0.2 —v— A % 06 f-- -
0.1} —— 5 rr—y - M5
- 05 -
y u] 1000 2000 3000 4000 5000 a 1 00 2 a0 3 (=) 4 a0
Time (h) Tirne k!
T iEC
al b}

a) Module M1 with thermoplastic  and modues ME-MS5 with elhylens wingl acetate ancapsutant through 1 000 hool
85 °C and 85 %% relative humidily damg heal cpdes.

b)Y Modules thraugh 2000 hof the damp boat esposure in (a) faliowed by plecoment under UV radiation and damp
heat [1]

Figure 2 — Fraction power loss of modules though stress testing

Table 1 - Extended damp heat and ultraviolet light

Saquantiall Stress facior & Strass factor B Combinad strass
combined affectjs)
DH UV+DH
Matanal
Coupon
Mni-fodile
Fadule 85 "CBS % RH 200 W 2 UG-, Degradation of fse and  FF
2000 k
. in betler proporlion b fiekd,
B3°C module tempersture. | ord flald-relevant  levels
2000 h of humidity after L
EEEIDSUNG.

Saquential ) Combinad: & B

52  Sequentiallcombined testing with damp-heat, thermal eyeling and ultraviolet light

A saguenfiial test is shown in Figure 3a) developed for the application of additional stress factors

with more balanced levels considering the relative levels seen in ouldoor exposure and 1o
preduce dagradation modes in reasonabde proportion to those sean in the field. In addition to

OH and DH with LN sequences, temparature cycling is included, which adds thermomechanical
siresses, Table 2 summarizes the siress laclors applied.  the levels, and the resulls of lhe
combined strass effects.
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Because of acetic acid formation, attention has been given to humidity levels when altemating
between DH in the dark, which drives humidity into the module, and DH with LY radiation, which
drives moisture out of the modula, as illuminabion does im PY modules installed in the field [1].

On the backsheet side of the celll humidity levels reach corespondence with chamber
equilibrium; on the front side of the cell, simulations show humidity levels stabilizing around
30 % lower in the allernating sequence than in the continuous DH case, reducing unrealistically

high formation of acetic acid that can affect the metallization-silicon contact of some solar calls.

The UV can also degrade the cell-front passivation, reducing fac and Foc [3], and it can cause

transmission lass in the encapsulant, contributing to degrading fse [4], which is observed in the
results in Figure 3b) fo d).

Appropriate humidity levels amd durations for accelerated tests in OH depend an whether
moslure-barrier componanis are required and on the degradation kinetics of thia particular salar

calls [5]. Based on simulatians, it has been proposed that testing for more than 3 000 hin 85 *C

and BS % RH i necessary o duplicate the moisture-ingress distance expenenced by an edge

seal after 25 vears of exposure in the Miami, Florida (USA) use environment [B]. This level,
however, causes hydrolysis  of polyethylene  terephthalate (PET) layers in backsheets used in
many crystallime silicon cell-based modules. Extensive degradation by hydrolysis of PET has
nol been seen in fielded PV modules, so extended DH testing (in this case, 85 °C, 85 % RH,
and 3 000 h} is considered too extreme a level for testing failure modes that could be linked to

PET degradation [¥]
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Tempiemiue cyobe —80 "0 785 "C 100 s MRHN E 0.0
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Figure 3 = a) Combined test sequence, and resulting b) normalized power loss, ¢) shori-
FF 1]

circuit current [ Fsc), and d} fill factor |
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Figure 4 = Power degradation of modules in 85 *C and B5 % relative
humidity as a function of extent of preconditioning under Xe light [9]

Table 3 — Ultraviolet light and damp-heat interaction

Suum Stress facior A Stress factor B wﬂdl::r.“
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E'I-E‘:!‘E“rlinduln temperature |1 500 K increased comtact

1500 hio 4000 b :IE.;':"W of gnd fingers fo
Madule
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54  Testto-failure — A sequential test protocol

The “Terresirial Photovoltaic Module Accelerated Test-lo-Fallure (TTF) Protocol” was devised

im 2008 and subsequently demonsirated to fill a gap between gqualification festing and
comprehensive accelerated lifetime testing [10-12], This protocel shown in Figure 5a) also adds

stress sequences in combinations, which manifest in degradation mechanisms nol prasently
examined in standardized qualification testing. The TTF prefocol exiends the environmental
chamber tasting until faillure modas in the module can be ssen to a sufficiant magnibude to ba

studied [e.g. greater than 20 % degradafion). The protocol was devised to compare the
raliability of diffarent modules on & quantitative basis and to evaluate the performance of new

madule types to incumbents, A key technical and intellectual exercise not to be overlooked in

the analysis of the TTF resulls is an evaluation of the significance of degradation modes or
failures seen. This is in part because the stress levels applied are far greater than found in
natura, iherefore spurious failures may oocur.  Fiald testing and further chamber testing to
determing acceleration factors for issues found may need to be performed to evaluate if the
degradation modes will be seen in fielded PV modules.

Examples of module power results through the TTF prelocol are shown in Figure Sb).
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B. Damp Heat with € Thermal Cyeling | D. Alteming
Sequence | A. Conired Bias 85 "C / 85 % RH with load -40 C / 85 °C Seq. BIC
5 kWhem ¥ light soak
Rigand 1) [DH« OH- T TC [oH+ DK
Round 2 OH- OH- TC TC [tc  [rc
Round 3| bpets O = e DH+ DM
Riound 4 | IDH= OH- ITe TC i'rc TC
_ Rowww) | ¢ 0 1 1 1 1

& DH refers 1o 1 D00 h 85 °C 7 85 % RH, IEC 812152 MQT 13

# OH+-) ndicales +{-) valtage bias of §00 V or module’s rated system valage, wichever is greater, on the soried madule
leads wilh respect o grourded frames,

# TC refers io 200 cycles betwesn <40 °C and 85 °C, IEC 61215-2 MOT 11, but with Inpappiud when 7= 25 *C durng
h FEMIE UP I bemperaiune.

= Alt. DHITC refars o a sequence of alternating 1 000 h OH and TC 200 stress cycies described above

oy

al

focelerated Lifetime Tesling Sequence
BIDHA(Y |  EBFDHECT | [ [ CITC | DTARDH[=PTE | OF AEDH CuTe |

pRREIES o

D120456701234658701234668701234E6 701234687012 34687

Round in Accalerated Lifetime Tesbng Sequence -

B}

Moat module fypes shown ware nun for five rounds. Rounds consisled of 200 thermal cycles of 1 000 h of demp heat
wilh either + ofr —nameplals  gyafam-olage  applied. Module ype 2 besling was laminaled ai three raunds of thermal
cycles, and type 7, alaiecomsr bto the program, was bested anly through alemating OH <) ¢ themal cycle for sic
reunds [123]

Figure 5 — a} Overview of the test-to-failure sequences, and b) results showing
mizdule power normalized to their post-light-soak values for seven module typss

Module nameplate system-valtage |  Vsys ) bias of 800 Y, either in (-) or {+) polarity, was applied

o the active cell circuit im the DH environment, [DH [+), DH (-}]. These sequences discem
suscaplibility o various potentiak-induced degradation (PID} modes such as junction shunting,

loss of surface passivalion {polarization), and electrochemical reactions an the cell surface that

may lead o delamination and loss of Bght transmission o the cell due to degradation of the
antiraflective coating or the encapsulant.

Modules tested through thermal cycling (TC) with e shor-cireuit current passing through tha

cell strings show mild degradation. In some cases, cracks propagated through cells that ked to

partially disconnected cell regions. In some cases, TC can lead to other ssues including  hot
spods, interconnect fatigue, and solder-biond failure,

The altarnating damp heat with bigs and thermal cycling are sequences Al DH (+ or -0TC. DH

may embyrittle some polymers, and the thermal cycling applies some thermomechanical stress

and causes desiccation thal can lead Io loss of loughness. Examples of degradation modes
fourdd wien applhying the TTF protocol are shown in Figure Ga) to d), Some of these degradation
modes  (backshesl cracking, delamination, and inlerconnect  cormosion) have also bean
observed by others in their work on sequential and combinaed acceleration tests for crystalline

silicon PV modules [13, 14). The acceleration faciors for these degradation modes are still being
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studied. The levels of siress applied in the TTF are higher than in the natural environment, but

the resulting  degradation modes are frequently  seen to be field-relevant  considering  thelr
observation in the field [12]. These degradation modas were nol sean in any of the single-factor

tesis such as DH, themal cycling, or humidity-freeze  tests, However, if modules are run for
longer duration in single-factor  tests, some of the degradation modas mighi eventually be
chserved., Because the levels applied in TTF exceed those of the natural environment, the
machanisms of degradabton obsarvad may be differani, even if the modes appear tha same. A
summary of the sample type used, stress factors, and their sequence and combination, aleng

with resulting degradation modes saen for the modules in the study, is given in Table 4.

) o)
a) Backshest embrittied indamp heat and cracked in he fallowing  thermal  cycling;

bl Degradation of slicon nitrde antrefliective  coaling 0 damp heat with posiive system  voltage bias applied %o the
cedl orout;

¢l Delamination of an lonomer-bassd  theemoplagtic  encapeulam through 3 000 hdemp heal and posilive  Byelem

vollags biss appled, and
9 Corrasion, delamination, and won migralion amourd bus fbbon in 2 000 b of damg heal with positve system voRape

applied [12).

Figure 6 — Examples of field-relevant degradation modes
seen in modules tested in the test-to-Sfailure protocol
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Table 4 — Test-to-failure — Sequential test protocol

Soguentiall Combined stress
Bhivé o Siress Facior A Stress Tacior B Streas fachor C effect(s)
DH/ Fays blas {+] or | TC with application |C¥clic application of
“ of i SErASs fnr.'l;u A and
haterial
Caupan
Mini-mocule
Modula 85 /A8 % AH, =40 "G 85 ", Stress Factors & and |Backsheat cracking,
s,
«500 War =600 W, Kz, 2000 '::.":h‘."ﬁ- kelaminalion, PIO,
1000 h lmakder-band  failure
nitreflective  coaling
egradation
SequentighCombined;, =4 B =n

5.5 Sequential test protocol optimized for differentiating backsheets

Based on detailed field siudies of module degradation medes, accelerated tests to betier the
failure mechanisms in backsheels have been devised after finding that single-factor stress lesls
capiure some of the cbserved field failure modes, bui that they miss others resulting from
synergistic effects or combinations ol siresses applied in a sequence. To address this, three
sequential siress tests referred to as module accelerated stress tests (MASTs) were developed

and applied; these are shown in Figure ¥ [15] and summarized in Table 5 through Table 7.
Thesa were developed using mini modules, but some of these tests are also being extended o

full size module.

The first of these tests, MAST #1, incorporated DH of 85 °C and 85 % RH in an initial exposure

af 1 000 h. This durabion is based on comparing the mechanical properties of backsheats from

the field and backsheeis exposed to the DH. Both modules exposed to this DH level and
modulas in the field for over a 25-year penod using a polymer A-layvered backshesl did not
exhibit impaired mechanical properies, as confirmed by measurements of tensile sirength and
mechanical elongation 1o break tesis. Exposure 1o greater than 1000 h of DH was found bo
cause hydrolysis damage to the polyesier core within the backsheet, leading to degradation in
mechanical properlies nol seen in the fiekd.

U dose applied in the MAST assumes an albedo exposuwre of 12 %, The fotal UV exposure

over 25 years of the back side of the PY module is estimated to be about 276 KWhim 2 (300 nm
fo 400 nm}) based on meteorclogical data in a desert cdimate. Four 1000 h UV-A exposure

segments at an intensity of 65 W/m 2 (300 nm to 400 nm) are employed in MAST #1, The test

uses eithera 70 "C  black-panel temperature (BPT), with sample temperature of about 70 "C;

ar, for higher accaleration fillered Xe lamp exposure, 90 "C BPT with sample temperature of
about 75 °C [16].

To apply thermomechanical stress, standard thermal cycling (40 "C to B2 "C) up to 800 cyclas

is applied, which & commaonly used in the industry for extended durability testing. Although not

yvel incorporated  into a MAST, cyclic mechanical Ioading steps are also being studied for
inclusion because they have been found o assist in replicating an encapsulant'glass interface
dalamination mode that has been observad in tha field; this is discussed in 6.2 .4. A summary

of the sample type wsed, stress factors, and their sequence amd combination, along with
resulting degradalion modes seen for the modules in the MAST #1 study, is given in Table 5.

Figure 8a) o d) shows optical  photos of module  degradation  modes resulting  from the MAST
#1 testing, compared to images ablainad from fielded PV modules. Tha images reveal cracks

in a polymer B-based backsheet type after the second or thind application of a UV-Xenon lamp
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(U] sequence and in - polymer C backsheeis afier the first application of the UWVX sequencea
im MAST and also in the field

In some cases, as in degradation of palymear C, the MAST #2 sequence without LN radiation
could also resull in backsheel cracking,  indicating that LWV radiation  is not & critical factor  for
degradation of this material. Heat can ba respaonsible for the cracking [17], and the cracks open
imitially over regions of high mechanical stress, including over 1ab ribbong and between cells in

the modula. A summary of the sample type used, stress facitors, and their sequence and
combination, along with resulting degradation modes seen for the modules in the MAST #2
study, is given in Table &.

Yellowing of the inner layer occurring in a polymer B-based backsheel was shown with UV
radiation im MAST #3 testing as in Figure 2(e). This type of construction also exhibited yellowing

im the field as shown in Figure 8f) [18]. A summary of the sample type used, stress factors, and

their sequence and combination, aleng with resulling degradation modes sean for the modules

im the MAST #3 study, is given in Table 7,

Thermrna Thermal Thesmal
h
6 mondhs duration o soing il
1000 + 542 hours 0 ML 200X ,ﬁ__
heours #IC BFT ! i ¥
IHE g Wi 54.2 haum 50 hors
WRB0C BPT 08 L "._EII'B: E-F"" ' E-:]C BPT
I- xx:""-._ _.-"- >
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1 000 hours 800 thermal stress & Pl
in & hamidity chamsbar cyches 1 1. !
Armounts |o > 25+ years Mimics Mermal stresses Armcunts 1o =20 years
wonth of sireas sean in the Seld dezer! dosas of LA, e
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yeing eyeling
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200 - \ ‘Waber
= SpEY
Damp heat Intarval
T hsgrrmaul """'J
Cydlireg
[19= MG
b} )

Figure T — Module accelerated sequential tests (MAST)
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Table 5§ — Module accelerated stress test 1 (MAST #1)

Sagquantial Stress factor A Stress factor B Htress factor © Combined siress
=l R DH 119 T effacbia)
Matanal
Coupon
Kin-modida TO"C or 75 “C
BE GBS % module bEmperature, TC (-4 “Cf .
1000 h GEWim 2 (300 i fo [gs oy Backshert cracking
400 nm) 542 h
Kadula
Sequertial: A B [T B] =n
Table 6 — Module accelerated stress test 2 (MAST #2)
Sequential Siress Faclor A& Sirens factor B Combined stress
eambined DH TG affaci(s)
Matanal
CoLigan
Mn-modue 85°C 785 B RH 1000 h 3x TCOEOD {-40 “C/ 85 °C) |Backshest cracking
[(podyrnes T}
Fadule
Sequential; A B
Table T - Module accelerated stress test 3 (MAST #3)
Stress factor A Biress factor B
i ] Combined stress offe
combined U+ T Water spray o ress stis)
Faterial
Coupon
Miri-miodule B0 "G, 123 Wik * 1B min (with UV companent  Backshast yellraing
5 Faclor A
(A0 nm o 400 nm) it i) Backshesl cracking
10 min
Mioduika

Sequental A B=1 500 cycles

Sequences using the various capability of weathering chambers were also explored, including

imtermittent light and water-apray cycling.

Imitial efforts were based on a standard weathering

sequence (ASTM G158) incorporaling such water spray, which provides both an added molsture

component and mechanical

ctress  from thermal shock.

Inner-layer

cracking of PET-based

backsheets was produced on a mink-module as shown in Figure 9a) after exposure from the
front with filkered Xe light and front-side water spray (3 500 total hours of fitered exposurs,
123 Wm 2, 300 nm 1o 400 nm, 20 *C BPT; 102 min UV radiation under dry conditions and 18 min

im the dark with water spray cyclically applied). Similar inner-layer backsheet cracking in fialded
modules is also seen in Figure 9b), where the cracks do not extend behind the cells, which

indicates  a phatolylic  degradation mechanism. Further information about

failures studied in this clause can be found in in references [19, 20].

e degradalion and
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o) n

a) Polymar C-based hackshaed tashed thiough BAST #1 displanang cracking, also rapmoedischla wabhout LIV wabh
MAST #2,

b} Polymear © aller live years n the Beld also showing oracks,
¢l Palymar B backshesl thicugh MAST #1,
di Polymar B afier fve years inthe field (armows point out cracked  and pealing  anaas);

&l Fronl-scde LW axposure and S0 °C back-pansl  tempsrature through MAST #3 for amink-module  with & polymes
B backeheal lype showing signilicant  discoloratian, and

I} Froni-sade yellowing inlbe Seld for the polymes B backsheel occwring infive years [15, 20].

Figure & — Degradation modeas from MAST and fielded modules
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Figure 8 — a) Front-side mini-module exposura in a xenon weathering
chamber with water spray; b) fielded module with six years of service
in North America with 30 % power loss [21]

5.6  Mechanical stress testing in combination with damp-heat, humidity-freeze, and
thermal-cycling tests for examining cell cracking and its effects

Snow loading and wind loading events lead to deflection in the module, which causes various
dagradation modes such as crack growth in cells. For example, the changa in modula power
through a windstorm with gusts of 16 mis was studied, The storm resulted in maximum (peak-
fo-paak) displacemant of 1,6 cm. The maximum displacement in tha pasitive direction (up) was

about 0,9 cm and about =077 cmi in the negative direction (down). The event led to a loss in
maximurm power of 2.4 % (relative) attributed o expansion of exiling cracks ralher than the
creation of new cracks [22]. Therefore, crack prevention before or during insiallation was
concluded 1o be critical for mitigating power loss by crack propagation in the fiekd.

After the infroduction of cracks, which may not result in significant power loss, thermal cycling

and humidity-freeze  stress tests will drive crack growth, amd the module will likely show
additional loss in power. An example s shown in Figure 10, where a modified 1EC 61215-2
static mechanical load (SML) test was applied (2 400 Pa applied two timas per sida), followad

by thermal cycling and humidity-freeze  testing, and further stages of mechanical loading and
chamber testing [23]. At stages Il and stage VI, afler the mechanical-loading stages,
thermomechanical stress Is introduced by thermal cycling and humidity freeze, where a greater

drop in the cell performance parameters is often observed. A summary of the samphe type used,
stress factors, and their sequence and combination, along with resulting degradation modes seen

for the modulas in e study, 15 given in Table 5.
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Figura 10 — a) Test-stage description; b) relative change in standard test
condition (STC) module parameters as a function of stage and maximum
power determined at STC [23]

It has also been shown that after loading @ module with a static load, or after walking on a
maduls, the powsar is nol necessanly changad. However, while applying a load (as in a sfrong

wind laad), the module deflects and existing cracks in the cell expand in width, leading fo power

loss from electrically isolated cell parts [24].

Evaluation of tesi sequences fo examine wulnerabilities with respect to mechanical stress B
ongoing., For example, studies show thal a single exposure o low lemperalure  infroduces
fracture of silicon solar cells [25], The mechanism propesed is the confracting encapsulant
bending the cell near the interconnect ribboan, which results in high tensile stress on the back

af the cell. An alternative explanation is concentration of thermally-induced stress in the Si from
confracting interconnect ribkon, Low temperature results in crack formation, where cracks can

expand wnder subsequently applied stress. The freguency wsed during cyclic  dynamic
mechanical load (DMLY, as outlined in IEC TS 62782, also affects power loss, After 50 thermal

cycles, 10 humidity-freeze cycles, and static-load testing are performed, the application of the

same number of cycles at a greater freguency (al the same apphed load) yelkded a lesser power

loss [22].

Table & — SML-TC-HF sequential test

5"!-"“"' Strags Tactor A Siress faclor B Stress Tactor © Combined stress
combined SML TE HF i_ effoot{s)
Fetabarial
Coupon
Kl -mod e
Macule 2 400 Pa TC (IEC §1215-2, HF (IEC E1215-Z, A grealer drop in the
{IEC B1215-2 modifiad) madified) peariormanc
madilied) parameters  afler TE
and HF less; call
cracking

Sequertial A B C A C
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& Mechanism-specific multi-factor stress tests
61 General

This clause discusses how siresses applied in chamber tests in combinations as they appear
in the natural environment lead o the revelation of field-relevant  degradation modes in PV
modules that simgle-factor tests do not appear to show,

6.2 Testing for delamination

6.2.1 General

Delamination iz one of the mosl-freguently observed PV module degradalion modes. By one
estimate, it is the second-most-cited issue [26]. A number of different kinds of delamination are
observed in the field, such as delamination al the encapsulant, front glass, cells, interconnect

ribbons, and backsheet interfaces. These hawve different mechanisms that are enabled by
differing stress faclors. Delamination may further facilitate subsequent module degradation
such as corrosion due to increased moisture  ingress. We next review a subset of the
delamination mechanisms observed in the field and show how a combination of stresses s
invoheed in their manifestation,

6.2.2 Delamination — UV irradiation with high-temperature stress

& study of the delamination occurting between the BEVA layer and the antireflective coating an

tha call in fislded crystalline sikcon modules was performed [27]. Cell surfaces wars coated
with TiQ 2 and Si0 2 antireflection films. Raman spectrascopy showed that the crystal structure

of TiC 2 used in the antireflective coating was of the anatase type. TIO 2 I the anatase phase s
a pholocatalyst for many reactions. Therefore, it may inadvertently promaote oxidation or other
reactions at the interface between polymers and the cell under UV radiation, believed in part 1o

be responsible for delamination seen in the study. Delamination of this type is sometimes seen

in more cells in front of the junction boxes. where the module temperature is hotler in operation.

It was also reported that the delamination of some encapsulants within a PV module could be

induced by UV irradiation with high intensity at a high temperature [25). In a commercially
available PV module type with a conventional architecture (fromt  glass—-EVA—call-EVA-
backshest), delaminabion occurred around the busbars on a PV cell by the irradiation aof UV
radiation (180 W/mz2 im the range of 300 nm to 400 nm) at 65 °C for 100 h, and the area of
dalamination expandead with increasing duration of exposura to these combined strasses as in

Figura 11a). In contrast, no dalamination was detected whan a replica of this PV module typa

was exposed in the dark condition at 75 *C for 1 000 h; Figure 11b). However, a minimal amount

af delamination resulling from exposure at 30 *C without UV iradiation was noted in this study

[28]. The precise mechanismis) on the combined effects of UV radiation and heat in this shudy

have nol been clarified; but it s possible that pholocatalytic  reactions involving the materials
used, such as silver of the grid fingers in the modules, may have promoted the delamination, A
summary of the sample type used, stress factors, and thair sequence and combination, along

with resulling degradation modes seen for the modules in the study, is given in Table 2,
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Figure 11 — a) Stress testing at 65 "C combined with UV radiation dose of 180 Wim 2in
the range of 300 nm to 400 nm, 900 h; b) 75 *C withouwt UV radiation, 1 000 h [28])

Table 9 = UY iradiation under high-temperature conditions

Stress factor A&
SRAHBMIAY Combined stress affact(s)
U+ T
Malarial
Coupon
Fimi-modudic
Madule 180 Wim zab 65 “C 100 h |Ueiarr'-nahnn

Stress facior A UV radiation with elevated femparatuna,

6.2.3 Delamination — UV irradiation with thermal-cycling stress and humidity freeze

In addition to the observation of delamination in 6.2.2 above associated with the factors of UV
radiation and heat, a combaned effect of UN irradiation with thermal cyching stiress was observed

[27]. When tha PV module was exposed to a thermomeachanical stress induced by cycling the

module temperature  between =20°C and T5°C with 1 h dwells at each extreme, slight
dalamination was observed al the EVAzall interface along the busbars within 75 cycles of the

thermal cyeling with UV irradiation of 180 W/m in the range of 300 nm e 400 nm applied anly
during the high-temperature dwell. This contrasts with modules that did not exhibit delamination

after 75 cycles of thermal-cycling testing without UV iradiation {i.e., continuous dark condition)

A summary af the sample type used, stress factors, and their seguence and combination, along

wilh resulling degradation modeas saean for thie modules in the study, & given in Takle 10,
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Table 10 — UV irradiation with TC stress

Saguantiall Stress factor A Stress factor B Combined siress

combinad weT T effactis)
Matanal
Coupon
Mini-moduda
hadule 180 Wim 241 75 "C =230 "C/ 475°C, 1 h |Delamination starling

T:MIE temparatse, dhwels :g:ﬁifr?t:i
125 cyclas

Combined: A« B

6.2.4 Delamination — UV irradiation with cyclic dynamic mechanical loading, thermal
cycling stress, and humidity freeze

A study compared some crystalline-silicon glass-backsheeat film (GB) modubes with crystalline-

gilicon glass-glass (GG) modules, which have shown a prevalence of delamination as illustrated

in Figure 12a) [21]. Commercial GB and GG modules were lested wilh EVA encapsulant and
25 mm thick glass on both sides of the GG module and 3,2 mm glass in the GB module.
Delaminalion observed in the GG module s sometimes associaled with the low permeability of

the glass-glass structure such that any expanding reaction products frapped within the GG
laminate cause bubble formation, initiating the delamination. Other factors affecting the siress

state im the modules, swch a3 whether rigidity of the glass can impede compliance to
thermomechanical slress, are being explored [18).

Ta test for the module’s capability to parform in a dynamic environment with a combination of

siresses  including  wind loads thal may be ftriggering delamination, tests were deweloped
consisting of frontside UV-A (340 nm peak) light exposure, a cyclic DML sequence, 200 thermal
cycles, and 30 cycles  of humidity-freeze testing (IEC 61215-2-lypa) as shown in Figure 12b).
DML 1 congists of 1000 cycles of £1 500 Pa of loading at 0,167 Hz and DML 2 congists of
1000 cycles of £1 500 Pa of loading at 1 Hz at room temperature. The GG construction showed
delamination along the edges and tabhimg ribbon, developing and expanding inward owver the
cells during the course of this lest sequence as seen in Figure 12¢), shown after the humidity-

freeze step. The final proposed stage, DML 3. was not performed becauss the samples had
already axhibited delamination. The glass-backshesl-lvpe moadula run in parallel anly axhibited

minar yellowing. A summary of the sample iype used, stress  factors, and  their sequence and
combination, along with resulting degradation modes seen for the modules in the study, is given

im Table 11,
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ay Anaxampe of dalamination Trom a fiedded glass-gless module afer 21 waars; b & sequential tesi o replicate 1hea
anvironment with UV radiation, cyclic dymamc mechamcal loading, hermal cycling, and humidity freeze, and )
Defamination af aglass-glass module afler the humidity-freeze  parl of lhe =5 seguence  shown in bj [21].

Figure 12 — Delamination in seqguential test

Table 11 = UV irradiation with DML-TC-HF seguential test

i‘:m":r::: Stress factor A | Stress factor B | Stress factor C | Stress factor D m::“m:r
oV DML TC HF
Material
Coupon
Fni-modude: L' A, =1 500 Pa, 0187 |IEC 12152 JEC B12158-2 Cielaminalion im &
Hz, room dlass-glass
tamparalure mgciule
(65 Wim2) 70 °C) |2%1 D00 cycles  |200 cyces 30 cycles
1000 h
Maduls

Sequentia: A B C D B

6.2.5 Delamination — Temperature, humidity, and electric fiald associated with
system voltage

Raesgarchers [27] measured Na accumulation at the delarminaled interface in fiekded modubes.
Sodiurm at the cell surface has been associated with reduced adheasion in PY modules [29]. |
has baen shown thal  Veys  siress [26, 30] with the cells in negative bias leads o the migration

af Ma  jons 1o the cell surface [31]; as a result, a reduction of adhesion can be seen, especially

at the Ag metallization where it collects  [31, 32]. Humidity is  also a faclor leading to reduced
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adhesion of Ag to the encapsulant; but the adhesion is reducad faster when there is negative

Faye Dhas (e, =1 000 V) on the cells [33]. In addition, electrical potential can drive cathodic
reactions, leading to effluence of hydrogen gas that can cause delamination [32, 34]. The Fay
bias, and as a result, the nature of the ionic current that flows through the madule, affects the

pH n the encapsulant and conseqguently the type of chemical reactons that can ooour [32].
Therefore, in most any module durability test, especially those concerning corrosion, i is critical

fo include the factor of  Fsys stress (o represant tha bahaviour in the natural environmeani

Mini-modules subjected to DH at 85 *C and BS % RH for 1 000 h were left 1o dry for an extended
pericd of time before being subjectedtoa PID stress at 72 °C and 95 % RH, with a negative
bias of 1 000 Y with the modules’ face grounded wsing Al foll. Az seen in Figure 13a) and b},
areas of delamination sppeared that are similar to those seen in PY modules fislded for 20
vears shown in Figure 13c). This test was repealed on several minl-modules of a given
conafruction, varying the PID stress-test exposurs time., After a PID siress on the order of 110k,

only a very small amount of delamination was visible. After an addiional 137 h of conlinued
siress, the delamination area significantlty increased [26]. Summarization of the sample type
uged, siress factors, and thelr sequence and combination, along with resulling degradation modes
saan for the modules in the study, is given in Tabla 12. With this method, evaluation of module
laminates for the PlD-delamination mode was incorporated Into [EC 62804-1-1,
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a) and b) show examples of defamination  bebwesn EVA encapsulant and oell afler sxposure 10 85°C and 85% RH
damp heatard then subjected toa PID test at 72 *C and 95 % RMH with anegative biasof 1000 V, maged here afier

15 h
cl A fieded PY module in Flodda shows similar defarmination  infhe vicinily of the tab dbbons and al cell edges [26]

Figure 13 = Dalamination associated with system voltage

In B0-cell commercial crystaline silicon modules tested in the same way, all modules with
leakage current density of 4.9 nd-cm -2 or below measured during the application of the 72 °C

and 95% RH, with —1 000 V Fsys showed no delamination betwesn the cell and the EWVA,
Anather module with a highar leakage current of 16 n&-cm 2 exhibited =eveare delamination over

the course of the lesl, clearly observable at 156 h of siress [30].



- 7H =

IEC TR 63279:2020 & |EC:2020

Table 12 — OH — Megative system bias stress seguential test

Stress factor A Stress factor B
Sequentiall = Combined stress
combingd oH OH and Fap atfect(s)
bims |-}
Ftabarial
Cougan
= . 2 Dialamination:
! 185 o o
Ietini-rinodule ?Eéﬂg hﬂE- il 3,2 = 8 % R =1 [0 Saass facle B 110 h,
small; 247 h, sipnificant
Madule H5'C /86 W EH T2'C MBS % RH /-1 000 |Significant delammation:
4 1000 h W Strass factor B 186 h
Saguenlial A B

6.3 Testing for potential-induced degradation
8.3.1 General

Systemn woltage can produce power boss by PID, for example, by shunting (PID-sy and
palarization (PID-p). Tha following subclauses examina how some of tha other strass factors of
the natural envionment affect PID rate,

6.3.2 Testing for potential-induced degradation with humidity, voltage, bias, and light
Modules are known to degrade by PID-s under the faciors of temperature, which drives
imcreasad ionic conduction;  humidity, providing  surface conduction and also an extent of
increased conduction if it penetrates the module; and voltage bias [negative blas to cell), which

forms the alactric field that cawses drift of Na + ions toward the cell, causing shunting of the ceall
junction [35]). Effects of ilumination simultaneocus to apphving voltage bias have been studied
for polarization, which is the accumulation of charge in the passivalion and anbireflective layers

lzading to increased swrface recombination and lower cell woltage, 1t was reported that UYW
radiation  will lonize carrers  in the  slicon  nitnde  antireflective  coating  leading  to
photoconductivity, and enabling charge conduction and reducing the electrical potential across

the nitride [36]. Further, any pholoionized electrons in the antireflective coating or its interfaces

may newulralize advancing positive charge,

To guantify the effects of the light in the UV region, which has the potential to changa the
degradation rate of modules under Fsys bias, three modula designs weare siress tasted far PID

in the chamber with and without SW/mz of UV-A band illumination  [37]. Glass sufaces  were

maintained at (60 £ 1) *C, and (85 + 3) % RH providing humidity to maintain the surface
conduction via adsorbed water,

The results shown in Figure 14 for the dark-chamber PID tests performed according fto
EC TS 62804-1 siress melhod a) al the 60 *C level show thal module types & and C exhibit
better PID resistance than typae B, The degradation in types & and C is eliminated when placed

under illumination aleng with PID stress of 1 000 Y within the imeframe examined—about 96

h. The polarty of the wvoliage bias applied was consistent with the module’s PID-sensitive
polarity. Type B degraded faster in the dark relative o the ather designs, and the degradation

weas not entirely eliminated by the 5 Wim 2 UV-A illumination with & fluorescent lamp centred at
340 nm, but it was slowed [37]. Reference [36] discusses how UV radiation pholoconductivity

causes shunling over the thickness of the anlirefllective coating and provides a recovery affect,

which must exceed the rate of degradation in the dark to arrest polanzation, Further examples

al light affecting degradation rate by polarnzation-lype PID mechanisms in varous cell types
can be found in [38]. It has also been reported that the state of bias in the junction (such as
apan-circuit, short-circuit, or maximum powear) affects the PID rate in the shunting mode (PID-

8) [39]. Im view of these sensitivities, it would be most meaningful to test for PID under light with

the module connecled 1o a load as it would be in a PY system; however, the siluation of partial
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shading (e.g.

- 29 -

fallem and adhered foliage] may also occcur, so charactenzation for shadowed

areas s also required, A summary of the sample ype used, stress factors, and their sequence
and combination, along with resulting degradation modes sean for the moedules in the study, is

given in Table 13
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Figure 14 - Degradation of three modules with and without UV-A light
irradiance in chamber at 60 *C, B5 % RH, and 1 000 ¥V (positive or negative
polarity depending on the sample)

Table 13 — UV irradiation — negative system bias stress combined test

6.3.3

For space-constraine

Factor of salt mist

B85,

reducing  evaporation,

and o use exisiing electrical
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Matanial
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imfrastruciure, thera is increasing interast in PY installations floating on walar. Both freshwater
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and saltwater installaions hawve been implemented. Floating installations  bring the conceam
about how the combination of increased humidity, sea salt, and even Hrd droppings will affect

a numbear of degradation modes, including PID [40, 41]). Sea =all deposited on glass modula
surfaces welded up to a 35 order-of-magnitude  decrease  in resistance on the glass surface
wien the BH increased over the BH range of 38 % bo 25 %, compared 1o an unsailed contral

that displayed less than one order-of-magnifude increase as seen in Figure 15 [41]

The fransport of sadium ions info a PV module (through the backshest) has also been suggested

[40], althowgh the precize mechanismi{g) that woulkd enable such transport of scdium ions has

nof been clarfied. A combined or sequental  test involving salt mist s anticipated to be
beneficial to characterize the degradation of module installations in coastal regions

-

T

Log (K |omhsisguars])

-
=

30 40 50 &4 70 AL &0 100
HH %% (60 "L

Figure 15 — Sheet rasistance measured on glass surfacas with various soil typas,
as a function of relative humidity (RH %), at &0 °C [41]

G.d Tasting in damp heat with current injection and as a function of temperature

Injection of current (or forward bigsing the solar cells) during aging achieves three conditions:

Firsl, i places he juncions of the cells in a mare hald-representative stale—the ollsel of the n

and p regions of the solar cells approaches the state under illumination with a connectad load

which i reduced from thal ol the open-circuill condibon. As a resull, any mobile ons in ha
absorber may drft because of the electric field or may diffuse in a2 manner more clossly
resembling the transport in figlded modules. Second, it creates a supply of carmiers, as exisls

during daylight, which can populate carrier traps or states im the semiconductar absorber. Third,

it lzads 10 Joule heating when curent flows throwgh resistive materials or at restrictive locations

{e.g., solder joinis). On the other hand, forward biasingthe cells inthe dark leads fo current
flow n the copposite direction as vnder light because dark forward bias s firgt-quadrant
operation in the diode curve, whereas under light, the dicde is aparating in the fourth quadrant.

The effects of iradiance  also differ from electrical injection  because electrical  imjection  of
currant does not produce shorf-wawvelength  ionizing radiation that the sum or a full-spectrum
solar simulaior produces, which can affect and degrade lavers of the solar cell and module
encapsulation. Tharefore. dark curreni injection can only activale a subsaet of degradalion
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modes. A most comprehensive analysis of the degradation modes in a8 module will therefore
require wsing a broadband light source,

The temperature uwsed during accelerated festing cam  activate different  degradation
mechanisms in the cell. For example, applying voltage potential over the module terminals for

the injaction of dark forward-bias cuwrrent. as with illumimation, can produce  light-induced
degradation (LID} [42] and Nght- and elevated-temperature-induced  degradation  (LeTID) [43,
44]. However, tasting at a single temperatura will not give a complete story. During stress
testing wunder light at high temperature (g.g.. 85 °C), LID associated with the boron-oxygen
complex will be driven toward & stabilized state [45] and this LID machanism may not be sean.

The LeTID mechanism (believed associated with hydrogen migration and its binding to a defect
lzading to carrar recombination [46]) may be seen al 85 "C, leading to a decraasa in sample
performance, often followed by a slow rise in module power [43]. Considening this example of

how the differant mechanisms manifest at different temperatures, it can be sean that single,
constant temperature accelerated stress tesis appear insufficient for evaluation of PY modules,

Additionally applying shori-circuit current into the PY madule during a convantional (IEC 61215-

2) DH siress test has recenlly demonsirated that degradation of power by FF loss was
accelarated by a factor of 1,42; this result follows from an incresse in module temperaturs of

& °C in the DH test condition [47]. DH with current bias may also accelerate degradation modes
observed in DH with no elsctrical bias including ribbon corrosion, finger comosion, and EVA
dizcoloration [47]. It may additicnally cause changes in LID, LeTID and PID states. Equilibrium

humidity on the modwle during DH (with bias) would ba somewhat lowsar due to Joule heating,

but there would siill be concerns about the degradation modes associated with the elevated
humidity diffesed into the module and extermally applied elactrical power because tha DH
humidity levels applied far exceed that of fielded modules

Based on thesse results, incorporating  current injection during accelerated testing may ba
considerad for raproducing degradation modes incloding corrasion, delamination, and other
daegradation modes associated with current  injection and to guantify  the resulling power  loss,
However, elecirical bias will not produce all the potential degradation mechanizms o which the
madule may be susceptible as with the application of UV-containing solar-spectrum illumination

that produces photogeneraled  charge carriers, photochemical  reactions, and additicnal
degradation mechanisms. Further, light irradiation on the module when in combination with OH

heats it, leading to more realistic levels of contained humidity,

6.5 Cell cracking and propagation in cyclic loading at various temperatures

Cell cracks and ribbon fraciures induced by thermomechanical stress have been suggested o

be affected by the mechanical properies of the encapsulant used in crystalline-silicon PV
madules. The Yourng's modulus of EVA increases by around two orders of magnitede between
ambient and =40 "C, making the encapsulation material much stiffer at lower temperatures, This

large change In mechanical stiffness as the temperature  is reduced has been reported to
adversely affect the integrity of solar cells encapsulated in EVA, leading to bath an increase in

the number of cracks and increazed crack lemgth in encapsulated sillicon cells when static or
cyclic loads are applied [48).
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Figure 16 — Cyclic unidirectional 4-point bending with loading alternating between 0 N

and 500 M at different temperatures, with duration of 4 s at each of the high- and low-

pressure dwells, 10 000 to 30 000 cycles with pressure (“Press") from the front-glass
side or backsheet side [49]

& published repert on lhe failere modes under differing lemperatures  and bending direclions
provides some information on how to more comprehensively represent mechanical stresses in
acceleraled testing [49]. This reporl found that iniation and propagation of cell cracks was
induced at low temperatures. Ribbon fractiures, which were induced anly by the cyclic force from
four-painl  bending  from  the backsheal side, were acceleraled by higher lemperalufe;  Soo
Figure 16. These tests help in evaluating the durability of ribbons, and factors swch as cell
alignment (e distance between  adjacent celis), cell thickness, nbbon dimensions, non-
soldering distance from the cell edge, and bands or kinks in the ribbons that interconnect cells.
However, the stresses within the samples in this study were not representative of the those
exparienced by PV modules (the siresses depend on the module geomelry and boundary
conditions constrained by factors such as the module frame and mounting ). Thus, the durability

or susceptibility to these stresses should uliimately be determined using the PV module as
opposed to coupon and mink-module samples. Summanzation of the sample tvpe used, siress

factors, and their sequence and combination, along with resulling degradation modas sean for

the modules in the study, are given in Table 14
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Table 14 — Bending load test at various temperatures

Saquantial Stress factor A Stress factor B Combined strass
comibired Bending laad Temparature affeci(s)
Matanal
Coupon
Kink-modula 500 N, =30 K cycles - 20 "C, =35 °C, and Loww temparatura:;  Call
+80 G racking:
High femperalwre: Ribbon
fractune
NMadule

Combinad A +B

7 GCombined accelerated stress testing

7.1 Combined accelerated stress testing for tropical envirenmaents

Sequantial tests of PV modulas often  irvolve mowving samples throegh a series of single- or
multi-factor tesis found In IEC 612152, In contrast, combined-accelerated  stress testing (G-
AST) invalves applying siressars in combinations that ara sean in the natural anvironment. An
example of a testing protocol developed with this philosophy s ASTM DFBGE9 for paint and
coalings used in the automotive and aerospacs indusirias [S0). This test sequence cyclically
applies periods of DH with water spray in darkness followed by periods of iradiance and higher
lemperature with lower humidity levels, This testing protocol has been extended  in C-AST for
testing of PY modules.

The ASTKM DVEER standard was designad as an accelerated test for tha environment of Miami,
Florida (USA). It maintaing realistic  levels of siress for hot humid enwvironments [51]. For
exampla, the wpper chamber air kevel for DH in ASTM DT869 wnder light (when the sample
under test is hotiest), 50 °C, 50 % RH [50, 51]. For exampile, the chamber air in ASTM D72569

under light (when the sample under lest is hottest), 50 *C and 50 % RH [50]. closely resembles

the maximum humidity levels seen in tropical envircnments according to the |EC standard for
classification of environmental conditions IEC 60721-2-1. 35 g/m

the diurnal cycle occurning in the natural environment, high humidity with water spray and the

fitered Xe-arc full-spectrum  light are nol applied fogether in [R2] Wgloidmpersureprabeals
according to ASTM DT369, The acceleration of the ASTM DFEED fest over the south Florida
environment was measured 1o be in the range of 8 1o 16 [51).

A weathering chamber was customized for application of ASTM DT269, It was modified for the
additional requirements of PV modules [53] resulting in the cyclically applied 24 hsequence
shown in Figure 17, The maodifications are as follows:

a) Increasing the chamber air temparatura for the opper temparature and irradiance dwalls
from 50 °C to about 60 °C o achieve the higher levels of the upper statistical tail of operating
femperature that roof-mounted modules applied directly into an insulating swrface can
expanence, 90 °C [54]. To counterbalance the increased chemical activity of the water at
this highar temparatura, the humidity lawel at the high-tamperature stages was reduced to
about 28 % fo maintain the dew point at about the same level as in ASTM DYBGED and near
that of the maximuwm humidity level seen in IEC 607 21-2-1 for tropical climates, 35 gim

b) Afreeze was Included in each 24 h cycle, considering that the Florida environment exhibits
fraezas and that modules must be capable of resisting damage from freeze,

) PV modules were connecied to a vanable resistor for electncally loadimg them to their
maximum powsar point and fo a high-voltage sourca simulating system voltage with kakage
current manitoring on the high-valtage supply side.
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d] Mechanical stress was applied with polytetrafluoroethyvene-covared donut-shapad
actuators that press down on the module surface to simulate a wind or snow load. The radius
of curvature during application of pressures isset bto match that of a full-sizé module whan
loaded at IEC 6§1215-2 static mechanical load (SML) level (2 400 Pa) or IEC TS 62782 DML
lewal af 1 000 Pa. The equipment in this work only apples pressure on the lamp-facing sida,

at 0,125 Hz frequency (adjustable). The dewnward displacement occurs in about 001 s,
followad by a slower release.,

e] Filtered Xe-arc lamps producing UY radiation with high fidelity to the solar spectrum (ASTM
D769 compliant filers) are applied o the nomally light-facing side of the modules, and
alumindum reflector froughs are mounted under the modules to achleve about 10 % of the
front-side illumination in albedo on the rear measured at 340 nm.

The first experiment through C-AST involved a malerals study using passivated emitter and
raar calls (PERC), two ancapsulants (UN-pass and UV-block) and three backshesats (palymers
A B and C) that were laminated in four-cell mink-modules [535]. The degradation modes that
could be obsarved in some of the modules through application of the C-AST protocal shown in

Figure 17 are given In Table 15, along with the mechanisms atiributed and stress factors chiefly
rasponsibka.

4 cycle = ISP
Light soak Fresaze
40 *C, 95 % RH IR o 40°C, 95 % RH
Rain spray <8 % K, 9% % RN . Rain spray

DML = 20 {3 5)

4 hoirs

EC

Timas shown do nod indude ramps of lEmperature |'!.Il'r'|'!'Ji'|:|' and ingL Module lemparatura, when difa@al Tam
chamber air bempersfure, s shown n parenlbhases.

Figure 17 — Example of 24 h PY¥ module combined accelerated
stress-testing protocol modified from ASTM DT369
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Table 15 - Partial list of observed degradation modes, attributed
mechanisms, and stress factors seen in the first application of the
combined accelerated stress-testing protocol based on ASTM DTBED

Mads

Machantsm  attributed

Ralevani strass faciors

Solder-bond Telure leading foapen
iUl

Irsufficiently bonded sclder jeint
bus rinban, babaved

compromised during soidering of
junction bax, joule heating i the
pondusions

Mecharical and thermamechanical
siress on concuchors.  Applied lighd
leading [2 joule haaling in e

ek e ATH [

Light-mduced  degradation

8] U degradaton of cell fnonks,
e.g. by loss al hydrogen
passivation in madulas usng
Uvsransmissive EWA, leading
primarly bo fsc and Voo loss

k] Light and elevated temparatura-
indiscad degradation, tentatively
associated with H complexing in
the Sicel

g} U comporant ol Tul-gpsactrum
light applied

b} Elpwaied temperature and light

Cracing of backsheat

Possile hydmdytic and seddative
raBcionE Causing loss of wilatle
compaunds  embrilerneant,
shrinkage, and tensile simss

Heal, humidty, mechanical, and
thermamechanical  alress

len farmalion and migration  af ionic
species faciltated by humidity and
alecing fiald

Heat, humidity, full-specirom  light,
and sysiem woltage bias

Fotential-induced  degradation

len farmalion and migration
faclitated by humidity, electric field

Heat, humidily, and sysiem  vollage
bims, moduated by applied light

Call cracks

Crach progreagicn from lensile
SIresscs

Mecharical prassure.
thermamechanical  sboss

An axaminabion of the cracking of the polymer © backsheel is covered in more defail in
Figure 18 [55]. It could clearly be seen that the degradation mode involves shrinkage of the

backsheel. This is evident in the delamination starting at the comers (see Figure 18a))

and

increasing separation of the encapswlant from the glass edge (as in Figure 18b)). The increase

in displacement of the glass from the backsheet

edge was about 0,046 mmiweek in the four-

call mini-module. Cracking is defected at 19 weaeks of C-AST as seen in Figura 18c). Examples
of this material falling in the field within five years are shown in Figure 8b), indicating an
accelaration of around 14 far this failure mechanism by the test protocol applied. Tasting on

L1}

a) Deaminalion al madule adge seen al wesak 8

b} Shrinkage of backshesl offssl fom glass edge of about 1 mm shown al week 22 on the hdghl Jencircled]  compared
ta the indial stabe shown 1otha lefl; and

;] Resuliing cracking al beckshesl over interconnect nbbons.

Figure 18 = Shrinkage of polymer C backsheet
leading to delamination and cracking

)
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Table 16 — Combined accelerated stress test
(Tropical 24 h ASTM DTBE3-based sequence)

Strass factor | Stress facior | Stress factor | Stress factor | Strass  factor
Soguontiall A B ¢ o E Eu:;t:lur;w
combinad Reain Fresze Fiys bias Full spectrum | Mechanical effect{s)
light pressuns
Matznal
Coupon
Ml Hmodide 40°C BS % -2 *C Qi "G ol 1.9 guns max. |+1 DID Pa and |Backshesl
Rain spray emperaiore | |iolher + Z 400 Pa shrinkage
2B% BHI Fam i eojuivalent Gracking
conditions yallowing
par shess Call: UVD &
facior &} LaTID FID
Sokder-bond
Tilure &% oall,
Ik, punctian
b
Call crack
grovdh
Canmazian
Maodule
SequentialiCombined; (& [(C+D0 +E) B+ E [HE +D) Al x4 xnoycles; cycde =1 4

module-representative samples of sufficlent size and adhered to the superstructure (l.e. glass)
provides the constraint of placing the backshaet in a state of tension, which produces cracking
as the material shrinks. Some polymer C compounds are reported fo change physical properties
and shrink with loss of water and othar wolatile compounds [56-58). Further, the additional stress
associated with the deformation around interconnect ribbons where cracking nucleates appears
o be impaortant for representing the failure as it does on a moduwle.

The degradation modes seen in the first experiment through C-AST are summarized in
Table 15. Thess are asscciated with weaknesses of the module construction or designs that
could be simulfaneously evaluated by the tesi These moedes include degradafion by UW
radiation associaled with loss of passivating hydrogen from the front of the cell that reduces
cell efficiency  in modules constructed with the UN-passing EVA [59], sclder-bond  failure, cell
crack growih, interconnect corrosion, encapsulant discoloration, and backsheet discoloration.
PID could be seen by reduced electroluminescence emission at the cell edges closest to the
specimen perphery (where an Al foil was conductively adhered 1o the edge of the module face

o act &5 a psewdo frame), which can be seenin Figure 18a) [55]. A summary of the sample fype
wsed, stress factors, and their sequence and combination, along with resulting degradation modes
seen for the modules in the study, is given in Table 17.

7.2 Combined-accelerated stress testing for multiple environments

Testing to account for specific climates (e.g. tropical, continental, arctic) and all seasons s of

imterast. A module that may perform well in & fropical environment may not perform weall in a
cold, polar environment if there are components thal, either when new or after aging, become

stiff and britle im cold temperatures. Hydroldic reactons that may occur during 8 monsoon
season may only manifest in failure ina following hot and dry season. Testing may therefore
prefarably include condifions representing the wvarious seasons or climachc conditions.
Furthermore, some  mechaniems, such  as LID assoclated with the boron-oxygen complex can
ba distinguished at modarate temparaturas undear illumination, thus reguiring a period of stress

testing under lower temperatures in addition to the higher-temperature tests. Modulus of
elasticity of polymeric materials such as EVA are over an order-ol-magnitude higher at =30 *C
compared to room  temperature, requinng understanding  of the mechanical behaviour and
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pofential failure modes of the moduwle wunder the wide range of potential field temperature
conditions

In viewr of the need to bettar represant the various seasons and climates with the combination
of siress factors seen, climate sequences were devised as follows,

a) Dead of winter; Simulating conditions found in & continental climate in winter, with
application of simulated wind load at very low temperature using DML, without light.

b) Spring: Simulating snow loads with apphcation of SML and condensing humidity with freezes
followed by thaw cycles with moderate light levels,

) Tropical: The maodified ASTM DFE69 protocol developed for acceleration  im the Florida
environment, including with higher sample temperalure, Faye stress, DML level siress, and

eyehic freezes. This prolocol was introduced in 7.1.

d) High desert: Providing conditions for representation of & dry climate with hot dayve and cold
nights.

The details of the climate sequences that were developed and cyclically appliad are shown in
Figure 19 [60]; however, the details of the test continue 1o be refimed.

Two mini-modules with a polymer B outer-layer backsheet on the market discussed in 5.5 that
cracked in the fleld {.e. Figure Bd)) were examined in a multiple-environment C-A3T sequence

under development that is similar to, but not identical to, that shown in Figure 19, Cne mini-
madube undersent 12 weeks and anolher underwent 24 waeks of the Tropical sequance shown

in Figure 17 and also shown within Figure 19 Mo degradation in the polymer B could ba
observed in either sample afterwards. The relatively short sequences of Dead of Winter and
Spring (without spray, in this particular rennirg  of the tast) were naxt applied, afler which no
failure could be cbserved in either sample. However, the backsheet in both samples cracked
when subsequently performing the High Desert sequence as illustrated in Figura 20, sae also

Tabde 17
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A% dj
ST D7

Madule temparaiure, whan diferant from chembar ar femparabue, B ehown 0 parantheses.  Remp slages of light,
lemperaiure and humidty and bair limas ae ool necessarily inchided, and fime shown is somelimes  rounded o The
nexl -higher inleger  unil.

e

Figure 19 — Multiple-environment C-AST sequence
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-20C 180 'C: 84 cycles (188 cycles|
40 "C /80 G 196 cychkes I62 cycles
Tropical Irradiance at 340 nm: 137 B Whim®inimi _2? &, & Whim®inm ]
AETM DTAESbasad
Tropical RH lewals 12 weeks
| 24 weeks
Dead of Winter {darkoold mecranical ioading) ===
Spnng 10,8 sunsdow lenpanaiang cycingimechaniesl Kang |
High desa =20"C I'$ "C: &0 cycles B0 cyeles
[-5 ] RH:I Irradiance at 340 nm: 12 wmml‘m iz Hu'-m’l‘nm
=20 °C | 80 *C todal: 144 cycles 278 weehs
Irradiance al 140 nem (9ial: 1498 ——
. 1 om 0.5 om

E-

Figure 20 — Failure of two mini-modules with a palymer B cuter-layer backshest
type undergoing different multiple-environment C-AST sequences

Table 17 = Multiple-enwironment combined accelerated stress test

Siress factor A | Stress factor B Slrl:::far.lnr S-l:l"lllﬁ factor
Segisantial! Combinad siress
e Trapical Dead of winter Winter 1o High desart S
spring
Malarial
Coupon
Table 16— ot i sl
Combined- 5 °C motie | gnor maage |TE0 16— Combined-
accelerated — 40 *C madula accelerated slress es)
skress b=s] lamparalre, lamperaiure lamgeralure, (I.rupn:ul 24 h ASTM
Mimi-miodidi (tropical 24 b 0B suns | 5% RH [ITHES -hasad sequence)
ASTM D7egy- (DML 10K Vsys  —40 'O 45 cyns degradation  modes,
g oycies, 1 d plis & palymar B-type
SequEncsE) X EML = 2)= 12, | ML x2) x B0, |backshest failure
cycles or days 24 Td
Mol
SequentialCombined: (. B ©C  Dlxn

The mini-module with polymer B that underwent 12 weeks in the Tropical test that cracked after
the subse%uenw applied High Deserl sequence had atolal of 144 thermal cycles between -
20 G and 90 *C and LY radiabion exposure of 1498 Whim z at 340 nm on the rear of the module
applied, which is significantly fewer thermal cycles and less light than the other sample
underwent within the 24 weeks of the Tropical sequence, 168 cycles and 275,52 Whim
nm, without failing. This suggests that humidity, thermal cycles, and light at high temperaturs
in the Tropical sequence alone is not optimum to show the backsheet weakness considering
the effect of the subsequent dry High Deserl applied for a shor fime thal precipitated failure
(see Figure 20).

A surnmary of the sample typa used, stress laclors, and their sequence and combination, along
with resulting degradation modes seen for the modules in the study, is given in Table A.1.

2 at 340



IEC TR 63279:2020 © IEC:2020 -39 -

B8 Future directions

Many researchers around the world studying PV module reliability are converging to the
understanding that single-factor amd steady-state accelerated stress tests are insufficient fo
address the various degradation modes thal can exisl in PV modules. Progress has been made

im the PV reliability community to:;

a) combine the stress factors of the natural environment for achieving more rapresantative
accelerated tests, and

b wndersland how strass factors wark in sequence and incombination Lo reproduce [ailuras
seen in thea field. Annex A gives an overview of degradation modes and causal stress factors
wiarking in combination.

Sequential tests are baing incorporated into standardized tests, IEC B1215-1:2016 contains a
brief UY precondition test of 15 KWhim 2, Tollowed by thermal cycling (50 cycles) and humidity-

freaza (10 cycles) to test for the mechanisms whareby:
1) UV radiation causeas failure of adhesion, and

21 humidity-freeze testing leads to moisture ingress through these interfaces and delamination
as moisture precipitales out lo weaken adhesive bonds.

It iz anticipated that the future edition of IEC §1215-1 will add cyclic (dynamic) mechanical
lnading that is describad in |IEC TS 62782 befora the thermal cycling test in the abowve-described
sequence for further mechanical loading that is followed by thermal cyeling and humidity freeze,

IEC 61730-2:2016 contains a number  of stress sequences,  including DH testing of 200 h, UV
radiafion testing with 80 KWh'm 2, humidity-fresze (10 cycles), fallowsd by a second repatition

of this U radiation and humidity-freeze testing. Resulis of such test sequences showing field
validated fallure modes were however not available for this report.

Concapts hawe been reviewed for sequential and combined accelerated siress festing for
reproducing  degradation  and failure modes seen in the fiekd, Degradation modes detecied in
theze sequential and combined acceleraled slress lesles can be visualized on the failure lree
diagram, developed by the INFINITY project [61, 62]. Although blank areas remain in many
parts of tha  diagrams, testing  of various susceplible samples  would continus to complete tha
areas, Although all degradation modes (and their corresponding stress combinations that would
elucidate them) could nol be covered in detail, application of the framework shown in Figure 1

with the three axes thal show incrementally the progression foward comprehensiveness—
sample, factors, and combanation in the testing—will achieve an understanding of polential
degradation modes in given modules and increased confidence in the durability.  With  this
framework, the module designer is guided on how to best develop testing protocols withe full
awareness of how each test type fits the needs in the various phases of product development

1o gain confidence in the final module construction.

In the combined approach, we seek to indude the effects of the cyclic and seguential nature of

the stresses  in the natural environment such as diumal and ss=asonal cycling. For some
degradation modes, as with the example of PID rate that is infleenced by humidity, voltage, and

lght, thare ara often multiple factors that exist together in the natural emdarenmeant that need to

appear together in tesis to most accurately forecast the extent that the degradation mode will

be seen in tha field. Whan any new, uncomprahanded degradation mode s observed, or the
rate of the degradation s faster thanm anficipated, we require a more focused study on the
underlying mechanism, including an analysis of the root causes and defermination of the
acceleration factors,

Presently, commerdial environmeantal test chambers for PY modwles are usually optimized for

single- or two-factor tests. Howewver, many are exiending wse of enwironmental chambers to
perform saquential and cyclic sequential testing to belter characterize some potential failure
modes not well characterzed by sleady-siate  fests. We will greatly benefit from further
developmant of toolsets (o achieva the comprehansiveness in the samples tested (including for
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multiple full-size modules] in addition to the combination of applied stresses  for better

representation of the stresses in the natural environment and realistic degradation results, We
will be wall served by further undarstanding and optimizing sequential and combined stress-

testing methodologies so that risk can be reduced and costly overdesign avoided, We also
anticipate the numbar of factor-specific tests in parallal can be reduced significanily when:

) szamples are made more representative  of the final module (if not wsing the module
product itsalf],

dl  the number of field-representalive stress factors included in testing is maximized, and

&) the stress factors are combined as they are in the natural environment.

When a well-designed multi-factor test performed on modules that includes the various siress

factors of the natural enviromment in combination is oblaimed, detection of the majority of PY

module  degradation  modes [(both known and  previously  undetected) s anlicipated, thus
reducing risk with fewar samples and at reduced cost
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Annex A
{(informative)

Overview of degradation modes and causal stress factors

The International Photowvoltaic Qualidly Assurance Task Force [PVOAT) Task Group 3, which
halds penodic meatings wilh internaticnal PV industry axperls, deals with PY module reliabality

and focuses on the stress factors of temperature, humidity, and woltage. As shown im Table A1,

the group summanzed siress faciors that can work individually or collectively 1o effect the listed
degradation or failure maodes. The table s not comprehansive as to cover ewvery situafion.
Furthermore, the scope does nol include the weaknesses in materials or manufactunng process

that may increase the rale or prevalence of the degradation and failure modes discussed.
Temperalure, when meaning that high temperature or low temperature  can bring about the
degradation, is referred fo only as tampearature,



Table & 1 — Degradation modes and potential stress factors
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that can lead to their manifestation

EMA)

Pobential-induced LID [warious types, Solder and ribbon Ag grid-finger Bypass-diode
degradation: including LN failure [and any delamination from failure
shunting mode dagradation of resulting arcing) call
calls)
{PI5]
Sy=iem wolage Light High lemparatuns High temparaiune High tempersture
High temperature Temparahirs Temperahoe cycling  Humidity  (sith EVA [Shading (surrang,
acidily) burn-an)
Husniity Injached camems Machanical glress Tampersiure cycling  |Broken calls (ourmant,
(Currant) b0}
Light Humkdity (with EVA  Mechankal siress  |Eleciical dischange
s0ldar Ml
ity
Sirass hislory Curmantiblas
Coll junction pobeniial
i(bas or load)
Injected carriens
{Ccurrend)
Defamination  {and Cell cracks Carmosian urns and breaks in |Glass breakage (and
any resulting ground ackage resulting  ground
faults faults}
Humnidity Kechanical shess YoRape (in celis) ypass-dicde falue |Bypass-diode falure
and 15 respecive (and Rs respective
=85 CALSER)
Light Temparature oyding  High temperature dar-fatipue  faiure |Salderfatigua  failure
and raspaclive (and raspactive
ussEE) causan)
Waltage (irtemal) Tamparatira Humidity (with EvA  System vallsge Progactiles
s0lder flux
i
helkisinnh Hysham voltage Machanical inading
Mechanical loading Arid bassicomesive
{including celd cracks) chemicals
Sysiem wolage WoRaps (in cells)
Temperabure  ayeling
dizcaloration  Ghass Potymeric  machanical
cofrosionipanmeanant e, creap,
aailing racking (amd ary
rasuling  ground
hs)
High tempersture Humidity Acid ncluding n

dinsabes glass, acid,
diszahes Ma oul af
plass)

Laght Vallage: Vis can Light
gitract specEs,
camiars can oxkize
o resduce
Hurniity Sunlace anergy Tamperalune
Scidbase'comasiea Acidbase’conmosia
chamicals chamicats {basa (both intrinsic  buill-n

regs and external

}:w:mrﬂm siress
laads)

Saiks, asrasol, Humidity
caltium deposits
Wind'bowing Temperalure  cycling

particles: abrasian
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Annex B
{informative)

Failure modes plotted on a failure tree diagram
for selected clauses in this document

a) Exlended damyp heal and UV radiasion, b} Test-lo-faiure  sequential lesl prolocal
sequertialicombined  festing with damp-hest theemal

cytling and LN radiation, and consideration  of

nteraction of damp heat and of UY radiation

di LAY irradiation with DML-TC-HF sequenbal t=si ina
MAST #1- #1) glass-glass mcdule

) DH - negatve system bias sbess sequential bast f} Combined acceleraind stress test (24 h sequanca)
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Annex C

(informative)

Summary table of sequential and combined testing:
Samples, factors, combination, and stress test results

This Annex is asummary of sequential and combined

provided in one table: Table C.1.

test studies included

in this document

Table C.1 — Table summarizing sequential and combined stress testing

Extended damp heat and UV radiation

Sequentiall Stress facior A Stress factor B Combined sbess
eombined DH L +0H effecis)
Matanial
Coupon
ftni-module
Degradation af fue and  FE
200 Wim 2 LA, inbetler proportion o fialkd
05 *CIRS % RH s
Ik b 2000 h BS "C module bemperature, e fismld-relavanl  levels
2000 R of humidity aftar LI
CRpOSUnD.

Saguential | Combined: & B

Seguentialicombined festing with damp-heat thermal cycling and UV radiation

Sequentiall Stross factor A Stress factor B Stress factor C Combinsd siress
combined DH TC DHUY effect|s)
KMatanial
Coupon
Fimismodule
Dﬂl;md;ﬂ'l:ln af fa
. 200 Wim 3 LWaA, and FF N proportion
Madule BS *CJ 85 % RH =40 “Ci 85 *C 85 °C module to field, toward field-
1000 hor 800 b 100 cycles tampenaiure, ralevant lesaks o
500 h rmadity ingraas  with
wEa al Y expasine
SaquertialiCombined: A B O & B C)=n

Tha siress sequence (A-C) s repeatad cyclically; howevar, Siress Factor A(DH) tima 15 reduced 1o 500 h after

the first tima
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UV radiation and damp-heat nteraction
Eﬂqulrﬂalr Siress Tacior A Siress lactor B Combined strass
combined uy OH offect(s)
Flabarial
Coupon
LY radiation  achvates
1,8 suns LW appearance of acalic  ackl
- B5"CP 85 % RH in subsaguent DM, causing
Min-modide 90°C modula temparature e increased  contact
16800 hipd Q00 b resistance of grid fingers o
sllcan
Idula

Saguertial: A B

Tesi-to-failure

= Seguential test protocol

Stress faclor A

Stress facter B

Siress factor C

Seguentiall . Cyolic application Combined stress
combinad OH ! Faps bias TG with application of stress factors & affnct|s]
(+) and {-) of Fes and B
Matanal
Coiigon
Kini-modida
Madule BS "Cra5 % RH, =40 “C!BS "C. TC wilth application Backsheel cracking,
G0 Wor <600 V.1 |[fae, 200 cycles Jof Js- COFTOaion,

000 h

dalamination, PID,
splcar-nond  falura,
antirafleciva-coating
dagradation

SequentialiCombined: A B, C=A

B =n

Module accalerated strass fest 1 (MAST 1)

Stress Facior A

Streas factor B

Siress factor C

Combined stress

A DH uw TG effoot]s)
Felabarial
Cougan
Minl-modide BE GBS % TG or T8 "0 TG (-40 "7 85 ") |Backshest cracking
1000 R modula bamperature,
A5 Wirn 2 (300 ren o
400 nm) 542 h
Macuia
Sequentia A B [C B] =n
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Module accelerated stress test 2 (MAST #3)

Siress Tacior A

Siress facior B

Sequentiall Combined stress
combined OH ™ offect(s)
Katearial
Zoupon
Kin -modide HE°CAH5 % RH 1000 b Im TC ) (-40 “C/BS “C) |Backshesd cracking
[Upciymes T
Madule

Saguertial: A B

Module accelerated stress test 3 (MAST #3)

hqulrlilh' Siress Tacior A Siress faclor B Comibined strass
combined uv+ T Water spray offect(s)
Ietabanal
Coupon
K k-miodudie S0, 123 WMo 18 min {in the dark) Backshaat  yelloaing
{30 nm b 400 nm) 102 Backsheel cracking
min
Itacuie
Saguential; A B]= 1500 cycles
SML-TC-HF sequential best
Saquantial Stress factor A Stress factor B Stress factor © Combined siress
combined SML TC HF effectis)
Matanal
Coiupon
Mini-rmodue
Kadule 2400 Pa TC {IEC 81215-2, HF (IEC 812152, A grealer drop inthe
[IEC &1218-2, modified) medifind) peerformiaroe
mepcified) paramatars  after TC
g HF fest,
Cell crackirg
Segueriall A B C 2 A C
UY irradiation wunder high<Semperaiure conditions
Stress Tactor &
s“q““h'lm""" T Combined stress  effect(s)
Malarnal
Coupon
BN -modide
acule 180 Wim zat 65 “C

IDHEITIII'IEUEIH

Strass facior A LN radialion wilh sevaled lemperabune
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UV Irradiation  with TG stress

Siress Tacior A

Siress facior B

Bequentiall Combined stress
combined Uuv+ T TC offect(s)
Ietabarial
Coupon
i -modide
Madule 180 Wi 28l 75 “C modue  [-20 "C /+75 "C, 1 hdwells

temparature, 1 A

|Calamination (slarting  aRer
T3 cycles, signilicant al
125 cyches)

Combined: & =B

UV irradiation  with DML-TC-HF seguential best
Sequentiali Sdress factor & | Stress factor B | Sdress factor C | Stress factor D Coanbinad
combined uv DML TC HF strass effect|s)
Katanal
Coupon
Mlini-rodude #1500 Pa, 0167 |IEC 612152 [lEC B1Z15-2 Dalamination in a
{63 Wvirn 2) 70 "Ch uf;-mmm ﬂﬁﬂh“
1000 h 2% 1000 cyches  |200 cycies 20 oycles
Kacula
Seguertial. A B C D B
DH = Megative system  bias stress sequential test
Saquantisll Stress facior A Strass factor B s
ombined oH DHIT Faga (4 offects)
Katanal
Coligon
Mini-riodide ?EI':;% {135 % FH F2'C /85 HRH, -1 DD V gnmlﬁ!f; B 110k,
small; 247 h, significant
Madule 850 (86 % RH |E-|;niﬁ|:;|r|l delammation:
10600 b T2C /G5 %RH, -1 000 V' |Siress fackor B 156 b
Saquential A B
UV irradiation = negative system bias siress combined test
Saquantiall Stress factor & Stress factor B Combined siress
combined DH DH I Fays blas (-] affactiz)
Katanal
CoLifon
Mn-modue
hadule UV-A: 5 Wil 2 B0'C /BS % RH module  |Elimination o slowing of
surface J =1000 %, 98 h PiD=shunting

Combined: & =B
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Banding boad st at various emperatures

Eﬁqu-'lﬂlllr Siresa Tacior A Siress faclor B Combined stress
combined Bending losd Temperature effects)
Matearial
Coupon
Min-modide S0 M, -3 K oycles —20 "G, 425 %0, and Low tampersfure:  Call
+al "G cracking;
High lemperabure:  Ribban
fracture
Madule
Combined; & +B
Combined-accelerated siress best (Tropical 24 h ASTM D7T869-based segquence)
Stress Tecter | Siress Faclor | Siress laclor | Stress Taclor | Siress  fachor
Seguential A B C o E Combined
comibined - siross
Raln Fraaza Faye bias Full-spastnem Machanlcal affactis)
light presEUng
Malagial
Coupen
Fimni-module 40°C RS % = “C 9 *C maduls 1,9 suns max |+1 000 Pa and |Backshest
Rain spray wmmparaiae (| (athar + ¢ 400 Pa shrinkage
28% RHI Vo ponditions par  |equivalant cracking
S Facior yallawing
C
! Call: UNVD &
LeaTID Pl
Soidar-pond
feilire Bl oall
teky, punchion
box
Call crack
grosth
Carasion
Mkodule
SaguentialiCombined: (& (C+D +E} B+ E [ +0) A xd4) xncycles; cyde =1 d
Multiple-anvirgnmant  combined-accelerated  siress test
Soquentiall Stress factor A | Stress factor B | Siress facter C | Stress factor D Combinad
combinad Tropical Dead of winter | Winter tospring | High desert | $tress sffactis)
Matarial
Coupon
Combinad-
Combined- [EI}:-;“;HH SGRE S S :E?E::rfg{d
accaharated mia Sl x2 )
slrass Lagl =40 G module 90 *C iradule ‘[,:g.ﬁ:a' =
Mint-boduls ropical 24 h tarmperature, ?ﬂ‘mm temperature, D7869 based
Desal SROUANCE) 40°c, 1.2 suns degradalion
XN Cychs of 14d SML x2) k60, | ST s 3
days SML =2)= 12 T4 !
' ’ palymar Biypa
= backshaat Tailura
Itadule
SaguentialiCombined: (A B C Dixn
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