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NREL's PHOTOVOLTAIC (PV) MODULE RELIABILITY WORKSHOP (PVMRW) brings together PV reliability experts
to share information, leading to the improvement of PV module reliability. Such improvement reduces the cost
of solar electricity and promotes investor confidence in the technology—both critical goals for moving PV
technologies deeper into the electricity marketplace.

NREL's PYVMRW is unique in its requirement that all participating or ani ations share at least one presentation
(either oral or poster). This requirement greatly increases information sharing: If everyone shares a little
information, everyone takes home a lot of information.

In 2015, the PVMRW was held in Golden, Colorado, February 24-27. Workshop participants shared more than
100 presentations and posters, covering topics such as reliability, quality assurance, inverters, system
certification, and solar resources.
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W Sunshot

SunShot Initiative:
Lower cost via proven PV
module reliability

Geoffrey S. Kinsey

energy.gov/sunshot Senior Scientist, Advanced R&D
Solar Energy Technologies Office
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SunShot

¢

SunShot Goal: 5 - 6¢/kWh without subsidy.
A 75% cost reduction by 2020.

Price

SunShot
Initiative
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SunShot Initiative — Solar Grid Parity by 2020

2010 2014 2020
., '/////n
MAJOR PROGRESS PRIORITY AREAS SunShot

68% progress towards
2020 goals
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SunShot Initiative — Solar Grid Parity by 2020

2010 2014 2020

%////H

MAJOR PROGRESS PRIORITY AREAS SunShot

16GW of solar
4.75GW of PV in 2013
13x growth rate from 2009
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PV Residential-Scale System Pathway to SunShot
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SETO Projects, FY08-16
Technology Readiness Level

.
RESEARCH DEVELOPMENT DEMONSTRATION DEPLOYMENT

| ‘BRIDGE, $2.6M, FY12
| Next Generation PV, $24.5M, FY11-15
| F-PACE II, $12M, FY13-FY16
| ‘Distance Solar, $4M, FY13-FY16

| CSP R&D, $39.7M, FY12-15 CSP Storage, $27.9M, FY09-13
Baseload CSP Generation, $54.7M, FY10 14 HiBREDs, $20M, FY13 FY15
CSP SunShot, $60M, FY12-16

| "MURI, $10.5M, FY12-15

i CSP Supply Chain, $22.9M, FY12 15
I CSP Novel Concentrator, $20M, FY14 — FY17
I PREDICTS, $2.5M, FY13 - FY17
| ‘csp ELEMENTS, $20M, FY13 - FY14

| "BOS-X, $30M, FY11-13 | “High Pen Solar Deployment, $24M, FY09-14
| SEGIS-AC, $30M, FY11-13 | SolarABCs, $5M, FY08-12
| 'GEARED, $12M,FY1318_ Plug and Play $21M, FY12-16
| “Solar Forecasting, $15M, FY13-16

I Incubator 1-7, $92M, FY07-12
| Supply Chain, $20.3M, FY11-14 I PVMI, $112.5M, FY11-16

| “Incubator 8, $12M, FY13-17

SUNPATH, $37M, FY11-13

| Solar(MAT) $15M, FY13-17

| SEEDS, $9M, FY13 16 Rooftop Solar Challenge I, $12.5M, FY11-13
'SUNRISE, $10M, FY13-15 unShot Prize, ; e

Rooftop Solar Challenge I, $12M, FY13-15

| Non-Hardware Balance of Syslem, s |3BW|, FY11-14

energy.gov/sunshot ShOt

U.S. Department of Energy




Photovoltaics R&D
Dr. Rebecca Jones-Albertus, Program Manager

®.

IMPROVING [’ “
RELIABILITY

& DURABILITY

INCREASING

LOWER SOLAR EFFICIENCY
ELECTRICITY
COST

AR

LOWERING MATERIAL
& PROCESS COSTS
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Reliability/durability/lifetime

SOLAR: powering vour life through the decades.
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Reliability/durability/lifetime at the National Labs

FY 2014: $18.8 million
energy.gov/sunshot 8 of17 %////“ égpgrrétt)lmoe:gy



Regional Test Centers

Vision:
* Accelerate adoption of solar energy generation sources by helping U.S. PV
manufacturers overcome the challenges on the path to commercialization
* Provide technical basis for bankability of PV systems

* Installation size:
— Module-level testing: 10-50kW per site
— System-level testing: 50—-300 kW per site

* Validate in multiple climates, to compare performance and initial reliability against
predictions

DENVER, CO
WILLISTON, VT

LAS VEGAS, NV
ORLANDO, FL

ALBUQUERQUE, NM
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The challenge: degradation rates

| |

5 PV module degradation rates,
‘ ‘ pre- and post- year 2000 installation

4

Heerel

Pre |Post| Pre |Post Pre |Post Pre |Post| Pre | Post
a-Si CdTe CIGS mono-Si multi-5i

source: Jordan, D. C. and Kurtz, S. R. (2013), Photovoltaic Degradation Rates—an Analytical Review. Prog. Photovolt: Res.
Appl., 21: 12-29. doi: 10.1002/pip.1182

o o <y

Deg. Rate (%/fyear)
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Decline curve analysis: oil and gas wells
100

— — Boatstrap percentile Cl
+  Fiting cune with DCA

Exponential: rexp (—A(t — t,))
Harmonic:  rp[exp(=2(t — )]
Hyperbolic: 7o[1+2B(t — tg)]™*/#

10

Producton Rate, STB/D

P10

* P50

< Pa0

1  —-—-

0 50 100 150 200 25
Tme, months

Source: Cheng Yueming, Lee W. John, McVay Duane A. Quantification of Uncertainty in Reserve Estimation
From Decline Curve Analysis of Production Data for Unconventional Reservoirs J. Energy Resour.
Technol. 130(4), 043201 (2008) (6 pages); doi:10.1115/1.3000096
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Oil and gas industry falls back on linearity, too...

2500% +—

Decline & Depletion Rates of the world Giant Oil Fields

2000% -

15.00% -
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SO0% -

0.00% st

SN

-20.00% -

A500% -

-20.00% -

o Land Depletion Rate @ Offshore Depletion Rate @ Offshore Decline @ Land Decline

Source: M. Hook, Depletion and Decline Curve Analysis in Crude Oil Production, Licentiate Thesis, Uppsala
University, 2009.
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Take on the SunShot challenge to make solar energy cost-
competitive with traditional energy sources by 2020.

@ Photovoltaics Systems Integration Tech to Market
@ CSP Soft Costs

energy.gov/sunshot - SunShOt

U.S. Department of Energy




RELIABILITY ON
BANKABILITY

CONSERVATIVE,
NOT/NECESSARILY
QUALITY

PV MODULE
RELIABILITY
WORKSHOP

wNREL
|
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“Quality is doing it right when

no one is looking”

- Henry Ford




WHY PROJECT
FINANCE?

CASH REQUIRED NON-RECOURSE

LOW Capital » Solar life-expectancy
INCREASE number of challenge for equity
projects investors @ scale
LOWER risk through Spread equity across
portfolios several projects

Equity shares
technical and
economic risks
LIMIT downside




“Give me a lever long enough and a
fulcrum on which to place it, and | shall

meve—the—weﬂel— make lots of money.”
-- Archimedes




POWER OF
LEVERAGE o W B0
$0.17/KWH

I:—

ALL EQUITY

CASH: $20million CASH: $10million CASH: $4 million
IRR: 12% IRR: 15% IRR: 20%
20-year NPV: ~$0 20-year NPV: $2.3 min 20-year NPV: $3.6 miIn

ALL risk on equity LIMIT risk on equity LITTLE risk on equity
REASONABLE returns Medium capital SMALL capital
LARGE capital commitment commitment
commitment HIGH IRR

HIGH NPV




TECHNOLOGY
VERSUS
LEVERAGE

el P
AN
/ #

® DOUBLEENERGY !!

© TECHNOLOGY RISK: HIGH
© LIMITED WARRANTY

DEBT: DECLINED
EQUITY IRR: 26%
CASH: $20 million

HIGH Capital Commitment
BROADEN Geo-market
HIGH Risk (20 years)
SHRUNK Investor Pool

7% DEBT
13 YEARS

© STANDARD PROJECT

DEBT: STANDARD
CASH: $4 million
EQUITY IRR: 20%
20year NPV: $3.6 min

HIGH returns
MEDIUM risk on equity

SMALL capital
commitment

MODEST

7% DEBT
20 YEARS

STANDARD PROJECT
ACCEPTANCE OF WARRANTY

DEBT: EXTENDED 20 YRS
CASH: $4 million

EQUITY IRR: 26%

20 year NPV: $4.6 min

EXCEPTIONAL returns
INCREASED value
IDENTICAL capital
IDENTICAL technical risk




CERTAINTY

TECHNOLOGY WARRANTY BALANCE

v MOST of revenue to v’ Problems with Technology Volatile manufactures
service bank debt EUIE BT e Life-expectancy shrinking

v Technology needs to for large companies
be consistently v' FIRST, identifying a
performing for life of problem. Centralized
bank debt architecture means
Equ|ty makes most Identlfylﬂg individual
money years AFTER module claims is difficult
debt is paid (year 15

on) v' SECOND, claiming a

v Technology needs to warranty has manufacture
be consistent reliable discrepancy
income — Toll Bridge

Cultural influence: Chinese
industrial project debt

v THIRD, an awarded claim
and a paid claim are not
the same
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DEGRADATION

525, 000, 00

&40, Chs. O

=—0.10%
$15,000.00 = h.20%
=—0.30%
=—0.40%
—0.504%

={.600%

Degradation Loss Value

510, O, O
=—0.70%

——.B0%
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FUNCTION VS.

COEFFICIENT
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FUNCTION VS.

COEFFICIENT
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CONSERVATISM
VERSUS
QUALITY

SPONSOR

v A-B-_C, AAlways,
B Be, C Closing

Sponsors make NO
money without funded
project

Development fee is at
risk with no project

COST

LENDER

Acceptable portfolio
performance possibly
attributed to
underestimation

NEW technologies
increase transaction costs
from Independent
Engineers

Insufficient time for latent
defects

‘TOP TIER’ eases credit
committee discussion

OUTCOME

Lender leads
conservative stakeholder

NEW technology upsets
program

Evolutionary changes
“Just like the last one”

Conservative
performance estimation

Warranties important but
underlying technolgy




Hope is NOT lost.

Advances in applied science are critical for
the successful adoption of solar in new
markets, broaden investor pools, and
lowering conservative assumptions

Understand role of debt
Parallel advances with finance

Understand warranty implications and
RESEARCH power of decades of leverage

SCIENCE TO COMMERCIAL

VIABILITY Reliability, quality, and consistency may
have dramatic impact on economics

NEW technology must have a
commercialization plan including project
finance.




Conclusions
ALIGNING ‘CONSERVATIVFE
& Quality

Knowledge of Quality
Over conservative assumptions

Project Finance is here to STAY

Stakeholders will tend to levered project
structures which require consistent and
reliable economics

Projects will tend to use comfortable
technology because of a sense of
reliability and comfort

Paradigms will be questioned with
continual technology failures,
companies dissolving, and manifesting
latent defects

Consistent independent standards will
provide a platform for comparison of
features and long-term reliability
standards

Quality requires stakeholders to be
informed, create desire, and facilitate
Demand.




Pitfalls of Accelerated Testing

William Q. Meeker!

joint work with Georgios Sarakakis?
and Athanasios Gerokostopoulos 2

"Department of Statistics, lowa State University, Ames, IA, USA

2Tesla Motors, Palo Alto, CA, USA 3ReliaSoft Corporation, Tucson, AZ, USA

February 22, 2015



Overview

@ Accelerated test overview

@ Different kinds of pitfalls
@ Examples illustrating particular pitfalls
o GE Refrigerator Compressor: Faulty accelerated test
almost caused GE Appliances to go out of business
e Electronic component: Accelerated test did not detect a
masked failure mode that caused a reliability disaster.
e Appliance B: Industry-standard accelerated test led to
incorrect predictions of field lifetime.
e Insulating structure: Too much voltage stress caused
extraneous failures and incorrectly optimistic lifetime
predictions.

@ Concluding Remarks



Types of Accelerated Tests

@ There are three different kinds of accelerated tests,
depending on what one is able to observe.

o Accelerated life tests (ALT)

o Accelerated repeated measures degradation tests
(ARMDT)

o Accelerated destructive degradation tests (ADDT)

@ These different kinds of ATs have different data structures
and thus different models and methods of analysis.



Typical Temperature-Accelerated Life Test
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Accelerated Repeated Measures Degradation Test

of Carbon-Film Resistors
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Accelerated Destructive Degradation Test

of an Adhesive

AdhesiveBondB data
Destructive Degradation Regression Analyses
Resp:Log, Time:Square root,DegreesC:Arrhenius, Dist:Normal
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Methods of Acceleration

Three fundamentally different methods of accelerating a
reliability test:

@ Increase the use-rate of the product (e.g., test a toaster
200 times/day). Higher use rate reduces test time.

@ Use elevated temperature or humidity to increase rate of
failure-causing chemical/physical process.

@ Increase stress (e.g., voltage or pressure) to make
degrading units fail more quickly.

Use a physical/chemical (preferable) or empirical model
relating degradation or lifetime to use conditions.



Different Kinds of Pitfalls

Pitfalls are generally the result of statistical misconceptions
or the naive application of accelerated test methods.

@ In the recent JQT paper,

Meeker, W. Q., Sarakakis, G., and Gerokostopoulos, A.
(2013). More Pitfalls in Conducting and Interpreting the
Results of Accelerated Tests. The Journal of Quality
Technology, 45, 213-222.

we categorized pitfalls according to

e Pitfalls that occur during the planning of an accelerated
test

e Pitfalls that occur during the execution of an accelerated
test

e Pitfalls that occur during the analysis and interpretation of

accelerated test data
8



GE Refrigerator Compressor Problem

WALL STREET JOURNAL MONDAY, MAY 7, 1990

_ O

Chilling Tale
GE Refrigerator Woes
Illustrate the Hazards
~ |In Changing a Product

Firm Pushed Development
Of Compressor Too Fast,
Failed to Test Adequately

Missing: the ‘Magical Balance’



GE Refrigerator Compressor Problem

@ Early 1980s, GE was losing market share to
competitors—Jack Welch was unhappy.

@ 1983-1986 GE designed, tested, and began to produce a
new higher efficiency, lower cost “rotary” compressor.

@ Stopped accelerated testing after one year and no failures.
@ One million + in service by 1987.

@ First failure after 1.5 years; virtually all would have
eventually failed early.

@ GE replaced all compressors in refrigerators that it could
find. Total cost was more than $450 Million.

@ What went wrong?



Pitfall |
Not Properly Using Information From Inspected Test

Units

@ Although there were no failures in the ALT, those who ran
the test detected discoloration in the test units, indicating a
lubrication issue.

@ Test units were well on their way to failure.

@ The bad news did not flow upward to higher management,
as it should have.



GE Refrigerator Compressor Reference

@ O’Boyle, T. F. (1990). “Chilling Tale: GE Refrigerator Woes
lllustrate the Hazards in Changing a Product.” Wall Street
Journal (Eastern edition). New York, N.Y.: May 7, 1990,
page 1.



Temperature-Accelerated Life Test for an IC Device
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Lower Activation Energy Can Be Masked

10%
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Pitfall 4

Masked Failure Mode

@ Accelerated test may focus on one known failure mode,
masking another!

@ Masked failure modes may be the first one to show up in
the field.

@ Masked failure modes could dominate in the field.

@ Suggestions:

e Know (anticipate) different failure modes.

e Limit acceleration and test at levels of accelerating
variables such that each failure mode will be observed at
two or more levels of the accelerating variable.

o l|dentify failure modes of all failures.

@ Analyze failure modes separately.

15



Appliance B Comparison of Laboratory and Field

Data for the Crack Failure Mode

subset Field, TestCrack Appliance B Data Crack Failure Mode
With Individual Lognormal Distribution ML Estimates
Lognormal Probability Plot

9 4 O —— FieldDataSource Lab
7 -+ ——— TestCrackDataSource

o~ o ©

Fraction Failing
o o . .. .
N O P N WS
Lunly Ll
Eaa

.005

002 Field

.0005

.00005

T T T T T T T T
10 20 50 100 200 500 1000 2000

Lab Time: Test cycles Field time: Days
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Appliance B Warranty-Return (Field) Data

Wear and Crack Failure Modes

Individual subset Field Appliance B Data Failure Mode Lognormal MLE’s

Lognormal Probability Plot

.t
©o o
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Fraction Failing

+0

Crack
—  Wear

Wear
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Pitfall Q
Not comparing failure modes in the field with failure

modes in the laboratory

@ Accelerated tests must generate failures in the same
manner that they will be generated in actual use

@ Often doing physical failure mode analysis is required
@ When the mechanism is due to chemical change,

analytical chemical measurements can be used to assure
that AT and actual use have the same chemistry.



Mylar-Polyurethane Insulating Structure
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Minutes
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Mylar-Polyurethane Insulating Structure
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Minutes
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Pitfall E
Testing at High Levels of Accelerating Variables That

Cause New Failure Modes

@ Using too much acceleration, generating new failure
modes, is one of the most common AT pitfalls

@ Early failures from a new failure mode at high levels of the
accelerating variable will cause incorrectly optimistic
predictions of lifetime at the use conditions.

@ Knowledge of failure mechanisms and physical failure
mode analysis can help avoid problems.

22



Concluding Remarks

@ Accelerated tests are an important part of product
development processes and are often needed to achieve
high reliability.

@ Accelerated testing requires extrapolation in several
dimensions. Extrapolation is dangerous.

@ lItis important, when possible, to understand the
physics/chemistry behind failure mechanisms.

@ Knowledge of the potential pitfalls can help in avoiding
serious mistakes.

23



The End
Thank You
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1) Motivation =.
]

Why turn soiling, cleaning and Abrasion into interest?

« 5 billion inhabitants in 66 Sunbelt countries representing 75% of the world’s population

- deserts, pollution, and flat tilt angles lead to strong soiling impact on PV modules

BERLIN

Thomas Weber, PVMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT
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« Soiling and Abrasion impact is location dependent

-> Mani contributed a usefull categorization of climatic zones and recommended cleaning

schedules

[M. Mani et al. “Impact of dust on solar photovoltaic (PV) performance: Research status,challenges and recommendations”, Renewable and

Sustainable Energy Reviews 14 (2010) 3124-3131]
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Overview

1) Motivation
2) Introduction
(3) Soiling Test: h

How one can simulate soiling and

\ determine self-cleaning propertiesj

4) Cleaning Impact on modules

[5) Abrasion Test:

How coatings are effected by

\ abrasion.

6) Summary

Thomas Weber, PVMRW 2015, 24.02.2015,

PHOTOVOLTAIK-INSTITUT 2ERHN




2) Introduction

—— after cleaning
—— soiled

7 Thomas Weber, PVMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT SEREIN



Mitigation / corrective measures:

- water, air or mechanical cleaning
- manual or autom.

Mitigation / preventive appr.:

- ‘passive’ methods:

anti soiling coatings (ASC)
- ‘active’ methods:
repelling by charge

[www.wikipedia.org]




2) Introduction o |
Overview to PV QA Task Force 12) Soiling and Dust

* PV QA Task Force was initiated at the International PV Module QA Forum 2011 in
San Francisco

» Task group 12) Soiling and Dust
— Leader of group Mike Van Isegheim (EDF) and Sarah Kurtz (NREL)

— 5 subgroups
PV QA Task
Force

12) Soiling
and Dust

Dust cycle Durability

ASC and neieleling testing of ARC

. : deposition and
indoor testing e GUiEleEr acréc;;i);[]gesr

topics

Soiling Cleaning
Sensors Solutions

- Look to the wiki-page:http://pvqataskforceqarating.pbworks.com

BERLIN

Thomas Weber, PVMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT




. o
2) Introduction: n P
Soiling, Cleaning and Abrasion [Sarver et al.] =
« Up till now no PV standard exists for soiling, Cleaning and abrasion
Field- Studying the g’,v
: fundamentals 52
Experiments 5o
o _ Field- 53
SOI|Ing Cleanlng Experiments | ;¢
Laboratory E%‘wi
Testing Impact due to Impact of clean. -
[prEN 1096-5] settlement device or s:
natural clean. Full life-time | £5_
simulation | £5%
2O
Sensoring B % 2
Abrasion
*Rubbing on coating / glass ;:
[ Abrasion Testing by cleaning or natural Dust and Sand ] 3%
[EN 1096-2] [IEC 60068-2-68] e

- Aim: Simulation of realistic soiling, cleaning and abrasion conditions

BERLIN

Thomas Weber, PVMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT




2) Introductiono. ~  Ees
Soiling, Cleaning and Abrasion

Effects to consider

Environmental
abrasion

Approaches
Field testing

Accelerated indoor testing Damage from cleaning

Properties to measure
Anti-soiling properties
Optical transmission
Surface hardness
Surface roughness

Coating rendered
ineffective by permanent
soiling

[M.Van Isegheim] et al., ,The PVQAT Soiling Collaborative“, EU PVSEC 2014 Amsterdam, 5CV.2.25]

BERLIN
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- | |
3) Soiling .m
3.1) Test Bench and Procedure

« We built up a soiling test acc. Cleaning

prEN 1096-5:2011 .- v
« Variable spray angle UV—ExEosure @*} '_
« ,Dirt solution“ acc. Standard ) |

Initial Measurement of Pypp
- For evalutaion of the self-cleaning _
performances of coated glass . 4
surfaces

Soiling and Drying

‘ 2

UV-Exposure @

2

Rain Simulation
[

Repetition
A

Final Measurement of P,,pp

BERLIN

Thomas Weber, PVYMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT




3) Soiling
3.2) Test Results of Self-Cleaning on Glasses

Evaluation of Procedure on Different Solar glass

Glasses:

— PI

30° 10°
— one-cell mini module with soiled __
glasses as filter infront of it Float glass (flat) -1.0 -1.9

measured in the flasher Slightly structured

— Error on repeatability of glass -1.3 -1.9

measurement 0.3%
Prismatic glass -1.5 -3.7

Investigated Parameters:
surface structure of glass and tilt
angle

Results:

- Prismatic glass soil most (especially under flat angles)

—> Structure of surface influence self cleaning property

—> Flat angles (10°) soil much more than standard angles (30°), two times in our case

BERLIN

Thomas Weber, PVMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT




3) Soiling

3.3) Results — Anti-Soiling-Coatings (ASC)

Comparison of Two Different Coatings on
Standard mc-Modules vs. Reference

— ASC 1: Titanium dioxide
— ASC 2: Zinc/Silver dioxide

Results:
- ASC 2: better self cleaning effect than ASC 1

- resulting in higher yields

Isc norm.

Specific Energy Yield

Reference ASC 1 ASC 2
kWh/kWp 31.5 32.0 32.3
Dev. to Ref. 1.8 2.8

Thomas Weber, PYMRW 2015, 24.02.2015, Denver

Evolution of Py,

1,05

1,00

0,95
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0,85
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0,8

0,6

0,4

=

s==fm=m Reference

sl ASC 1
g ASC 2
T
initial soiling soiling after rain
30° 0° simulation

Inclined irradiation behavior of ASC 2

el | nitial
— essfmAfter soiling 0°
el After rain test

0 20 40 60 70 80
Module angle (°)
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3) Soiling
3.4) Outdoor test results

102
Long-Time Test on Modules

— over 260 days from May ‘11 to April ’12 100
— Outdoor test facility Pl-Berlin

= 08
— Module with pyramid structure vs. &
standard flat glass = 9
— Pmpp determined under STC at
laboratory flasher 94
92

Results:

nnnnn

[ |
L H B
[ | L
[ |
? 3
L
¢ TS
m Standard module
¢ Pyramid structure

0 42 113 172 261  after
clean.
Days of exposure

- Both modules soil, but the module with pyramide structure 4 times more

Thomas Weber, PYMRW 2015, 24.02.2015, Denver

BERLIN
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4) Cleaning
4.1) Kind of cleaning

* Manual vs. Automated cleaning

« Many different solutions are available on

Cleaning s

Washing Mechanical

Cleaning

Solution Wiping Air Flow

16 Thomas Weber, PVMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT °*~-"



4) Cleaning
4.2) Evaluation of dust cleaning solutions

|
El

Evaluation of Dust Cleaning Solution:

— Testing of the impact of a cleaning device on Type Ato F
the performance of PV modules

— Full life-time simulation according ‘years of _Initial Measurement
operation in field’ and ‘cleaning frequency’ Visual Inspection, STC, EL

Reflection
4 N\
Accelerated Ageing
Investigation on Modules of well-known Simulation
producers: Anonymous Ato F in x-cleaning cycles
acc. module-lifetime

Final Measurement
Visual Inspection, STC, EL

7 ﬂ..‘.’_. < . -‘ [ n" |

Reflection

BERLIN
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4) Cleaning %‘m
4.3) Reflection measurement

Device properties and measurement: - Reflection results of module Type A
— 10mm measurement spot 10 [ 10
. ot a) +52% b) +82%
— Range 400 — 900nm, uncertainty < 0.2 g | ~final 3 8 ) +82%
— Mean value out of 10 measurements per ° , ° i
point, four points per module 4 4 ‘

X 2 2
c
'E 0 I I I 0 |
O 400 600 800 1000 400 600 800 1000
E 10 10
= c) +63% d) +72%
g 8 8

{
(

=
o L
o
o

400 600 800
Wavelength in nm

400 600 800 1000

- Homogeneous results

- mean change of reflectance = 67% due
to abbraded ARC

Thomas Weber, PVMRW 2015, 24.02.2015, Denver PHOTOVOLTAIK-INSTITUT °5~H"



4) Cleaning %‘m
4.3) Reflection measurement

Device properties and measurement: - Reflection results of module Type E
— 10mm measurement spot 10 ) 10 .
_ a) +3% -1%
— Range 400 — 900nm, uncertainty < 0.2 8 K ’
— Mean value out of 10 measurements per ¢ ®
point, four points per module 4 4
X 2| iial 2
'E 0 —final , I ! 0 I ! I
c
9 400 600 800 1000 400 600 800 1000
g 10 10
e c) 0% d) +1%
g 8 8

400 600 800 1000 400 600 800 1000

Wavelength in nm

- Homogeneous results, no ARC on glass

- mean change of reflectance = 1%

BERLIN
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4) Cleaning S
4.4) Evaluation of dust cleaning solutions - Results

Results:
120%

* No change in Power and
Electroluminescence - means no
mechanical impact on cells

all data points
100% P

Hl E2 EH3 E4 EMW

80%

60%

= Type A to D show change in the
reflectance

40%

20%

- Reflectance change is correlating with

visible stripes on the front glass 0%

Reflectance dev. final vs. initial in %

-20%

- Type E and F is completly stable A B c b . .

Module Type

Conclusion:

—> No significant impact of the cleaning operation on the (STC-)performance but on some
types a significant impact on the reflectance (influencing yield)

BERLIN
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5) Abrasion
5.1) System and Methodology

Utilisation of an Abrasion Tester
acc. EN 1096-2

— Details can be found elsewhere
[weber et al.]

ARC

Glass

Spectral Transmission and Reflection — Transmission| - 0,07
Scans and Analysis o 097 — Reflexion
4 a
— acc. ISO 9050 incl. a distribution of % 1 4005m Sy - T(A) + L 006 8
AM1.5 T 0% g ¢ yA0mm g AN g
(=]
Ty c
2 _ Z1000"m S p(A) - A4 $
£ 095 . 005 @
H . (7] ! =
Questions: £ 3
: [
— Evaluation of test parameters
_ _ 094 0,04
— Evaluation of different ARC's 400 600 800 1000
wavelength A in nm

BERLIN
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. . |
5) Abrasion u P
5.2) Results comparing two ARC
Investigation on two different ARC's: 1000 B)roller coated |
— change of transmission degree Ar
was determined 500 500
§ 250 | 250 §
§ —Azin %: §
$ 100 ®2,0-25 100 §
& m1,5-2,0 n
\ 01,0-1,5
50 | 00,510 50
Results: 00,0-0,5
—> elastic soft (CS10) abradant show 0{( . Q' - . . . 0
fastest results for investigated ARC's Vet e oY e &
- At Maximum abrasion for Abradant

Sputtered: A7 =-1.6 %

rollerCoated: dr =28 % AP | CS1OF_ | csto | oSt

Abrasion elastic elastic Elastic
felt extrem soft Soft hard

Conclusion:
- The sputtered ARC (A) has a better abrasion resistance than the roller coated (B)

BERLIN
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. Future Fab: funded by |
6. Summary and Conclusion o|mm ®|mm WP

Pl

und Forschung und Energie

» Soiling strongly depends on the environmental condition of a
specific location

» Moreover Soiling depends on surface morphology and tilt
angle

* The impact of a cleaning device can be determined by life-time
simulation

— reflectance change indicate abrasion of coating

— coorelation to abrasion Tester will help to understand

» To investigate self-cleaning properties of surfaces a test
method and test equipment was presented

» The abrasion on coatings by simulating soil or cleaning devices
can be investigated with an abrasion test

Thank You !

BERLIN
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Lifetime prediction requires
fleld experience

Reliability tests need to address the correct
modes and accelerate the correct
mechanisms

We need to know what field failure looks like

NATIONAL RENEWABLE ENERGY LABORATORY



Collecting field failures

Locations and climates
Sacramento, California (warm temperate/summer dry/hot summer)
Cocoa and Marin County, Florida (warm temperate/fully humid/hot summer)
Springerville, Arizona (warm temperate/summer dry/warm summer)
Tucson, Arizona (arid/steppe/hot arid)
Toledo and Perrysburg, Ohio (snowsully humidiot summer)

Technologies
mono-Si, poly-Si, HIT, EFG Si
a-Si, CIGS, CdTe

Failure types

Chemical breakdown
Mechanical breakdown

NATIONAL RENEWABLE ENERGY LABORATORY



Organizing observations

Crystalline silicon modules

Chemical breakdown
Discoloration
Corrosion

Mechanical breakdown

Delamination
Interconnect failure
Cell cracking

Thin-film modules

Chemical breakdown
Corrosion

Mechanical breakdown

Edge seal deformation
Interconnect failure

NATIONAL RENEWABLE ENERGY LABORATORY



Crystalline silicon

Chemical breakdown

Discoloration

Yellowing of encapsulant
Driven by UV and heat

Corrosion

Oxidation of metal components

Driven by reaction with moisture and oxygen
Often coincident with delamination

NATIONAL RENEWABLE ENERGY LABORATORY



Crystalline silicon: Chemical breakdown
Discoloration

e
L4+ ¢+

Y j i l = L ;

mono-Si (left) and EFG Si (right) after 23 years in Marin ounty, FIorid (warm
temperate/fully humid/hot summer)

Encapsulant can get very dark, reducing short-circuit
current
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Crystalline silicon: Chemical breakdown

Discoloration
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mono-Si after 18 years (left) and 27 years (right) in Sacramento (warm temperate/
summer dry/hot summer)

Delamination can accompany discoloration
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Crystalline silicon: Chemical breakdown

Corrosion
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EFG Si after 23 years in Marin County, mono-Si after 15 years in Cocoa, Florida
Florida
Delamination can let in moisture, causing corrosion,

but some corrosion occurs without delamination
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Crystalline silicon

Mechanical breakdown

Delamination

Caused by inadequate adhesion or loss of
adhesion between layers

Driven by moisture, mechanical stress and UV
Interconnect failure

Thermomechanical fatigue of ribbons or solder
bonds

Driven by thermal cycling
Cell cracking
Driven by one-time application of stress

NATIONAL RENEWABLE ENERGY LABORATORY



Crystalline silicon: Mechanical breakdown

Delamination

EFG Si after 11 years in Springerville EFG Si after 13 years in Tucson

An ionomer encapsulant showed
delamination along fingers at two sites

NATIONAL RENEWABLE ENERGY LABORATORY 10



Crystalline silicon: Mechanical breakdown

Delamination

EFG Si after 11 years in Springerville EFG Si after 13 years in Tucson

At the junction box, it showed cohesive failure, too

This was fixed with a reformulation of the ionomer

NATIONAL RENEWABLE ENERGY LABORATORY 11



Crystalline silicon: Mechanical breakdown

Delamination

’
/I J 4 ] § '
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3

multi-Si after 10 years in Perrysburg, Ohio mono-Si after 15 years in Cocoa, Florida

Delamination at the encapsulant-cell interface
often follows ribbons and grid fingers
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Crystalline silicon: Mechanical breakdown

Delamination

multi-Si after 10 years in Perrysburg HIT after 10 years in Tucson
Al-containing backsheet traps outgassing

Backsheet layers can separate from each
other or from the encapsulant

NATIONAL RENEWABLE ENERGY LABORATORY 13



Crystalline silicon: Mechanical breakdown

Delamination

EFG Si after 27 years in Sacramento

NATIONAL RENEWABLE ENERGY LABORATORY

Or they can
flee the module
entirely
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Crystalline silicon: Mechanical breakdown

Broken solder bonds lead
to high series resistance
and loss of FF

They also result in highly
localized dissipation of
heat

.4 mono-Si after
- @ 1 8 yearsin Tucson

NATIONAL RENEWABLE ENERGY LABORATORY
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Crystalline silicon: Mechanical breakdown

Interconnect degradation
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mono-Si after 10 years in Perrysburg, Ohio

Highly localized heating from broken solder
bonds damages adjacent materials
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Crystalline silicon: Mechanical breakdown

Interconnect degradation
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23 years in Marin County, Florida 16 years in Sacramento

Highly localized heating from broken solder
bonds damages adjacent materials
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Crystalline silicon: Mechanical breakdown

Broken cells
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Broken cells can become visible when they
permit delamination along cracks

NATIONAL RENEWABLE ENERGY LABORATORY 18



Crystalline silicon: Mechanical breakdown

Broken cells

mono-Si after 18 years in Sacramento mono-Si after 23 years in Marin County,
Florida

In modules with highly discolored encapsulant, the
cracks permit photooxidative bleaching to occur

NATIONAL RENEWABLE ENERGY LABORATORY 19



Thin-film PV
Chemical breakdown

Corrosion
Decomposition of contact or absorber layers
Driven by moisture, heat and/or electric field

NATIONAL RENEWABLE ENERGY LABORATORY
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Thin-film PV: Chemical breakdown

EEETR " e ¢ AL S T T

CIGS after 12 years in Cocoa (image courtesy FSEC)

NATIONAL RENEWABLE ENERGY LABORATORY

TCO corrosion
causes Vvisible
lightening and
loss of emission
in EL

The increased
series
resistance Is
linked to loss of
FF
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Thin-film PV: Chemical breakdown

Corrosion

CIGS after 12 years in Cocoa a-Si after 19 years in Sacraento

TCO/absorber corrosion can also interact with scribe lines

The dendritic form on the right is linked to voltage stress

NATIONAL RENEWABLE ENERGY LABORATORY 22



Thin-film PV: Chemical breakdown

Corrosion

a-Si after 11-12 years in
Springerville, Arizona

This TCO corrosion near the junction box appears to depend on
polarity, suggesting an electric field mechanism

NATIONAL RENEWABLE ENERGY LABORATORY
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Thin-film PV
Mechanical breakdown

Edge seal deformation
Caused by outgassing of packaging materials
Interconnect failure

Actually a delamination caused by loss of
adhesion

Driven by heat or thermal cycling

NATIONAL RENEWABLE ENERGY LABORATORY
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Thin-film PV: Mechanical breakdown

Seal deformation

extruded edge seal

glass edge

gas

active area

CdTe after 9-11 years in Springerville, Arizona

Internal pressure can push edge seals outward

NATIONAL RENEWABLE ENERGY LABORATORY 25



Thin-film PV: Mechanical breakdown

CdTe after 8 years in Toledo, Ohio

NATIONAL RENEWABLE ENERGY LABORATORY

Not seal deformation

A band of seal or
encapsulant material
can be pushed out
during production

This extrusion is not a
field failure

26



Thin-film PV: Mechanical breakdown

Interconnect degradation

8—11 years in Springerville, Arizona 8 years in Toledo, Ohio

Delamination of the bus tape caused a
partial failure of the interconnect

NATIONAL RENEWABLE ENERGY LABORATORY 27



Thin-film PV: Mechanical breakdown

Interconnect degradation
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8—11 years in Springerville, Arizona 8 years in Toledo, Ohio

The delamination causes an
Increase in series resistance,
leading to lost power and
Increased heat dissipation
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Conclusion

Lifetime prediction requires field experience

We displayed some of the chemical and
mechanical breakdown modes we observed
Discoloration
Delamination
Corrosion
Interconnect degradation

Accelerated tests must address these failure
modes

NATIONAL RENEWABLE ENERGY LABORATORY 29



Crystalline silicon: Chemical breakdown
Discoloration

o 1 e 5 —r

Encapsulant and “beauty strips” turned brown near the
junction box due to elevated temperature
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Climate zones

Springerville

Arizona

Csb

warm temperate/summer dry/warm summer

Toledo

Ohio

Dfa

snow/fully humid/hot summer

Tucson

Arizona

BSh
arid/steppe/hot arid

Sacramento

California

Csa

warm temperate/summer dry/hot summer

Ocala (Marin County)

Florida

Cfa

warm temperate/fully humid/hot summer

Cocoa

Florida

Cfa

warm temperate/fully humid/hot summer

Denver

Colorado

BSk
arid/steppe/cold arid
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Crystalline silicon: Mechanical breakdown

Broken glass

16 years in Sacramento
<1% affected

11 years in Springerville, 2%, mostly just back glass broken

NATIONAL RENEWABLE ENERGY LABORATORY 32



Crystalline silicon: Mechanical breakdown

Broken backsheet

16 years in Sacramento

NATIONAL RENEWABLE ENERGY LABORATORY
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Thin-film PV: Chemical breakdown

Corrosion

Local TCO
COorrosion can

appear as
interference

fringes

a-Si after 19 years in Sacramento

NATIONAL RENEWABLE ENERGY LABORATORY
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Thin-film PV: Mechanical breakdown

Broken glass

Main idea

8—11 years in Springerville, Arizona
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CdTe, 8 years in Toledo, Ohio
(snow/fully humid/hot summer)

=
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Approach for Adhesion Testing in
the PV Module Laminate
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overview

= Short review of common PV adhesion tests

» |ntroduction of the fracture mechanics based approach to
adhesion testing

= Applications of this approach to PV laminate materials at
both the coupon and module level

= Extension of these measurements for lifetime prediction of
adhesive systems

= Review and Direction

|75TANFORD

MATERIALS SCIENCE
AND ENGINEERING
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limitations of common adhesion tests

lap shear

sample prep | | m—
P \ P j)M

G | | \bulk material properties

I

peel test

P \ M
(‘ / adherend properties

0 film stress state

loading conditions

(;TANFORD
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fracture mechanics

\\\‘
fracture G - dW.
toughness c T JA e 4
complianc C =

e

energy release

rate P2
toughness G= —d—C
adhesion 2b da =

debond energy

STANFORD figures inspired by: T.L. Anderson, “Fracture disol t 5
ing” Isplacemen

MATERIALS SCIENCE Mechanics” CRC Press, Boca Raton, FL 1995 p

AND ENGINEERING
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sample modification

PT
U . adherend

< adhesive
"~ substrate

peel test

> elastic beam

|

cantilever beam

|75TANFORD
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single cantilever beam
glass/EVA

titanium

EVA
glass

rSTANFORD

MATERIALS SCIENCE
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single cantilever beam

0% silane

60 —
50 —

40

30

load (N)

20 —

10 —

0.0 0.2 0.4 0.6 0.8
displacement (m)

60x10° -
50
40
30 -

compliance (m/N)

20
10

1.0 1.2x10°
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Load reversals to measure
compliance with crack extension

produce linear fit of compliance
with crack extension

Evaluate toughness at each crack
length

_P*dc |P’

G =
2b da |2b

2
3ma;




single cantilever beam, coupon level

0% silane

200 o O
180 O
160 O
~ 140 o o
£ o o o
S 1204 @ -~ g
& 100 N
80 S
60 ® 0.8mm TiSCB s S
40 | 0% Silane O 1.5mm Ti SCB = . £mm N 2N
| | | | | | | | | . .
8 10 12 14 16 18 20 22,470° 0.8 mm Ti beam 1.5 mm Ti beam
crack length (m)
Calculate fracture toughness for
each crack extension
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single cantilever beam, module level

0% silane

250 —
— 200 — o
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single cantilever beam, EVA

STANFORD

MATERIALS SCIENCE
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MATERIALS SCIENCE
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single cantilever beam, backsheet

Debond Energy decreased with aging temperature and RH

1200
NA
-
N
= 1000 f
O so00f
>
(o] 0]
S
o 600 F
-
Ll
= 400}
-
O
o)
2 200}
e
O ]

Backsheet {

i\\\\\

Ageing time =1000 hrs

Polyvinyl fluoride

Polyester

EVA Seed

EVA Encapsulant

Tempered Glass

Polyvinyl fluoride

Backsheet {

Polyester

EVA Seed

EVA Encapsulant

Tempered Glass

80% RH
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single cantilever beam, backsheet

Debond Energy decreased with aging duration

1200 — T
NA Mechanical load
o 0, -
E wh { Polyvinyl fluoride <« 85°C, 85%RH T
S~ Backsheet Polyester
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double cantilever beam (DCB)

thin metal film on

glass
3.5
P . 3.0
=
> 2.5
S
= 204
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corner adhesion test

titanium
glass

EVA glass
titanium
2
— 12PP ~ debond experiment
B 0 2 £ 40 -
Q-‘o
E|2tan| = || A’ < 30
2 g
. _ = 20
= Compliance becomes independent k:
of crack length & 107
O
= 0 500 1000

= Crack will extend at a constant,
critical load
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Actuator Displacement, A (um)

NATIONAL RENEWABLE ENERGY LABORATORY



corner adhesion test, coupon level

Corne

Gic (J/mz)

48.5°, 0.8mmTi with glass

I | | I |
1 2 3 4 5x1 0-3

displacement (m)
3000 SC B

2500 ®

2

debond energy, Gc (J/m")

2000 o
1500
1000

500 —

12 16 20 24x1 0_3
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corner adhesion test, coupon level

Effect of Curing on lonomer Bonding Strength

150 : . - .
PV-86, 300 um ™
N lonomers R
é 120 F t=30 min /,’ -
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/7
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Curing Temperature (°C)
|75TANFORD
MATERIALS SCIENCE
AND ENGINEERING

NATIONAL RENEWABLE ENERGY LABORATORY




corner adhesion test, module level

rSTANFORD
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corner adhesion test,

module level

applied to module cell

|75TANFORD
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applied to module backsheet
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corner adhesion test, module level

debond energy decreased
500-fold after 10 years in
Florida

1000 }

100 |

Debond Energy, G (J/m?)

10 §
1
New Module 10 years in field
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subcritical crack growth

A
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time, t
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subcritical crack growth

V-G plots

A

This is the “adhesive strength”

. |

GC
transport
controlled
. fixed J -
displacement
/ fixed
. load
reaction —

Gipy controlled

strain energy release rate, G

This is the “adhesive threshold”, or a

stress at which cracks will not
STANFORD propagate. A reliable design will
WHHEE live here,
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subcritical crack growth, SCB

Glass/ EVA
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subcritical crack growth, SCB

Glass/ EVA debond growth kinetics

3

107 ¢

debond growth of EVA encapsulant
interfaces is controlled by the
viscoelastic processes that are
affected by water through the
plasticization of the debond tip
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subcritical crack growth, SCB

Backsheet debond kinetics and lifetime prediction
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direction

» Ongoing NREL scientific work is focused on applying the
FM method to characterization for all PV adhesives

= We will develop protocols for applying this technique to all
relevant material systems

* This work will provide the scientific basis for incorporating
these techniques into future revisions of international
standards
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limitations of common adhesion tests

Sample Material
Properties Properties

= Stiffness » Elastic Modulus

» Electrical Resistance » Electrical Resistivity

= Strength » Joughness

NATIONAL RENEWABLE ENERGY LABORATORY



review

* FM based adhesion tests measure a quantitative material
property

* Methods can be applied at both the coupon and module
level and to all interfaces of the PV laminate

» Tests may be developed to be straight forward using
common mechanical test equipment

= Subcritical measurements allow modeling of adhesive
degradation mechanisms and ultimately provide a lifetime
prediction tool
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NREL PV Module Reliability Workshop (Feb 24, 2015)
Adhesion - Considerations, Testing and Interpretation

eal world

“performance

~against

elements.

Presenter

Scott R. Meyer: Senior Specialist-Product and Application Development Engineer;

3M headquarters in St. Paul, MN, USA; Chemical Engineer B.S. degree from lowa State University, 1985; 28 years at 3M Company in various divisions; experience with PSA
tapes, epoxies, urethanes and fluoroelastomers; ~20 years of Experience with Adhesives; 6 years of tapes and adhesives experience related to the solar industry.



Topics:

1. Adhesion and Testing
» Failure Modes
» Types of Forces
» Types of testing

2. Material & Adhesive Characteristics
*  Perform differently — Difficult to compare materials

3. Many Variables Impact Test Results and Performance

» Material types

» Time & Temperature

* Environmental

 Aging (outside scope of this discussion)

4. Rigid PV Module Application

* Relevant Forces & Testing

© 3M 2015 All Rights Reserved



Why is Adhesion Important In PV Modules?

Many Adhesion Areas in a Module Can Fail

Bulk (with-in a material) ~ Frame™

Each material has its own bulk characteristics

Some materials (e.g. Backsheets, EPESs) have layers within the
material that may have additional Interfacial adhesion issues as
well as different bulk characteristics

Interfaces

Front Glass to Encapsulant

Encapsulant to Cells and Ribbons

Encapsulant to Backsheet or Backside Glass

J.Box to Backsheet

Rails to Backsheets or Backside Glass

Frames to Backsheets or Backside Glass Back Side
Edge Seals — Glass/Glass Thin Film 0

gAlle

Tape or Liquid Adh.

Hat Channel Metal Rail
© 3M 2015 All Rights Reserved.



Adhesion
* Molecular attraction that holds material together (single material or multiple layers)
» Does it stick together? s it resistant to de-bonding?

Modes of Failure (De-bonding)
» Cohesive Failure (CO) — Bulk layer
« Adhesion Failure (AF) - Interface between layers

Is CO failure required oris a
high force to failure sufficient?

Not Always easy to identify failure mode

 Mixed failure modes (Some CO & some AF)
« Thin bulk layer surface failure (Can be difficult to see)

m © 3M 2015 All Rights Reserved.




- A‘l:(

Can Be Difficult To Say If Cohesive (CO) or Adhesion (AF) Failure Some Times

Thin
Cohesive
P cohesive
* Not To Hard -But Some May Say Mostly AF + Difficult — Most would Say Mostly Mixed with
» But Really Thin CO Film 35% CO and 65% AF to Glass

* But Really CO -35% CO & 65% Thin CO Film
m ©3M 2015 Al Rights Reserved.



Types of Forces
1. Shear

F

Shear
Force

Stress=Force/Area

Force is Shear
Force

Parallel to

Bond area

>
Area

=
2. Tensile/Pluck 3. Cleavage
:/ F' Tensile Force
Te= —F applied to an edge
I
l-—— length —_.Iy’:'irscs!e
¥
Stress=Force/Area )
/ Force/Width =
EFnergy/Area
Fracture Mechanics

Force is

Perpendicular
to Bond area

Tensile
Force

Area
| Force

Fracture Energy to propagate a crack

Tensile Force applied
perpendicular to an edge

——

More complex to understand |
what cleavage results mean.

© 3M 2015 All Rights Reserved



Force Applied In Different Test Modes

a. Constant Rate - Displacement (or Force)

b. Constant - Force (or Displacement)

Rate = Constant distance/time (mm/min)

|

. Constant force (kg)

c. Cyclic — Displacement or Force goes up and down

Force oscillates with time

m © 3M 2015 All Rights Reserved
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Constant Rate Displacement Lab Test Examples

Overlap Shear

sesoat B s

Al %

>

Load (N)

i
7 8 9 10 11 12 13
Tensile extension (mm)

—
o
=

0t

T Block Tensile/pluck

‘__'_ﬂ,_,___h——,——ﬁ——k——r—*—r—-'—‘——r—f—‘—*‘*‘ =

o 1 2 3 4 5 6 7 8 9 10

Tensile extension (mm)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Extension (in)
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Comments on Peel Testing

Williams and Kauzlaurich, Strain, 47(5), 439-448, 2011
Peel is a special class of a cleavage test
Easy to run

Complex with regards to understanding what it means relative to performance in an

application; Fracture Energy !
T} Substrate 1]
Many variables impact results — Difficult to compare materials unless identical: ?}
 Configurations of Peel Test (e.g. 90°,180° T-Peel, various fixtures, .......)
Figure I: Fixed arm peeling with & = 90°. The backing of
o Pu” Speed (Rate) t.hlckne..'is F.z u dtt.thf_'d to the ri.giq HLl,l?ﬁ.t{iltE.l?"\-' ;.m udh&five
. Temperature e T pelr el
: o Compressve at ange values of coomdinate £ Dimension R
* Humldlty represents the root radius
 Dwell time

* Adhesive (Material Characteristics, thickness)
» Substrates (Material Characteristics, thickness)
* Backing (Material Characteristics, thickness) - Can have Iarge Impact

Gla=P/b (1+&la—cosl )—hf01sla o de—Gldb

fracture Energy used to Energy dissipated
energy Total work done stretch peeling in plastic bending
arm material  of peeling arm m © 3M 2015 All Rights Reserved



Effect of Backing Thickness in Conventional Peel Test

Peel

Williams and Kauzlaurich, Strain, 47(5), 439-448, 2011

2.0-

= From “1CPeel”
A& Exptal

= G/Ga
7))

P/Gab
Total peel force/ pc;rtion due to

fracture energy
B
e

1.0
1 10 100 1000

h*o,/G,

Figure 14: Plot of ratio of total peel energy to de-adhesion
energy G/G, to ho,/G, for Mylar backing and 200MP ad hesive.
Solid line form ICPeel

| Peel can be 50% higher
due to backing effects

Same adhesive

Same backing except thickness

Backing thickness range:

7510 350 um
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Comments on Peel Testing (Continued)
» Peel may not be the best test to use to simulate the forces of PV module applications

 Be cautious in the interpretation of peel data; conclusions can be misleading

Only thing worse than no data is “bad” or misleading data !

When to use peel:
1. Understanding the impact of dwell on adhesion build — How much time should you give something
to reach its best interfacial adhesion?
2. QC tests during manufacturing of an adhesive or identical construction - Are things changing?

3. Ifapplication is in a peel mode

1 m © 3M 2015 All Rights Reserved



Example Of Constant Load Lab Tests

One Condition :
o Pass/Fail

» Measure Displacement as a f(timg). ———————— .|

£

E
Multiple Conditions i
 Constant Force To Rupture (CFTR) Failure Analysis 5
» Creates projections on expected failure point Sos

» Time Temperature Superposition

100,000,000.00 \

Static Shear Displacement Under Constant Load
SAFT 2204 0.23 kg/cm2

y=0.0787Injx] + 13137
R?= 08205

1,000,000 min = 1.9 yrs

200,000 400,000

\ SAFT 2204 Shear Constant Force to Rupture Failure

10,000,000.00 L ey

G N N NN MmN ;N N N T T T N on o n on o
1,000,000.00 - 3
Force (Kg/cm?)
100,000.00
w +23°C
10,000.00
5 ¥ y = 349285x5:53¢ ¥ 90°C
. ?=0.9833
1,000.00 *

y= 1336.3x~5~m\\ ¢
2 _
10000 LR =0.9837 -

Time (minu

*
10.00 X

1,000,000 min=1.9 yrs \
100 | 10,000,000 min=19years *

’ 100,000,000 min =190
12
0.10

600,000 800,000 1,000,000 1,200,000 1,400,000
Time (minutes) = s
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Adhesive Types

Adhesive State Changes — During Bonding
= Curing Liquids

— forms bond in liquid (unreacted) state; Crosslinks during cure

— e.g. epoxies, reactive polyurethanes

— Some may become glassy (e.g. structural epoxy & acrylics)
= Hot Melt Adhesives (thermoplastics)

— melt crystals to form bond; solidifies on cooling to give strength

— Can have crosslinking (e.g. encapsulants)

— e.g. polyamides, thermoplastic polyurethanes, polyolefins

No Change in Adhesive State — During Bonding

= Pressure Sensitive Adhesives (PSA)
— forms bond with contact time and pressure
— relies on viscoelasticity to provide resistance to debonding

© 3M 2015 All Rights Reserved



Many Variables Impact Adhesion Performance

* Environmental Aging
* No Change
 Crosslinking
 Degradation (Breaking Molecular Bonds)

e Dwell Time

 Time to each optimal performance - Surface wet out & chemical reactions
» Be careful, Dwell can cause issues when comparing if not allowed to reach optimal performance

(Adhesive, Substrate, & Backing )

e Bulk Characteristics
» Surface Chemistry
* Thickness

« Rate and Temperature

k » Different for different material classes /
14 © 3M 2015 All Rights Reserved




Adhesive and Substrate Properties

Stiffness Dependence on Temperature for Polymers Tmoxamples:
« Stiffness is impacted by Temperature AoyicPSA  Amorphous
- Stiffness is also impacted by Rate (Speed) EVA(10%.5%) 500 10 100C
Glass Amorphous

Stiffness

(Modulus)

Semi-c?/stalline

Tg examples: .

Silicones <-100C Crosslinked
Acrylic PSA -40C 10 0'C

PET (oriented) ~ 70°C to 90'C ‘4

Epoxies 70 t0 250°C
Glass (non polymeric) >500'C

/

Amorphous Increasing

Glass

transition Crystal melting point

Ty Temperature :;\”il

© 3M 2015 All Rights Reserved



Temperature & Test Rate - Significant Impact On An Adhesive

» Some material are influenced more by this than others.....e.g.silicone versus acrylic PSA
* Need to ask what is important in the application

Effect of Rate on Adhesive Strength Effect of Temperature on Adh. Strength

2204 Dynamic Overlap Shear Test 2204 Overlap Shear Test - Temperature Impact

Speed of Dynamic load effect at 23'C (12.7 mmx25.4 mm) (5 mm/min pull speed: 12.7mm x 25.4 mm)

160 0 sm20120125 set 3¢
’ < 532% 700.0
® 99%
140.0 - . f 0 40'C === 20'C
==é==500 mm/min 600.0
120.0 & =4=—50 mm/min / —0'C B—23C
= —8—5 mm/min 500.0 e 70'C seekee+90'C
£ 100.0 86% = » - 323%
2 ’ E 400.0 ——
8 80.0 = / /
2 601% 8 300.0
60.0 2 / /
40.0 200.0 // / 535%
20.0 100.0 { e 686%
- 719%
0.0 00 4 X v =+ 687%
25% strain 100% strain 200% strain 300%strain Max Stress 25% strain 100% strain 200% strain 300%strain Max Stress

Technique that can be used to relate time & temperature
— time temperature super-positioning (hot is like slow; cold is like fast) —> Master curve

o SM

© 3M 2015 All Rights Reserved



Typical Rate & Temperature Impact On Peel

crosslinked uncrosslinked
CO failure if peel force exceeds CO failure if peel force exceeds
backing, substrate, or adhesive backing, substrate, or adhesive
strength. Shocky strength. \ Shocky
. \ Peel
adhesion

adhesion

cohesive | f,i] AF
failure (AF) atlure (AF)

—

Peel Force
Log(F/(bT)
Peel Force
Log(F/(bT)

disentanglement o
chains

Smooth
Peel

Log r*a(T) Log ra(T)
Hot and/or slow  Cold and/or fast Hot and/or slow  Cold and/or fast
Time &/or Temp Time &/or Temp

What is the temperature and rate that should be used to represent the application?

17 m © 3M 2015 All Rights Reserved



Time Temperature Super-postitioning Shear CFTR Example

Time and temperature dependence - failure times in constant shear load of 2204 foam tape

Time-temperature superposition

SAFT 2204 Constant Force to Rupture Failure

oo 1.000.000 Minutes ~1.9 years SAFT 2204 Master Curve - 23C reference temperature

% oo o 10,000,000 Minutes ~19 years
100000 ‘., 100,000 Minutes ~ 70 days ohe ° .
N * 1000000 log shift factor at 90C = -2.1 e2c
A o%pe s | ¢ Same curve shape at90C as at 23C ~ es0c
_ % . Zg? o but everything happens 126 times
N E o e faster(10°2.1)at90c
E ° % o
S 100 .. ® g 100 .
- = .
© ® ¢ 2 100 °
S ® ‘ E 10 1
[ L
1 ¢ ° R é ‘ :
)\ . ® 1 [ ] °
0.1 (] o ©®
Pt 0.1 °
0.01
0 0.2 04 0.6 0.8 1 12 14 001 0 02 04 06 08 1 12 14
Stress (MPa) Stress (MPa)
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Time Temperature Super-posititioning — When It Doesn’t Work

When does time-temperature superposition not work?

Semi-crystalline materials

Not work with materials that are Crystalline - melting of crystal phase produces softening
that will not be seen below T regardless of time scale of test

Multi-phase materials
different phases have different sensitivity to temperature

Temperature causes irreversible changes/degradation of material

19 w © 3M 2015 All Rights Reserved



20

Each Application is Unique - Need to ask the following

» What are the critical forces that can cause failure?
 Type - Shear, Tensile, Cleavage
» Mode - Constant Load, Constant Rate, cyclic
* Limit - maximum forces requirement

» What are reasonable tests that can be run to help get a perspective on performance?
 Usually have to make compromises to do the best you can on a small scale
» Need to validate &/or correlation with field results

w © 3M 2015 All Rights Reserved



What are the type of forces on this adhesive?

PV Example - Rail Bonding Adhesives In Rigid PV Modules

What are test methods that simulate the forces?

Type of Lab Test .
°
Tensiie/Piock Shear Ciesvage Fast Tensile/Pluck
Constant Rate Constant Rate ° FaSt S hea r
isplacement Constant Displacement Constant e
s Load Load « Constant Load Shear
Slow Fast Slow Fast
application
characteristics Forces importance
gravity 9 1 g
Ability to wind gusts 9 g 1
handle stress Installation/Handling 9 9 1 9 1 1
from an Thermal variations 3 3
adhesion (CTE mismatch)
perspective
Snow Loads 3 1 (cold) 9 (cold)
Does It stick?
IEC& UL 9
Mechanical Load Test

‘_

\UE

. S0 R . g 3 v
m © 3M 2015 All Rights Reserved



Example of Forces on Rail Bonding Adhesives In Rigid PV Modules

« Gravity
Panel Weight — Above Ambient Temperatures
Long time Scale — 25+ years
Snow Load — Cold Temperatures

What are the type of forces on this adhesive?

Shear &
Compression

compression
Weight
\
What are test methods that Shear &
simulate the forces?

22

Compression

Wind Gusts

(Building codes use 3 second wind gusts)

What are the type of forces on this adhesive?

Shear & Pluck

Wind gust Force
\ What are test methods that
simulate the forces?

Shear & Pluck

© 3M 2015 All Rights Reserved



Mechanical Load Test - IEC & UL Standard

Step 1: 2400 Pa applied to front side — Hold 1 Hour

Compression

T T

Step 2: 2400 Pa applied to back side — Hold 1 Hour

‘ll Tensile/PIuck\l' L \l'

Repeat steps 1 & 2 three times.
If want heavy snow load approval, replace
last front loading with 5400 Pa.

23

Concerns

*1 hr load is not representative of a wind gust.
* Building codes — 3 second wind Gusts

*Not representative of snow load because
testing:
* Does not include shear
* Is done at room temperature

m © 3M 2015 All Rights Reserved



Solar Panel Stack Up — Adhesion Areas in a Module

What are the forces acting |"f:e"f?glia| - - \

- n + Front Glass to Encapsulan b Uk
on the Iayers in the module » Encapsulant to Cells and Ribbons Frame
Gravity, Wind, CTE « Encapsulant to Backsheet or Backside Glass
Mismatches, installation » J.Box to Backsheet

* Rails to Backsheets or Backside Glass
* Frames to Backsheets or Backside Glass
+ Edge Seals — Glass/Glass Thin Film

Bulk

Each material has its own bulk characteristics
« Some materials (e.g. Backsheets, EPEs) have layers
within the material that may have additional Interfacial
adhesion issues as well as different bulg (k:Shdaracteristics
Glass of PV
oglile

Tape or Liquid Adh.

What are test methods that can
be used to simulate forces?

Shear, Tensile, :
3M Cleavage Hat Channel Metal Rail

24 © 3M 2015 All Rights Reserved



Key Points:

1. Peel
« Easy to run but complex with regards to understanding what it means relative to performance in
an application.
« Influenced by many variables. (Backing, substrate, angle, stretching,......... )
« May not be the best test to use to simulate the forces of PV module applications

2. Understand application stresses & simulate stress as best as possible to get most relevant
information.

3. Various adh. & materials perform differently - makes it difficult to compare application performance.

25 w © 3M 2015 All Rights Reserved
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Backup Slides
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Time & Temperature Have A Significant Impact Failure Mode

transition from cohesive to

4 : : :
1 interfacial failure
Peeling PET film from rubber at differen B _ i
Gent and Petrich, Proc. Roy. Soci. A., 310, 433 (1969) COh@SlVe Q
- 1
| | | Peel — 3
o - Forces .| l o
% e = | transition from smooth
£ 3 cf |1 S /
E, . [ to shocky pgel
8, 2 T & Q .
1 J If peel force exceeds
: s 1t | 7 1 backing, substrate, or
logio(R (em/s)} E 90 1 adhesive strength, it
FiGure 2. A\'eru;z(!: pc(lllfogLv( lt"ut;u}ilf'ib-rate (l)f pee}f}{l-f?lrfplnlxlyx.uer(; - c’9 ﬁé o- ‘\.. . Could tear and never
' e ' & o reach a shock Peel
P 1 Fo
. IR e -
H9t and/or slq\(/)\é o R (cm(,:sg,l-d and/or fasE

< fo -
F1cURE 3. Master relation for peel force P against rate of peel R, reduced to 23 °C, for polymet
A adhering to Mylar. Broken curves denote the extreme values when stick-slip peeling

occurred.



Substrate Type Can Have A Significant Impact Failure Mode
Interaction of interfacial forces and material properties

Kaelble Peel Master Curves

c

Ny ., Clean pegl..--~-.

5 pohesive . p ‘ e

~ failure T B

= _shift due to substrate

& & 2 v

v St ’

5

o | Shocky

v .

(]

(Al

o)

0 Rate and temperature

2, '2 J 2' l : dependence comes from

log rate*aT (In/min) rheological properties of the
Cold and/or fast adhesive and backing
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Evaluation of CPV Systems

Mani G. TamizhMani
ASU-Photovoltaic Reliability Laboratory
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ARIZONA STATE UNIVERSITY % IRA A. FULTON SCHOOLS OF

PHOTOVOLTAIC RELIABILITY LABORATORY engineering

ARIZONA STATE UNIVERSITY

Operating Plant

Presentation Objective

To provide objective field evidence why accurate LONG-TERM tracking
and NON-ADJUSTABLE misalignment issues are extremely critical for
the success of high concentration CPV systems.

Slide 2



" IRAA. FUEI'DN SCHO?LS OF
ESl engineering

Sz
P ARIZONA STATE UNIVERSITY

Outline

System Description

Performance and Reliability Results

Key findings

Conclusions

- __________________________________________________________________________________________________________________________________________________________________
Slide 3



" IRAA. FUEI'DN SCHO?LS OF
ESl engineering

ARIZONA STATE UNIVERSITY

System Description

- __________________________________________________________________________________________________________________________________________________________________
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ARIZONA STATE UNIVERSITY

" IRAA. FUEI'DN SCHO?LS OF
ESl engineering

Site Size (KWpe) Age (y) : _ 1300x
Plant 1 160 5 o8 Concentration (tracking resolution 0.1°)
E:a”: g i;i i Module Rating 900 W/m2 DNI, 25°C Cell T
2 Rated P, 250 W

| Controller software
adjusts the tracking
of:

* Array

« Strings in an array
® + Paddles in a string
..... but not of:

, : _ e ©  Modules in a
‘String with 2 paddles Paddle W'th 84V|odules : %ﬁgs o A modile
* Receivers/cells in

Site 1: 10 inverters = 40 strings = 10 x 4 x 2 x 8 modules = 640 modules
Site 2: 17 inverters = 68 strings = 17 x 4 x 2 x 8 modules = 1088 modules __ .
_Site3:9 mverters 365trmgs - Ix4x2x8 modules 576modules e : a module

Note I-V curves were translated with a voltage temperature coefficient of -99.1 mV/°C ( 0 12%/°C) and a current

temgerature coefficient of 2.34 mA‘°C ‘O°‘ ‘°CI assumlng heat-sink temgerature is egual to cell temgerature.
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SHGTONOLTAIC RELIABILITY LABORATOR PSU Shgiazing

ARIZONA STATE UNIVERSITY

Performance and Reliability Results
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PlantL
Plant 1 - Before Alignment: Phase 2 String Power (Ascending Order) Plant 1- Potential Power Gain After Each String Alignment with Best Operating
3 String (Power gain is shown by the green bar stack)
' 35
3 Rated string power = 4.16 kW . HJ,@ :
) Best string capacity = 79% ot g
é 215 5 2.5 g jj ™ = IN IN BN BN BN BN BN -
v WA v 2
3 PR i innnnnnnnnniinnnnnnnnnnnnis
0 I S & 15 { Plant 1will potentially work at about 79% capacity if each string is aligned with the best string
e 15 ©° o o
W .000’ ,59\” S FRNRRN RN R nnnnnNnnnIy
. :
T s L LHEHEHLEH | JLenaomera 1]
0 ’ LR CELEECEE T
K ¢’ 0.
0 004048 | ‘ ‘ ‘ | | 1 6 11 16 il 26
0 5 10 15 20 25 30 35 String Number
String Number B Current string power (kW) W Potential gain after alignment (kW)
Best string capacity = 79% Potential gain if each string is adjusted to best
Non-adjustable HARDWARE issue = 21% loss string performance using tracker controller
(Intrinsic issue) SOFTWARE and adjustable hardware

(Extrinsic issue)
Note: Intrinsic issue is probably caused by the misalignment and/or degradation of optics and/or

receivers/cells due to thermal cycling stresses which cannot be fixed in the field.
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Plant 2 - Before and After Alignment: Phase 2 String Power (Ascending Order)
3
2.5 *
= - - .“mw““’“““’m
S e "= .
[ 2 7 i
S - 6\‘“
1] gz
= 1.5 \ant
© ey VO
o Lt
£ 1 oo == - Be®
% oo Rated string power =4.16 kW
0.5 *** Best string capacity = 62% ——
000”
0 ommcccomoccBomems T . . . . .
0 10 20 30 40 50 60 70
String Number
% Before Alignment M After Alignment

Best string capacity = 62% (has potential to be improved to 79% - see previous slide)
Important note: After manual alignment of strings and paddles (not modules or receivers)
using a sundial and pyrheliometer, a few of the bad strings gained power but not to the full
100% capacity. The 100% non-recovery issue could be due to combination of two reasons:
Intrinsic issue (see previous slide) and inaccuracy in our manual alignment using
unsophisticated mechanical sundial and 5° full view angle based pyrheliometer which are

not sufficient for these 1300X CPV designs..
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ARIZONA STATE UNIVERSITY

Plant 3

Plant 3 - Before Alignment: Phase 2 String Power (Ascending Order)

2.5
Best string in plant 3=2.1 kv\l\Q
= & & P S S S S S SR R . .
E—z e o o ¢ & & & T T T
S 15 Rated string power =4.16 kW
g Best string capacity = 51%
® -
= .
| =
& 0.5 P
*»
0 >+ T T T T T T 1
0 5 10 15 20 25 30 35

String Number

Best string capacity = 51% (has potential to be improved to 79% - see slide 7)
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ARIZONA STATE UNIVERSITY

P._.. of Individual Modules

max
(32 modules individually tested; modules are from the best array based on inverter kWh data)
Module Rating 900 W/m?2 DNI, 25°C Cell T
Rated P, ., 250 W
Histogram of Normalized Measured Power (W)
Normal
en s
N -32
8_
/—\
. / \
& 4 /
2_
// \
——/'/

0 L 1 1 1 1
80 120 160 200 240

Normalized Measured Power (W)

Best module capacity = 79%; Non-adjustable HARDWARE issue = 21% loss
(Intrinsic issue)
Note: Intrinsic issue is probably caused by the misalignment and/or degradation of optics and/or
receivers/cells due to thermal cycling stresses which cannot be fixed in the field.
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ARIZONA STATE UNIVERSITY

Key Findings

e Best string and best module are operating at about 79% of rated capacity.

e 7 out of 36 arrays in all three power plants are not producing any power at all
o Indicated a severe off-axis tracking issues on 7 arrays

e The best performing array operates at 70% of the rated capacity; all working
arrays (29 out of 36) are underperforming at less than 70% of the rated capacity
o Indicated that the strings, paddles and/or modules are having serious
misalignment issues

e On an average, all operating and non-operating arrays (36 arrays) are working at
41% of rated capacity (Just less than 2 years old!)
o Indicated that the strings, paddles and/or modules (optics and receivers) are having

serious misalignment issues

Slide 11
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ESl engineering

ARIZONA STATE UNIVERSITY

Conclusions

Alignment of 24 receivers/cells within a module | —

l

Alignment of 8 modules within a paddle i

INTRINSIC Alignment Issues
(cannot be adjusted
by tracker controller)

l S(,e,cé/nd order issue: Non-adjustable hardware

Alignment of 2 paddles within a ,s,tri’r’{,g

’
’
v
.
G
.
s
v,
v
’
2
.
s
v
7

Alignment of 4 stri,ng’s/within an array

EXTRINSIC Alignment Issues
(can be adjusted
by tracker controller)

4 Firs':[ order issue: Complex software
Presentation Ob|ectlve P

To provide objectlve field evidence why accurate LONG TERM tracking and
NON-ADJUSTABLE misalignment issues are extremely critical for the success of
high concentration CPV systems.
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Thanks for your attention!

Contact:
Mani G. TamizhMani
manit@asu.edu

- __________________________________________________________________________________________________________________________________________________________________
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CPV Module Efficiency Characterization Methods

Michael Sinclair, Stephen Caelers, Pascal Dufour,
Stefan Myrskog, John Paul Morgan

February 24t 2015

Presentation at PV Module Reliability
Workshop

Golden, Colorado
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The Problem

e Quantifying CPV performance is challenging!

— Requires a collimated solar simulator (CSS) to test to
Concentrator Standard Test Conditions (CSTC)

— High CAPEX and high operating costs

— Hard to maintain calibration

— Requires highly trained operators and technicians
— Repeatability o = 2.8% (current system at MSI)

Is there another way?

morgansolar



The Solution

* Prototype new tools for low cost in-line
efficiency estimation

* Use standard automation equipment to reduce
complexity and minimize sources of variation

* These alternative techniques will estimate
optical efficiency (I..) for individual optics
— Module P can be calculated based on an average
cell model FFuture work!)

morgansolar



The Solution

* Key Question:
— How accurate does the estimate need to be?

morgansolar



Agenda

1. Laser Solar Simulator
i. Approach
ii. Experimental Set-Up
iii.  System Performance
iv.  Results

2. Electroluminescence Imaging
i. Approach
ii. Experimental Set-Up

iii.  System Performance
iv.  Results

3. Conclusions

morgansolar



LSS: Approach

1. The output beam from a fibre-coupled laser
system is collimated over the area of one
optic

2. A two-axis translation stage shuttles the
sample under the collimated beam

3. I is directly measured for each individual
optic

morgansolar



LSS: Experimental Set-Up

Fibre Coupled Laser e The Samp|e translates
Engineered Diffuser -

under a stationary
Lens Imaging system

* Not shown: Laser
source, 2-axis
translation stage,
LabVIEW GUI

Mask

pr—

Test Sample



LSS: System Performance

* Collimation: £0.5°
* |rradiation Non-Uniformity: 5%
* Fast results: less than 2 seconds per optic

morgansolar



LSS: System Performance

« Gauge R&R results: - componen oTaen C
— Not great! = |
— Repeatability 0 =3.4% g o
(of VarComp)

Total Gage R&R 13.49% S o
Repeatability 6.88% o
Reproducibility 6.61% R

Part-to-Part 86.51%

Total Variation 100%

‘@:morgansolar :



Normalized Isc

20%

10%

0%

-10%

-20%

LSS: Results

Normalized Isc Measurements - LSS vs CSS

Isc - LSS
Isc - CSS
11 21 31 41 51 61 71 81
Error - LSS to CSS
11 21 31 41 51 61 71 81

morgansolar



LSS: Results

Fitted Line Plot
LSS Result = - 0.09717 + 1.097 CSS Result

13 5 0.0343135
R-Sq 96.5%
1.2 R-Sq(adj) 96.4%

11
1.0

0.9

LSS Result

0.8

0.7

0.6

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
CSS Result
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Agenda

1. Laser Solar Simulator
i. Approach
ii. Experimental Set-Up
iii. Performance
iv.  Results

2. Electroluminescence Imaging
i. Approach
ii. Experimental Set-Up
iii.  Performance
iv.  Results

3. Conclusions

morgansolar



EL: Approach

* Electroluminescence (EL) imaging is widely
used in PV manufacturing for defect detection

* Reversible Systems
— Solar cell -> LED

— Concentrator -> Collimator

morgansolar



EL: Approach

1. Constant current is applied to the test
module leads

2. The collimated output beam is imaged by the
test system

3. Individual optic images are processed to
make |, estimate

morgansolar



EL: Experimental Set-Up

Camera Sensor

Lens 2

Lens 1

Test Sample

* The sample translates
under a stationary

Imaging system

 Not shown: power

supply, 2-axis
translation stage,
LabVIEW GUI

15



EL: Approach

xIxDEI%
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EL: System Performance

 We developed a lab-scale system which
provides:

— Fast feedback —> less than 5 seconds per optic
— High resolution —> 40 um

— Meaningful test images

— Proof-of-concept for a production test system

morgansolar



EL: System Performance

Gauge R&R results: Components of Variation
— Good!
— Repeatability 0 =2.3%

100

Percent

% Contribution |
(of VarComp)

Total Gage R&R 4.33% e e e ranioran
Repeatability 1.94% 01z, o Opemerinteeeten o
Reproducibility 2.39% Z% e

Part-to-Part 95.67%

Total Variation 100%

‘©:morgansolar 18



Normalized Isc

20%

10%

0%

-10%

-20%

EL: Results

Normalized Isc Measurements - EL vs CSS

Isc - EL
Isc - CSS
11 21 31 41 51 61 71 81
Error - EL to CSS
11 21 31 41 51 61 71 81

morgansolar



EL: Results

Fitted Line Plot
EL Result = - 0.3012 + 1.301 CSS Result

14 s 0.0731926
R-Sq 89.4%
R-Sq(ad)) 89.3%

13
1.7
1.1
1.0

0.9

EL Result

0.8

0.7

0.6

0.5 ,
0.6 0.7 0.8 0.9 1.0 11 1.2 13

CSS Result

morgansolar



Review

* Two low-cost efficiency estimation tools are in
development

CCS LSS EL
Repeatability (o) 2.8% 3.4% 2.3%
Accuracy to CSS (o) - 3.4% 7.3%

* Further improvements are required to
Improve estimation accuracy

‘©:morgansolar e



Conclusions

e Alternative solutions for quantifying CPV
module performance at CSTC can be
considered

— Careful calibration of test results to CSTC is
essential

— Additional quality systems requirements can be
designed to facilitate low-cost testing
methodologies

morgansolar
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Semprius’ Approach to Flash Testing

Steven Seel & Brent Fisher

© 2015 Semprius




Semprius Design Advantages

World’s Highest Efficiency High Efficiency, Low-Cost Microcells
« 35.6% efficiency « 600 x 600 microns

* Near-term path to 42% « >41% triple junction cells
« Substrate reuse cuts cost in half
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T

-
o 2
e
o i T

i e

Lightweight b B o e e
-_-.: ,,,,,,,,, R, i r e _' "
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- g - e Al il e R o o+, .--_,-‘_.' #
F o ‘ff-r,’,‘:"a.,r"fr,J, A e #
: {__'_-' S i e A e e i -, =
j"’" e Lo ".: -'-"."'".-r T Jhi - .I / Th-
; A, T A e in
’ g = /_;,J/-‘.r ::::::: SRR
B S B S B B 5 68
g, P I mm
= ol o o’
E A -, i # 7oy ‘," 7 amar
r £ L

\\ — Zero Cost Thermal

— Management
High-Performance, Low-Cost Optics / o
« 1,100 - 1600X concentration
- Wide angle of acceptance \ Standard Manufacturing
« Uniform energy flux on cell Processes

High Efficiency — Low Cost — High Reliability
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Y
Overview of Semprius CPV Approach

Trurabar Samp

Farliid
Soiwr Cells

Epi  wllpy =l S——

Wafers

sandgr Call Somern Wiler Crramag irvippieers Taegen WWalsr

Iulti-Junction p-Transfer Printing o
Solar Cell Interposer

Wafer Processing

GaAs Wafer
Processing

SMT Backplane CPV Module CPV System
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100% Quality Control Testing

Solar cells
* Printed solar cell within 10um of nominal position
« NIR inspection for voids in cell attach
« Automated visual inspection for defects

Solar cell on interposer
« Dark & Light IV
« Electroluminescence image inspection for defects
« Thermal transient testing to evaluate die attach

Backplane
« Dark-1IV testing (shunt & series resistance)
« Reverse bias for by-pass diode check

Module
« Electroluminescence image inspection for defects
« Leak test of seal integrity (pressure decay)
« Hipot (3600V for 1sec) & wet hipot on sampling basis

 Flash test

© 2015 Semprius 4
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Semprius Flash Test System

* ABB rating (ASTM E927-05) for
spectral match, spatial uniformity,
and temporal stability

e Xenon flash bulb capable of nearly
1000 W/m? in test plane (Si detector)

e Collimation better than 0.4 degrees

e Custom spectral filter to match
AM1.5D spectrum

e 3isotype cells, silicon reference cell,
and triple-junction mini-module

Flash Reflect lluminate Measure Label
' = —— | E T

BEMPRIUE
i i Fiareloe . DD WO 0000

B N o Tt bl o

Bl P’ e ] 1w e e e WRLY

A T A mey
MEE R e M HE D Sl i
HEE v 0N a1 o BT B BANLAG I e et

f
REHERRCHEAED 4
i||i1|11 i

I AR e D S e ook e
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Temporal Stability

Flash Pulse Duration
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Flash duration of several milliseconds

[ ]
e 200-point LIV curve acquired in 1.0 msec
* Temporal stability of < + 5% (Class B)
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Spatial Uniformity

« 40 measurements with Si detector over 1m? area
« 2.8% non-uniformity, defined as (max - min)/(max + min)/2
« Class A uniformity defined as <2% non-uniformity (ASTM E927-05)

= e
|r_F"|E-'.||:m-:|r-Ln'-I & 5

K Peasimh (ireh)
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Spectral Match

mini-
{3 isotypes} module

I —

« Custom filter designed so spectral
matching ratios (SMR) for triple-junction
cell emulate AM1.5D spectrum

« 3 isotype cells (grown by epi supplier
and calibrated at NREL) allow SMR
measurements during flash

« Minimodule measured during flash to
correct for spectral response by
normalizing measured module current

© 2015 Semprius 8 SEMPRIUS



Flash Repeatability (without removing module)

e 10-sec interval between flashes

* Repeated 25X in a row

* Demonstrates recovery time of flash bulb system

* Demonstrates repeatability of data acquisition during 1ms window of flash

Read 25 [V Curves
Date: 2012-06-26 ... 2012-06-26
Time: 105409 .. 105849
WV="ModVE" & I="ModIE")

L e R Ve | sToev

ns """"" ] Voc 0.04%

. - - :

L e Isc 0.39%
. """"" i Vmp 0.05%
B e S S 1 E T Imp 0.21%

s e - Pmax 0.22%

0.1 _ """""" - Fill Factor 0.22%

% zlu dlﬂ Eln aln 1|:|m 120
V[V]
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Variability of Flash Power by Appraiser

(with removing module)

A Variability Chart for Power

. UCL=87.0184689
— '8 Iﬁh T =
2 86.4
o - LCL=86.1621978
' © = © =
. m = Fam
£ = S ®
o) © 2 -
o QO
=
Appraiser
A Variability Summary for Power
Std Err
Mean Std Dev Mean Lower95% Upper95% Minimum MaxXimum Observations
Power 86.59033 0312271 0090145 8639193  B36.78874 85.669 86.846 12
Appraiser[Belinda] 86.762 0090598 0052307 8653694 B6.98706 B6.666 86.846 3
Appraiser[Craig] 86.39633 0630701 0364136 8482958  87.96308 85.669 86.792 3
Appraiser[Jeremia] 86.673 0046184 0026665 8655827 BG6.78773 86.634 86.724 3
Appraiser[Jerry] 86.53 0108761 0.062793 BE6.25982  86.80018 86.457 86.655 3

© 2015 Semprius

Flash test repeatability better than + 0.5W (~0.5%)
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Reference Module Over Time (SPC of Tool)

Run Chart of Pmax
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Beside Pmax, also monitor flash intensity, Voc, Isc, SMR ratio on daily basis
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Flash Test Results

« 1000 modules produced in Jan & Feb 2015

| |
1 |

Efficiency

e ey ‘h{.-.",:_

-_'

Mean 34.3%
Stdev  0.8%

310 £ 320 325 230 333 330 345 330 355 360 E1LR )

=
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CSTC to CSOC correlation
« Concentrator standard test & standard operating conditions

Irradiance (W/m?) Temperature (C) m Wind Speed (m/s)

CSTC 1000 25C cell AM1.5D
CSOC 900 20C ambient AM1.5D 2.0

« Reference modules measured at Fraunhofer & UPM (Spain) to correlate on-sun
performance to flash test results

« At Semprius, 75 modules flash tested then placed on-sun to compare performance

CSOC v CS5TC: Pmax

e o, L <5% uncertainty in CSTC
g R -f;, 4 ., ' to CSOC correlation at
70 R S 1 .
£ o et . 2-sigma level
EEE tof i -
Gd

Ly
Pt

[=3]
]

CSTC [Flash Test Walue)
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Additional Flash Test Projects

« Zero voltage ramp testing

* Monitor module current vs isotype cell currents during entire flash duration (during
which spectrum shifts) to determine which subcell limiting

+ Enables characterization of Air-Mass dependence of module response
* Module angle-of-acceptance testing
« Tip-tilt stage allow full AOA map in 15 minutes
* Further development will allow full AOA map in single shot
« Flash test performance vs temperature
« Heating/cooling to simulate on-sun performance vs temperature
+ Check for impact of pitch variation, focal length, etc.
« Future considerations
+ Automation: horizontal module orientation to allow conveyorized flash testing

* More powerful light source and larger mirror for larger modules
4] & 5] solar cells

More sensitive to spectral matching to AM1.5D

Custom light source & filter required but can’t sacrifice light intensity

© 2015 Semprius 14 SEMPRIUS



Thank You!
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i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Peter Hacke

National Renewable Energy Laboratory (NREL)

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.




Overview

* Introduction of mechanisms
« |[EC 62804 — overview/history of PID test method

* Present status of test types

— Chamber test
— Foll test

* Future of IEC testing for system voltage stress

— Basic level testing (such as for qualification testing)
— Climate-specific, lifetime predictions

* Understanding of stress factor interactions
— Multi factor cyclic/combined stress testing

NATIONAL RENEWABLE ENERGY LABORATORY 2



Introduction/background

e Mon, Ross/JPL 1970s and 1980s
Degradation with ionic current coulombs transferred (c-Si, a-Si)

1.2 T T T T T

' E_VA&—I—» PVE
O X

A ANISSOLDER 4

1.0

0.8

006
S_—\ .

0.4k 1944 bue AT 890 hes AT _
KEY: 85°C/0%, 70%, 100% RK | 70°C/85% RH
60V 30V 500 V
0.2 L [TRE-METAL ) Q _
SILVER PASTE ] a ]
Ni-$ OLDER A A
55— J—
10 10 107 10” 107 10 10 10
Q. /em JPL- Mon, Ross (1985)

e Wohlgemuth/BP Solar (2000) showed TCO corrosion
e Osterwald/NREL (2003) showed corrosion occurs in the SnO,:F
transparent conductor layers in a-Si and CdTe modules; mitigated by:
e Lowering humidity
e Reduction of voltage potential between the frame and the active layer
* More resistive packaging: changing from soda lime to borosilicate glass,
* Moving the frame from the glass edge to adhesive bonding on the module rear

NATIONAL RENEWABLE ENERGY LABORATORY 3



Introduction/background

SunPower reports 'surface polarization' in n-base Si modules (field and test) in
2005

+

PV APPLICATION
ARRAY CIRCUIT
glass

SR ——— L
cell h* -

- B R B B B | Swanson et al, Asian PVSEC (2005)
e Positive bias string leads to leakage
current through glass to ground,
leaving negative charge on cell
surface, degrading effectiveness of
the n* front surface field of the n*/n
structure

| degradation

* Minority carriers (holes) recombine at
front surface, leading to degraded cell v
performance

e SunPower also reports system voltage degradation in p-base Si modules (2005)

e Evergreen — field degradation (2008), SOLON — field degradation and testing

(2010), NREL — testing(2010)

NATIONAL RENEWABLE ENERGY LABORATORY 4
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Introduction: Physical nature of PID n+/p Si cells

Negative system voltage strings
1. Positive Na ions electromotively attracted through encapsulant to silicon cell

2. Nadiffusion to junction through stacking faults, f(T |Na|)
TEM image of a stacking fault + EDX ‘mapping:

Pre

e==Post

0 10 20 30 40 50
v(V)

50 nm

V. Naumann (Sol.Mat. 2014)

= PID-shunt = 2D crystal defect (“stacking fault”) in Si, decorated with Na[']
Stacking faults
* Associated with the crystal growth
* (Can be created and annihilated with high temperature diffusions and oxidation

NATIONAL RENEWABLE ENERGY LABORATORY 5



IEC 62804 TS— Overview of scope

e Screening test to evaluate c-Si PV modules to the effects
high voltage stress including potential-induced degradation
(PID) and polarization

* Glass surfaces, silicon cells having passivating dielectric
layers, for degradation mechanisms involving mobile ions

 Measures short term effects

— Does not deal with encapsulation failure that in turn leads to rapid
moisture ingress and electrochemical corrosion.

NATIONAL RENEWABLE ENERGY LABORATORY 6



IEC 62804 — Brief history

Concept for a system voltage durability test proposed Fall 2010 WG2 meeting
— Contained damp heat with voltage bias stress test
— WG2 membership needed time to study the matter

e New work item proposal published Dec. 2011

— “System voltage durability test for crystalline silicon modules - Qualification and type approval”

e Two votes at WG2 meetings moved the document to a test method; reasons
held by some include:

— Not enough understanding to standardize pass/fail criteria
— Module makers needed to be convinced it was necessary
— Better to include pass/fail criteria in IEC 61215

* Fall 2013/Spring 2014:

— Added Al foil test parallel to the environmental chamber test
* Simple test, but not able to evaluate module designs with frame/mounting-based mitigation

— Changed to a test method (IEC technical specification)

 |EC 62804 TS: Test methods for detection of potential-induced

degradation of crystalline silicon photovoltaic (PV) modules
— Draft approved by national committee voting on 2015-01-09
— Final submission, adjusting language and other minor items, very soon

NATIONAL RENEWABLE ENERGY LABORATORY 7



IEC 62804 — Brief history

Concept for a system voltage durability test proposed Fall 2010 WG2 meeting
— Contained damp heat with voltage bias stress test
— WG2snembership needed time to study the matter

e New work itemp sal published Dec 2011
—  “System vo durability tgsie i

* Two votes aQu'&l'II\ S
held by some includex

— Not enough understanding to s
— Module producers needed to b

=Qualificatiog and type approval”
test method; reasons

ardize pass/fail criteri
nvinced it was necessary
— Better to include pass/fail crite IEC 61215

* Fall 2013/Spring 2014:

— Added Al foHte'Ib Stam (Ihxgdmber test
* Simpletest, b é e h frame/mounting-based mitigation

— Changed to a test method (IEC technical specification)

 |EC 62804 TS: Test methods for detection of potential-induced

degradation of crystalline silicon photovoltaic (PV) modules
— Draft approved by national committee voting on 2015-01-09
— Final submission, adjusting language and other minor items, very soon
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Damp heat and foil methods — setup

WS \ .

=/

g

FO” Bagdahn, Fraunhofer CSP

= == ‘ﬁ PV Japan, 5-7 Oct 2012

;' o | |
i ,‘ \\ |
; |

SER TN

Damp Heat

/|\ R1 R2
+ —
\-/
_L \ Leakage current metering
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Origin of damp heat stress test

1.004 _ +V,,, control
ﬁm — —600V day
- — — 600V day
60°C, 85% RH, 600 Vsys _ 1500V day
s 0.90+ Environmental chamber test
ng_ 100de— o
< 0.80- 0.90. 2|2 7 module types
Q S, =
2 5 0.0, ’lz (31 modules)
S 070 F o *|* 5% P/F test works so far
< " 060, , with Florida—fielded
0.60- 0.50- . | | Module Type 1 32 months replicas
0 50 1o$est:iigrs 200 250 Module ,Type 1’
0.50+ {/ {/ & ’IL ’IL ’IL ’IL ’;) ’.5 ’.5 A) P. Hacke et. al.
Q\’ Q’\/ Q\‘ SN Q'\’ Q\’ Q\‘ Q\’ Q'\/ Q\’ Q\’ 28t pySEC (2013)
A I N L A A L LA LA
N DN S N S S SN M SO N SN A AN
Date

Take note: For reproducibility, not qual testing “test method IEC 62804 TS” changes:
- Startup sequence to eliminate excess humidity on module

- Tolerances for relative humidity tightened

Results is a weakened 60°C 85% RH stress test.

Recalibration of relationship required with new startup sequence

NATIONAL RENEWABLE ENERGY LABORATORY 1



Reproducibility/repeatability— damp heat
stress test

5 Older (CD) profile: 60°C/85% RH, Vsys

s o 3 module types
I e W e types
: \g/ £ 2 replicas/polarity
= -15- / 5 labs
% -20- - NREL
g -25- PI-Berlin
_3077’.'.?’?’?’.?’?’?’.?’?’?\1"?7\1‘ Fraunhofer ISE
vl Il bl vl IS el Il DN Bl I el Il IO Bt TUV Rheinland
1 2 3 4 5 Fraunhofer CSP
Module within Lab
10 A » Subtracting median degradation for
5- A each module type
o § A ﬁ ﬁ @ - Failed to show a statistical significance
,: g Grand Mean lbs  in difference between labs.
®9 A - L
¢5 =57 » Data shows sufficient reproducibility for
S£ o] Lab Mean Lab1 qualification test
« @ 1 -2.30
15 2 1.40 AT
3 1.16 AT Move to test method.
4 -3.95
-20- A2() »
5 0.75 A A3 Startup §9qgence changed. to mitigate
-25 , , , , — non-equilibrium excess moisture on
ac alr .
! 2 o 4 > Student’s modules during startup
.05
- Expected improved reproducibility
P. Hacke et al, JPV (2015) - Weakens test significantly
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Conditions for damp heat stress test

These severities represent the minimal stress levels for
detection of PID.

* Module temperature: 60 °C £ 2 °C;

 Chamber relative humidity: 85 % * 3 % relative
humidity;

e Dwell: 96 h

* Voltage: module rated system voltage and polarities.

Note : Suggested common temperatures to use for the
detection of PID for further acceleration: 65 °C and 85 °C.

NATIONAL RENEWABLE ENERGY LABORATORY 12



Origin of foil test

e Joint press release of:

Fraunhofer ISE,

Photovoltaic Institute Berlin

TUV Rheinland,

VDE,

Q-Cells,

Schott Solar

Solon
“First Test Conditions for Potential Induced Degradation (PID) of Solar
Modules Developed”, September 5, 2011

* Too early to establish a general industry guideline or an international

standard.
* An easy method avoiding any need of expensive equipment to check solar

modules of their PID reliability.
Koch et al, 26th PVSEC (2011)

NATIONAL RENEWABLE ENERGY LABORATORY 13



Conditions for foil test

These severities represent the minimal stress levels
for detection of PID.

* Module temperature: 25°C 1 °C
e Relative humidity: less than 60 %;
 Test duration: 168 h

* Voltage: module rated system voltage and
polarities.

Note : Suggested common temperatures to use for
the detection of PID with further acceleration: 50 °C

and 60 °C.

NATIONAL RENEWABLE ENERGY LABORATORY 14



Reproducibility/Repeatability — foil test

* PID test results from six test labs testing to the test procedure for
25°C/Al/-1000V/96

1 ‘sensitive’ module type

2 replicas/lab

——ALU P1 —A—ALU P2 —BALU_P3 —& ALU_P4

120%

ALU P5 —8—ALU P6

100% f*

Pl Berlin

NREL
Fraunhofer ISE
TUV Rheinland

< 80%

2 60%
Q
£

Q 40%

20%

0% T

SGS

UL

SOLON

PID in %
Partner after 25°C/Al/1000V/96 h
Module 1 Module 2

1 69 70
2 86 70
3 39 56
4 92 87
5 83 91
6 84 84

NATIONAL RENEWABLE ENERGY LABORATORY

40 60
Exposure time [h]

Berghold et al, 28t PVSEC (2013)
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EL images of chamber & foil tested modules

Elimage after Elimage after

Lab 60°C/85%-1000V(24h ) 25°C/AV-1000V/96h )

1 5
" .
5
2
3 N3 v 2 2w
i BT
6 1 b o
X e B BE
5 b b
4 TGnNaRRg

Berghold et al, 28t PVSEC (2013)
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Imaging of PID c-Si modules in the field

S. Pingel, O. Frank, M. Winkler, S. Daryan, T. Geipel, H. Hoehne and J. Berghold SOLON SE, Presented at 35th IEEE PVSC, 2010

| = 2-edge frame

’ ¥ v o rye-
e - =
N
SR

4-Edge frame, -1000 V, 3 years, Florida Schneller/Hacke 2-Edge frame (top/bottom), -1000 V, 3 years, Florida Schneller/Hacke

Modules typically are more stressed at the frame edges
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Future of IEC testing for system voltage stress

* Test method development  Climate-specific
- c-Si exists in IEC 62804 TS ed. 1

* Lifetime prediction

- Qualification testing (higher stress levels
(basic level) Combined/cyclic stresses)

Integration needed into some of the above:
Heterostructures
Thin film
Understanding of new technologies
Understanding of interactions
factors: light, humidity ingress, stress: multi-mechanism...
mechanisms: delamination, corrosion...

NATIONAL RENEWABLE ENERGY LABORATORY 18



Test method/ Qualification testing (basic level)

* Experience required to agree upon qualification test level
determination for PID
— Accelerated test/outdoor comparisons in various environments
— Modeling

* Inclusion of thin film; not just new materials, but new
mechanisms
— Philosophical question about what levels of stress will be acceptable

* Na interactions with active/absorber layer degrading efficiency
* Na migration, humidity -TCO corrosion

— Columbic relationships may be possible with TF (P. Lechner, T. Weber)

P. Lechner, 2013 PVMRW
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Understanding of interactions

Factors affecting degradation:

* Temperature

* Relative humidity

* Voltage

* PID Stress history/ effective stress
* Light

 Thermal-activated recovery

* Charge build-up over SiN

* Encapsulant resistivity

* Soiling

* Mounting

NATIONAL RENEWABLE ENERGY LABORATORY
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Factors for degradation: T

] —a— Air
100 4 —o— Alu
85% rh
* Leakage current -
= 104
dependency E
5 ]
— Activation energy same; fé 11
independent of contacting scheme % ]
0.1 -
75kJ/mol; 0.78 eV -
* Low RH (room) 0,01-; S. Hoffmann and M. Koehl, PiP 22 (2) 2014
* Aluminum Foil on Surface 0.0027 0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
« 85% RH 1T KT

50000 ]
30000

* PID rate (to 1% P, degradation) ==

10000 3

— 82 kJ/mol; 0.85 eV 4000 NN

2000 Uy

10004 S
600 oy

400 1 2
] X
200 | RN

100- %
603 P. Hacke et al, 24t Workshop on B
40

Hours

] Crystalline Si Solar cells and modules (2014)

\_\\ |
g i\\
20

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Degrees C
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Factors for degradation: Relative humidity

A - Bivariate Fit of Ave. Leakage Current
(uA) By 1/T(K) Voltage Applied=-600

1% _“ Hnom
£ o 4 ] xax‘\x\1> ® 50
3 . oc 2] e e ® 70
g 2 S 5 | h T~ ® 85
- ® = 14 \ ~—
8% o6
© E 0.4 ]
>0 .
< 0.2 -
45 ()'1 E
Adapted from G. Mon et al, (JPL), 18t IEEE PVSC (1985) 0.06 1 n T T T .
apted from G. Mon et al, , T ' y - T
P 0.0027 0.0029 0.003 0.0031
le-4
7e-51 Module 1/T(K
S5e-5 -
* S Moe0a-0012 Kent Whitfield, 2014 NREL PV Module reliability workshop

se.s| ®M0903-0012

2e-5

—Ea

LC=A-&"® .e*T . f(V)and fiV) cV

—0.5eV

LC(ud) = 2200(ud | V) -V, (V)] 2 - "0 7 Rmoini®®) . o Tonir

e Exponential model fit

[
m
1
w

~

)
1

o

S5e-6

Leakage
current (A)

3e-6
2e-6

le-6
7e-7 P. Hacke, 2010 EU PVSEC (Valencia)

30 40 50 60 70 80 90
RH (%) at 85°C
* Leakage current can be reasonably described considering RHand T
— Has been iterated over various climates assuming you can determine module T and atmospheric

RH-> module RH
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Factors for degradation: Voltage

* Leakage current generally S. Koch et al, 26 EU PVSEC (2011)
seen to be |inear With 100 V 300V | 1000V 1500V
voltage both in chambers
and outdoors (V=IR)

 Maximum stabilized
degradation has been

—_
N~
<

:
!
!

|
|
/

Powr rel. to initial [%]
g

N o
(=] o
{/‘F#M

+PDD1
=PDD2
(+-PDD3!

o

00 120 240 360 480 600 720 840 960
° ° ° Duration of treatment [h]
linked with applied voltage 5 Koch ot al 277 EU PVSEC (2012)
- Dependence of max. PID to applied voltage
75
70
® 65
e
= 60
~
35' 55
':q 50
< 45
a 40
[~
g 35
o
30

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Potential difference in V
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Mitigating Factor: previous PID stress history

I
+

* PID experience followed by recovery, can reduce sensitivity

+—+
ege 08_
to further PID stress, or even lead to stability B E
g
100 ’
_ 0.6+
. x el
PID cycling test z S
/A 0.5-
95 /Q\ / 8 -
\ \ N/ >.0-4'
® |Start PID cycling test \/ (%) 1
= X Y] %
H i n0.3-
1Sh PlDdegradation §9° \ / VIV|IVIVIVIV|Y
(Al-foil test, V(deg)) % \/ O|O[Q|O|Q|Q|0O
] . 52| 3 5l2]2|2
M(n—d): \ / . X M1-rec SHEIEEIEIEE
(1000, 200W/m?, EL) 85 M M1-deg R IR DA A A
\ X M2 rec °| % %% 3|33
15h PID recovery \ M M2-deg SHEIEIEIEEEE
(Al-foil test, V(rec)) PID stress test] M M3-deg (e} " w| o v
X M3-rec 2908828
M (n-r) 23 / §§§§§§§
. 200W/m?, 40 - S| 8|99 9
000 200 ) 2 \/_B.Jaeckel et al, 39th IEEE PVSC ~lzlolglzele
" K (2014) SIIEIR-IR1R=
25 ! ( ’) ~|[<t|n|n|©O|©
' Al i 6| N
0 40 80 120 160170 180 190' 200 210 220 230 240 250 @ <
time [h] R
N
further =
Initial + 44h neg. + 13h neg. + 60h pos. + 53h neg. +53h neg. degradation
A 106h total in () bias Hacke et. al, 37th IEEE
57h tota *
after recovery PVSC (2011)

cum.
deg.
time

<

/M. Schiitze et al, 37th IEEE PVSC, 2011
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Mitigating Factor: Effective stress decrease

1.02
1.00
0.98
0.96
0.94
0.92
0.90
0.88

0.86
0.84

0

Pmax/Pmax

p:

Seasonal (outdoors)
— -1000V sys
- ,_EIQrida, USA

0.14
0.12
0.10
0.08
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0.04
0.02
0.00

Daily Coulombs

20

15

10

Cumulative Coulombs

Leakage Current (A)

. Chamber current
— -1000V sys
—  60°95% RH

x_0

Pmax/Pma

1000

0 200 400 600 800
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|
= &
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?
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|
0. o
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L L )
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0o O AN
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* Recovery seen with stress magnitude decrease
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Mitigating Factor: Light

4

1.0-® — 3
Condition:
60°C / 85% RH at module front surface Design 1

0.9

0.8
e g 5 W/m? UV-A (0.2 suns in UV-A range)

06 @ dark

1.0

Design 2

o

QWxg

£ 038

207
o

0.6

1.0-¢

0.9
0.8

Design 3

0.7
0.6

0 20 40 60 80 100 120 140

Time (hr)
P. Hacke, 2014 NREL PV Module Reliability Workshop
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e T Chamber decreased
and RH increased to
maintain 60°C/85% RH
on surface.

e Leakage current with
UV at or above dark
condition: leakage
current not mitigated
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Mitigating Factor:

Lig ht (continued)

Light
source

Climate chamber

Water
bath

Temp.: 40°C

U: 1000V

Irr.: 500W/m?
Solar
cell

It seems that the degradation is
slowed down by a higher SiN,
conductivity (further investigations
have to be done)

Power
supply

» The PID is decelerated by irradiation

« The degradation phase is 2.4 times longer

Comparison of illuminated and dark degradation
progress

s |lluminated (R*=0,99) =—m=Dark (R?>=0,99)

N
N
\
'\o—
l5 10 1‘5 20
Time [h]

S. Koch, 2014 NREL PV Module Reliability Workshop
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Mitigating factor: thermal activated recovery

* Removal or reduction of stress
— Drying of module
— Removal of voltage potential (ie, at night)

* Significant recover is frequently seen PID lonic charge motion
— Out-diffusion of Na from stacking fault Electromotive (in EVA & SiN)
* Na in stacking fault apparently not energetically favorable +
« Much less recovery in extreme cases of degradation Diffusion (in oxide & silicon)

After 2h 25°C/
95% PID Recovery at 25°C after PID stress

S. Pingel, et. al, IEEE PVSC 2010 n_—

25

-8 5 I / -~ - P =
O % 0,80 ~
© e / ——c-Si6e
- > « c-Si 6f
8)0 . T 0,70 :
z : |/
X 080
0 P. Lechner, 2013 NREL PV Module Reliability Workshop
= 0,50
a s 0 48 9 144 192 240
100 OC Time [h]
Q
g 2 ¥ 8 B 1 * Relevant recovery even at 25°C possible
time « Acceleration at higher T
*E,is 0.7to 0.8 eV
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Factor: Charge build up over SiNx

Ileak SiN, refractive Si/N  electronic PID
SiN process A layer index ratio  conductivity sensitivity
* S. Pingel, et. al. 35th |IEEE PVSC, 2010 - -
V R SiN1 1.93 low low high
Caass 2-2‘?549”‘2 glass glass [siN2 2.32 high  high low
- R

Croly %10 Ef:/(:m2 poly poly
| . Cen= : Rg;
21 22 23 24 o - Vein M Rsin Vsin = @

ext
Refractive index Rglass + RpOly {RSle/

Rsin

Vsin = Vext

V. Naumann, 2014 NREL PV Module Reliability Workshop

Index of SiNx refraction, closely linked to Si:Si bonding, SiNx
conductivity, and ability to dissipate charge.

Reducing voltage potential over SiNx (ie electromotive driving

force for ions) can be achieve by decreasing R, Or increasing
Rt R

glass polymer
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Factor: Encapsulant resistivity

e 3 3 _/"/-/—’/\
* lonic conductivity of -

1E+18
encapsulants e
— Temperature é _
— Humidity Ingress & rs
£ -
— Quality (solute for mobile ions) z H60°C; max. tH
* Impurities 2 1 ®60°C; low rH
3 o RT; max. rH
* Dangling bonds/polymerization £ Ake1a = RT: max. r
E ®mRT; lowrH
5 112
=]
>
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EVA 4
16417 PvB
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Berghold et. al IEEE PVSC (2014)

M Dry

B Wet

Volume Resistivity (Ohm-cm)
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NATIONAL RENEWABLE ENERGY LABORATORY 30



Soiling

Sheet resistance as a function of soil type and relative humidity

le+11-
? . Contral
g le+10-
2 ] AZ road dirt
£ Soot
<
5 _
Y 1e+9E
C -
s
g ' Sea salt
- le+8+
(] 7
9 ;
<
: \,
1e+7E
30 40 50 60 70 80 90 10!

RH% (60°C)

NREL-Hacke/Sandia-Burton,
Preliminary results
To be published

* Sea salt yields greatest decrease in glass surface face sheet resistance with RH
* AZ road dirt showed an important decrease, but less humidity dependence
* Decreased resistance over the glass face> higher conductivity to ground = accelerated PID
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Mitigating Factor: Mounting

* Full metal frames vs. 2 edge frames vs. rear fiberglass rails

= " 4 nl
Rear rails 0 degradatic
to 22 days

2-Edge frame

Framed

60°C, 85% RH, and -1000 V,

Replica
o1
°2

Pmax/Pmax_0 (DIV)

sys

0.0 1.0 14 1.7 2.022 24 26 28 3.0
Time (d)
* Minimizing conduction to ground via

framing mitigates PID

*  Module dimensional effects can also

matter
— Distance from frame to active cell
— Mounting angle

— Grounded/ungrounded mounts
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Understanding of interactions

* Temperature

e Relative humidity

* Voltage

* PID Stress history/ effective stress
* Light

 Thermal-activated recovery

* Charge build-up over SiN

* Encapsulant resistivity

e Soiling

* Mounting

Combined and cyclic stress testing including multiple
stress factors required for clarifying multiple, inter-
related mechanisms
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Future of IEC testing for system voltage stress

- Test method development ¢ Climate-specific
- c-Si exists in IEC 62804 TS ed.1 - Field experience

- Validated modeling
 Qualification testing - Few factors (ie. T, RH, V, soil)
(basic level)
- Field experience * Lifetime prediction
- Validated modeling - Combined/cyclic stress testing
- Few factors (ie. T, RH, V) - Consideration of long term

system voltage effects such as
delamination, electrochemical
corrosion.

No hard walls between the categories above

To be integrated to some of the above:
Heterostructures Understanding of new technologies
Thin film Understanding of interactions
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Thank you for your attention

The Alliance for Sustainable Energy, LLC (Alliance), is the manager and operator of the
National Renewable Energy Laboratory (NREL). Employees of the Alliance, under Contract No.
DE-AC36-08G028308 with the U.S. Dept. of Energy, have authored this work. The United
States Government retains and the publisher, by accepting the article for publication,
acknowledges that the United States Government retains a non-exclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published form of this work, or
allow others to do so, for United States Government purposes.

This report was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States government or any agency thereof.
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A PID model
ensuring 25 years of service life

PVMRW 2015, Feb 24t 2015, Golden, Colorado
Max B. Koentopp, Christian Taubitz, Matthias Schutze, Marcel Krober



CONTENTS

| Introduction

Il PID-s modeling:
How do we ensure a 25 year service life with respect to PID-s ?

= need to have reproducible tests

» need to understand progression of PID-s in the field
- PID-s model

= need to derive parameters for tests
= need to establish process control in production

lll Conclusion and Outlook
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INTRODUCTION
PID-s CHARACTERISTICS

A solar-cell
| characteristics
e g 6000 -
R 2 “degradation.
R q) Y N \
5 L .
ey (o 5 2000 ohmic o
AP [ (@) = . .\\\ \\ \\\ T
SR characteristics. .
LI e
; | flE 04
Ll T T T T T T T
electroluminescence image 0 200 400 600

Voltage V [mV]  Schitzeetal, 37* IEEE PVSC, 2011

PID-s = Potential induced degradation by shunting of solar cell
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PID-s MODELING FOR 25 YEARS SERVICE
LIFE

How do we ensure a 25 year service life with respect to PID-s ?

"need to have reproducible tests

4 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q ce LLS



LABORATORY PID TEST METHODS

HV
——®
temperature: 25 °C temperature: 60 °C
voltage: -1 kV voltage: -1 kV
contacting:  Al-foil contacting: indirect via humidity

- reproducible, but continuous PID stress

5 A PID model - ensuring 25 years service life | PVMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CE LLS



PID-s MODELING FOR 25 YEARS SERVICE
LIFE

How do we ensure a 25 year service life with respect to PID-s ?

"need to have reproducible tests

»need to understand progression of PID-s in the field
- PID-s model

6 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q ce LLS



PROGRESSION OF PID-s
LABORATORY ENVIRONMENT VS FIELD CONDITIONS

A Laboratory PID-stress Field PID-stress

PID-stress
{
{
|
{
{
|

Module-performance

v

time

common PID-tests represent only one part of PID-s kinetics in the field

7 A PID model - ensuring 25 years service life | PVMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CE LLS



MODELLING PID-s

Environmental data

8 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CE LLS



MODELLING PID-s

Environmental data

Computed

= irradiation

= ambient temperature jl> = module temperature
= humidity at module surface

= relative humidity

= rain data

9 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CE LLS



MODELLING PID-s

Environmental data

R¢,-Kinetics
from lab
measurements

10 A PID model - ensuring 25 years service life | PVMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CELLS



MODELLING PID-s

Measurement of shunt resistance (Rg,)

L

1+

~1kv
aluminum foil \

— 1+

mini module 03V
solar cell
®

environmental chamber
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MODELLING PID-s

Rq,-Kinetics

voltage-bias stop - 0 kV R.p.ubs reached

(T IR

0.01 0.1 1 10 Taubitz et al.,
time after voltage-bias start (-1 kV) [h] 27t EU PVSEC, 2012

—> shunting (S)-, transition (T)- and regeneration (R)-phase
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MODELLING PID-s

13

Environmental data

&

Rq-kinetics
from lab
measurements

Classification

A PID model - ensuring 25 years service life | PVMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015
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MODELLING PID-s

Classification

bias voltage on? no

(IR, >07?

RH_,q4>85%7? no

OR
rain ?

conditions no
for T-phase
yes fulfilled?
v \ 4
S-phase T-phase R-phase
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MODELLING PID-s

15

Environmental data

&

Rq-kinetics
from lab
measurements

Classification

&

&

R, simulation

A PID model - ensuring 25 years service life | PVMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015
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MODELLING PID-s

Ry, simulation

R-phase

In(R,,)

- R, measurement
— R, simulation

time

16
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ln(Rsh)

MODELLING PID-s

Ry, simulation

R-phase

= R, measurement

sh

— R, simulation

6_
90°C 5
80°C £ 4
=
2
70°C £ 31
49°C
2 —

17 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015
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COMPARISON TO OUTDOOR MEASUREMENTS

Measurement of shunt resistance (Rg,)

frame o\
=

mini module 0.3V

solar cell

18 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CE LLS



COMPARISON TO OUTDOOR MEASUREMENTS

1000000

000000

resistant samples

;= prone samples (type A)
;= prone samples (type A)
prone sample (type B)

R, [Qcm?]

OOOOO

— calculation h

-=: calculation min

STC power decrease

time[h]
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COMPARISON TO OUTDOOR MEASUREMENTS
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20 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CE LLS



COMPARISON TO OUTDOOR MEASUREMENTS
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COMPARISON TO OUTDOOR MEASUREMENTS
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COMPARISON TO OUTDOOR MEASUREMENTS
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COMPARISON TO OUTDOOR MEASUREMENTS
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COMPARISON TO OUTDOOR MEASUREMENTS
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—> good qualitative agreement
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COMPARISON TO OUTDOOR MEASUREMENTS

Results for full size modules:

“Valletta” test site (Thalheim, Germany) test setup

prone modules

I—A_\

ey e mpp
positive grounded 6
L . )

- | meter

Grid
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COMPARISON TO OUTDOOR MEASUREMENTS

1000
N CALCULATION .
= — calculation h
£ 100 — calculation h, meas. temp.
é,’ \\ — calculation min
=, \_\\ — calculation min, meas. temp.
< 10
o ~ \
1 Tttt T I F_k - STC'cherH?acrEase

0 500 1000 1500 EZOEJO 2500 3000 3500 4000

a time [h] b
= 60 1 — PID prone module string
§ 40 — reference module string
- J
X, 20 I
L HHHEER L |
> o M
. -20
§ -40
a>). -60 L
© FIELD MEASUREMENT
3 0 (Valletta)

-100 T ———

1234567 8 91011121314151617 1819202122 23 24 2526
time [week]

27 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q CE LLS



PID-s MODELING FOR 25 YEARS SERVICE
LIFE

How do we ensure a 25 year service life with respect to PID-s ?

*Need to have reproducible tests

* Need to understand progression of PID-s in the field
- PID-s model

* Need to derive parameters for tests

vV
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LONG TERM PREDICTION POSSIBLE

1000.00
W—W—’\_\ resistant cell-type
— 100.00 prone cell-type
5 :
-
O
G
=<,
o
10.00
l STC power decrease
1.00 **
0 100 200 300
time [days]

—> parameters necessary for 25 years service life can be derived

Thalheim, Germany weather data of 2012 used
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PID-s MODELING FOR 25 YEARS SERVICE
LIFE

How do we ensure a 25 year service life with respect to PID-s ?

"need to have reproducible tests

»need to understand progression of PID-s in the field
- PID-s model

= need to derive parameters for tests

vV

" need to establish process control in production
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PROCESS CONTROL.:
PRODUCTION MONITORING

module level monitoring (Al-foil test, 168h)

sweekly sampling: random cells from production are tested on
module level

= monthly sampling: random modules from every conversion site

cell level testing (PID cell tester, 24h)

sweekly sampling: PID-test on cell level (feedback < 48h) - fast
reaction possible

31 A PID model - ensuring 25 years service life | PYMRW 2015 | M.B. Koentopp et al. | R&D | Golden, CO 24.02.2015 Q ce LLS



PROCESS CONTROL: MONITORING DATA
CELL PRODUCTION
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PID-s MODELING FOR 25 YEARS SERVICE
LIFE

How do we ensure a 25 year service life with respect to PID-s ?

*Need to have reproducible tests

* Need to understand progression of PID-s in the field
- PID-s model

= Need to derive parameters for tests
Vv

vV

= Need to establish process control
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| Introduction

Il PID-s modeling:
How do we ensure a 25 year service life with respect to PID-s ?

» need to have reproducible tests

» need to understand progression of PID-s in the field
- PID-s model

» need to derive parameters for tests
» need to establish process control in production

Il Conclusion and Outlook



CONCLUSION

= reproducible PID tests are available (Al-foil, climate chamber)
=|aboratory PID-tests represent only part of PID-s kinetics in field
» studying regeneration properties is essential

= PID-s model based on laboratory tests and meteorological data
can describe long term progression
—>allows for prediction of time of PID-s onset in specific location

= good qualitative agreement with outdoor measurements

= continuous production monitoring is essential
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OUTLOOK

=new PID test sites in different climates planned

»improvement of model calculations:
> detailed investigation of interplay between meteorological conditions and PID-s

| A
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mini module

C) 30
E — measured current
25 —rai
3 rain events
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U \
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time [h]
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OUTLOOK

»new PID test sites in Malaysia and USA planed

*improvement of model calculations:

> detailed investigation of interplay between meteorological conditions and PID-s
» revision of model equations
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Thank you

Golden, 24.02.2015
Max B. Koentopp, Christian Taubitz, Matthias Schutze, Marcel Krober
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ENCAPSULANT INFLUENCE ON PID-s

Investigation of degradation and regeneration behavior

10° 3
! _ - sheet A
- sheet A i 10° - sheet B
- sheet B R § - sheet C
£ .
O 10° -
G,
m(I)

I T T T T 1
0.0 0.2 0.4 06 0.8 ! 0

5 10
time after PID-s start [h] time after PID-s stop [h]

—> Decrease in shunting can also lead to a decrease in regeneration
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INFLUENCE ON PROGRESSION

—— Simulation A
—— Simulation B

Sheet A:

fast shunting + fast regeneration

Sheet B:

decreased shunting + decreased regeneration

STC power decrease

| I | I

0 20 40 60 80 100 120 140
time after PID-s start [h]

Simulation of Ry,-kinetics during shunting and regeneration at 49°C
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INFLUENCE ON LONG TERM PROGRESSION

il sheet A:

~
g 4: Simulation A fast shunting + fast regeneration
& —— Simulation B % : :
- ecreased shunting + decreased regeneration
1]
Qc =
105
2
4_
2
1038_: ........................................................................................................................................... STC power decrease
| | | |
0 2000 4000 6000 8000

time [h]
Model-calculations of R, -kinetics using weather data measured for Thalheim 2012 .

- A module performing better in PID testing might actually fail

earlier in the field
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Snail Trails: Introduction

The solar industry is investigating so-called ‘snail trails’ —
small, dark lines that have begun to crop up on modules
starting around 2006.1

The phenomenon affects modules from several
manufacturers in the U.S., Europe and Asia.?

There is discussion around the exact causes, but

researchers suspect a chemical reaction of the silver
metallization fingers occurring when moisture penetrates
cells due to micro cracks. 2

1 Ines Rutschmann, Unlocking the secret of snail trails, Photon International, 01-2012

2 Kdntges et al., Schneckenspuren, Snail Tracks, Worm Marks und Mikrorisse, TUV Rheinland, 8. Modul-Workshop 2011

L
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Snail Trails: Introduction

Snail trails do not emerge in modules stored indoors.

When applying damp heat to modules stored indoors, snail trail like effects
can develop but disappear again.

Snail trails appear to develop quicker in humid and hot climates and slower
in dry and cold climates, for the same module type.

Irregular snail trails appear to be an indication for inhomogeneous
temperature distribution.

Snail trails develop to a certain width. After that they either stop growing or
appear to grow very slowly.

Degree of EVA cross linking does not correlate with snail trails.

Kontges et al., Snail Tracks (Schneckenspuren), Worm Marks und Micro Cracks, International Energy Agency, IEA PVPS Task 13
Workshop, 27t EU PVSEC, 2012

\
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Project background / approach

®m 3 sites having the same PV module model
installed within 2.5 years in New England
were analyzed.

m 2 out of 3 sites showed snail trails.

® From each site 5 fielded modules and
1 module out of storage were analyzed.

® Crack analysis
m Visual snail trail detection

m |-V under STC

m Core sampling
SEM, FTIR

\
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Crack analysis using electroluminescence imaging
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Snail Trail and Crack Correlation

® Nearly 100 % of the snail
trails are correlated with
cracks in the cells (red fields
in matrix).

Site 1

Module 1

C : crack (no snail trail)
= Not every CraCk can be . : overlap of Snail trail and crack
correlated with a snail trail,
but this may change over Site 2
time Module 1 Module 2 ‘ Module 3
. . .
C cle| |c C C
C €< c|c C
clc| lc]c c |c C c [cc]c]c
C C C |C |C |C C
clclc C clclc C clc C
C C clc| Ic] |[c c |c C
c| [c] |c C C clc|c
c| Ic]c Bl [c Blcc]c
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Solar Simulator Performance Testing

(=2}
o
o

Module power loss
appears to correlate
with the number of
cracks, rather than with
the number of visible
snail trails.
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Core sampling
Optical image of a cross section

—
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Core sampling
SEM (Scanning electron microscope) image of a cross section

Site 3

/s

/'q)""

20 kV & RockyMountainLabs com
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Core sampling
SEM (Scanning electron microscope) image of a cross section

33 103p8§M5 607
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Core sampling
Thickness of the layers determined using SEM at cross section

site 1 2
A 909.5 864.0 897.2 890.2 Front encapsulant
B 547.0 533.3 584.3 554.9 Rear encapsulant
C 95.5 105.5 104.6 101.9 Back sheet

Meas.2 Meas.3 Avg.

A 882.1 926.3 879.2 895.9 Front encapsulant
B 560.7 573.2 577.3 570.4 Rear encapsulant
Cl 64.6 60.6 60.8 62.0 Back sheet
Ceutra 15.3 16.8 16.3 16.1 Back sheet
C2 193.9 186.9 182.8 187.9 Back sheet

\
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Core sampling
FTIR spectrum of Layer A (front encapsulant)

FTIR spectrum of Layer A (front encapsulant), compared to a library reference spectrum
of Ethylene/Vinyl Acetate Copolymer (EVA)
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N

Core sampling
FTIR spectrum of Layer B (rear encapsulant)

FTIR spectrum of Layer B (rear encapsulant), compared to a library reference spectrum
of Ethylene/Vinyl Acetate Copolymer (EVA)
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Core sampling
FTIR spectrum of Layer C (back sheet)

P el ” ST
FTIR spectrum of Layer C (back sheet), FTIR spectral subtraction result: Layer C (back
compared to a library reference spectrum of ~ sheet, part 1), compared to a library reference
Poly(ethylene terephthalate) (PET) spectrum of Poly(tetrafluoroethylene) (PTFE)

1 aow whw Heat Savwk 5) O WO s Saton  Layw C s Laywr D
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Core sampling
FTIR spectrum of Layer C2 (part 2 of back sheet)

No further layer
FTIR spectrum of Layer D (backsheet part 2),

compared to a library reference spectrum of
Poly(ethylene terephthalate) (PET)

B\WX 7435, Poly|ethylane tarephthalale)
Sampla 2: B3 10365M5 EOT - Backsheet I
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Core sampling
Thickness and material of the layers determined using SEM and FTIR at cross

section

Site 1 z r'j- X.
Avg. thickness Polymer type component
A 890.2 EVA Front encapsulant
554.9 EVA Rear encapsulation
C 101.9 PET Back sheet

Polymer type component
A 895.9 EVA Front encapsulant
B 570.4 EVA Rear encapsulation
C1 62.0 PTFE Back sheet
Ceutra 16.1 - Back sheet
C2 187.9 PET Back sheet

\
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Core sampling
summary:

polymer stacks in the two samples are different in the area of the backsheet

_m Site 1: single layer PET backsheet (ca. 100 um thick)

m Site 3: three layer backsheet:

®m Layer 1: PTFE (ca. 60 um thick)

®m Layer 2: (ca. 15 um thick), too thin for material analysis
(likely an adhesive tie layer)

® Layer 3: PET (ca. 190 um thick)
m  Total back sheet thickness: ca. 265 um thick

~ Fraunhofer
USA
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Conclusion

® The discoloration of the silver metallization fingers itself does not have
negative consequences for module performance.

® However, the cracks behind the snail trails in the cells could be problematic.

B Modules having thinner backsheets, which are presumable more permeable
for moisture and oxygen ingress, contribute to a module’s susceptibility to
snail trail development.

Please contact us: http://cse.fraunhofer.org g@

Cordula Schmid: cschmid@fraunhofer.org
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Accelerated Degradation by Light lllumination
or Current Injection During Heat Tests

on Flexible Thin Film Modules
(from the PVQAT TG8 Japan Team's activity)

Keiichiro Sakurail2, Akihiro Takano?, Hironori Yanase?, Toshiaki Sakai?, Hironori Nishihara?,
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2 National Institute of Advanced Industrial Science and Technology (AIST),
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PVQAT TG8 — working on thin film modules

International PV Quality Assurance Task Force

-

About the Task Force

Braceedifis International PV Quality Assurance Task Force Hosted by:
The International Photovoltaic Quality Assurance Task Force (PVQAT) is leading efforts
Sponsors to develop standards with three primary goals:
Advisory Board 1. Provide comparative information about the relative durability of photovoltaic aA’ST
Contacts (PV) modules when exposed to a variety of stresses, giving solar customers a
baseline for improving the accuracy of quantitative PV lifetime predictions B=|
2. Create a guideline for factory inspections of the QA system used during '*_*' N R E L
man LlfaCtLll'ing. NATIONAL RENEWABLE ENERGY LABORATORY
3. Establish capability to issue PV system certifications.
PVQAT includes the following Task Groups. More information is available on each @WUE@
group's progress and current status. ks e i

B e il

» Task Group 1: PV QA guideline for manufacturing consistency — leaders Ivan

Sinicco, Yoshihito Eguchi, Govind Ramu, Gunnar Brueggemann, Wei Zhou Supporting
» Task Group 2: PV QA testing for thermal and mechanical fatigue including Organizations

vibration — leaders Nick Bosco, Tadanori Tanahashi, Simon Xiao United States Department
= Task Group 3: PV QA testing for humidity, temperature, and voltage — leaders of Energy (DOE)

John Wohlgemuth, Takuya Doi, Neelkanth Dhere, Tony Tang European Commission DG
« Task Group 4: PV QA testing for diodes, shading and reverse bias — leaders JRC

Vivek Gade, Yasunori Uchida, Hubert Volz, Chandler Zhang, Paul Robusto SEMI PV Group
» Task Group 5: PV QA testing for UV, temperature, and humidity — leaders .

Michael Koehl, Tsuyoshi Shioda, Jasbir Bath, David Miller, Ganxin Jie Advisory Board

s Task Group 6: Communication of PV QA ratings to the community — leaders

David Williams, Sarah Kurtz, Pierre Verlinden, Haiyan Qin

Task Group 8: PV QA testing for thin-film PV — leaders Neelkanth Dhere,
Masayoshi Takani, Veronica Bermudez, Yaohua Mai, Jingong Pan
= -y Q- D i o a-imata D

uez, Rarael Xing, bruce Wang
» Task Group 10: Connectors — leaders Juris Kalejs, Tony Tang, Shilin Fan
« Task Group 11: QA for PV Systems — leaders Sumanth Lokanath, Shilin Fan,
Niuchen Hui.

To volunteer for anv of these Task Grouns. nlease contact the leader directlv or

http://www.nrel.gov/ce/ipvmga_task_force/

nanonaL instirure oF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)



Unique degradation mode observed in a prototype
Thin film Silicon flexible module(1)
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Unique degradation mode observed in a prototype
Thin film Silicon flexible module(2)

Series-Connection Holes  Cument-Collection Holes

Transparent Electrode (+)

a-Si Layer \

Metal Electrode (-) <Gy -,

1P

Backside Electrode

Laser-Scribed Lines
for Unit-Cell Separation

Output Power (arb. units)

100
90
80

70 |
60 |
50 |

40

30 |

20

10

0

EL image

(Leak points)

’ . ﬁ Damp Heat Test Degradation reproduced by Injecting
current during damp heat testing
(CDH test)
Damp Heat & Current InjectionTest — made it possible to fix the problem
before mass production!
0 1000 2000 3000
TestTime (h) (A.Takano et al, EU PVSEC 2013, 3B0.5.4)
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Current injection instead of light irradiation?
Light Irradiation+ DH (LDH)

Current Injection + DH (CDH)

— (o
\_/
Z %,
Current w

\

=

Ppm

£

P i

SN
N
|

S5

+Vpm Ov
Many panels at one time
Reversed current flow

Iy

LOAD

—O_

s
/}'/%

O

+V5m

Ov

(A.Takano et al,
EU PVSEC 2013,

3B0.5.4)

Large chamber (small number of panels)

Normal current flow

White LEDs
glass
modules

OO OO

NATIONAI
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Cause of degradation?

m
_|
1
[Tl
q
censpa s P

Acetic ACId :
Cell [ :
I | E
EVA Acetlc Acid
T i },.. °
P SRS DO Rt OSSP R R S
100
» 90
€ 80
. 70
;% 60
. o 50
Change EVA to acid-free S 10
. . T 30
encapsulant—> longer lifetime 2 2o
o 10
0

(A.Takano et al, EU PVSEC 2013, 3B0.5.4)

Rear ElectrodeSide

Cell Side

1000 2000 3000 4000 5000 6000

00T Ry

0 2000 4000 6000 8000 |10000| 12000

Damp Heat & Current Injection Test Time (h)
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100
Q0
80
70 |
60 |

Question...

Damp Heat Test

50
40 |
30 [ Damp Heat& Curre
20
10

Output Power (arb. units)

»

nt InjectionTest

(A.Takano et al, EU PVSEC 2013, 3B0O.5.4)

0 1000

2000 3000

Test Time (h)

Is there any difference in results between current injection and

light irradiation?

Would this CDH test reproduce degradations better
on other types of modules as well?
-other flexible thin film Si products?

-flexible CIGS?

“rigid thin films?
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Experiments

DryHeat (75~85°C 20%)
(module temperature)
With visible light
irradiation E-

Damp/DryHeat with
Current injection

1T RSN
(75~85°C 20%r.h.
/_» DryHeat (85°C 20%) white (=blue+yellow)
s, or DampHeat LED, power close to
“‘ (dark) 1kW/m?)

4
)

Outdoor
Flexible TF modules ’
*Thin film Si

“ CIGS purchased in the market Compare the degradation
(not really designed for long-term use) (I-V, EL)

nanonaL instirure oF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)



light + DryHeat : I-V: CIGS flexible product 2

1.05

¢ o
© o © o
o 1 O O R

normalized maximum power
o

o
S U
NG

0.65
0.6

CIGS2 DryHeat
dark
1kQ
— with light
open-
L LTSS S S
&P S & LS P

e quick initial degradation
followed by slow (or no)
degradation

* decreased Voc & FF

* retained Isc

Note: sample number is small,
individual difference may be
present
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light+DryHeat : EL: CIGS2

initial 500hrs 1000hrs 3000hrs

CIGS2
Light+Heat(1kQ)

(Data lost)
CIGS2

Light+Heat(open)

CIGS2
Heat (dark)

EL images darkened within first 500hrs of Light+DryHeat
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0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

CIGS2 small DampHeat Dark/Dark+Current

200 400 600 800 1000 1200 1400 1600
—e—S4(Current+Damp,128mA) —e—S5(Current+Damp,128mA)
—e—S6(Current+Damp,128mA) —e—S7(Current+Damp,255mA)

——S8(Current+Damp,255mA) —e—S9(Current+Damp,255mA)
——S10(Current+Damp,383mA) —e—S11(Current+Damp,383mA)
——S12(Current+Damp,383mA) —e—=S15(DarkDamp)
—e—S16(DarkDamp) —e—S17(DarkDamp)

current + DampHeat : I-V: CIGS flexible product 2

Degrades too fast under
DampHeat conditions

-- couldn't observe any
dependency with current
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light+DampHeat : EL: CIGS2

500h 1000h

Darker EL with light + DampHeat too --- darker EL seems clear

(However, difference in I-V not distinguishable up to 1000hrs
-- further tests underway)

Initial

S13

(Light+DampHeat, open)

S14

(Light+DampHeat, shunt) il
T ! : T T—

S16
(Dark+DampHeat)

S17
(Dark+DampHeat)
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Edge seal

CIGS2: Destructive analysis

ETFE

Barrier layer

Cells
Backsheet
Samples:
* Reference (as-purchased)
rip off EVA close to the cell * Dark+DryHeat 3300hrs

* Light+DryHeat 3100hrs
* lon Chromatography

* FT-IR (ATR)
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CIGS2: lon Chromatography
(Reference / Dark+DryHeat / Light+DryHeat)

Acetic acid content in EVA (ug/g)

Reference (as-purchased) 10
Dark+DryHeat 140
Light+DryHeat 34

Increased acetic acid content by DryHeat
Large difference between Light and Dark samples
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CIGS2: FT-IR comparison
(Dark vs Light, both DryHeat)

e Toruy Research Center Inc

JIAS 53 jyukoumen cell settyakumen EVA cev—{28)AS S2 jyukoumen cell settyakumen EVA cev
- AS-53 (Dry Heat (Dark) Tid. AS-52 (Dry Heat (FEE&) LLBIL T,
00012— KEESA LA MBS FEL TV,
000103 water?
0.0008 —
| COOH [
00006, J¢ .o
Ty, v , «n&h - -
o ] Pt My )
| = i
§ 000041 - iy X
3 ] .,JAS 53(Dry Heat (Dark 1) — (AS-52(Dry Heat (£ E241)) v N
o ] M et rnd | b3
< 0002} he it e .
] il
] | 1
~0.0000
] BRE l
-0 0002_‘ LEade—F ) 3
1 Leva . -
:
~0.0004
~0.0006
4000 3000 2000 1500 1000

More -OH and -COOH observed in EVA of Dark+DryHeat sample

Wavenumbers (em-1)

2 (Dry Heat (GEFB&T)) ©AS-S3 (Dry Heat(Dark)) ®OFT-IR-ATRA-SZ |/
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Summary

What can be said now:
Adding current injection (or light illumination) to conventional DH test
“was a must for at least one prototype flexible TF-Si
actually did a crucial job to improve a product’s durability
“may work better for at least one flexible CIGS product
» darker EL by light illumination during DryHeat/DampHeat tests
e degradation in Voc&FF by light illumination (possible)
* change in acetic acid content in EVA by light illumination (possible)

If it is proved that the current injection does work better for multiple samples,
then it would be worth considering modification of the |IEC standard.

More “not-so-robust” samples & tests are needed.
If you can contribute, join us!

Thank you!
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Further experiments

Small flexible modules
continue to gather more data (add more samples)

* Compare with outdoor results
 Add rigid modules as well?

Large flexible modules
*Light + Heat:
underway at AIST
* Outdoor, Current injection+DH:
To be tested at FSEC
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Lab to Field Predictability of First Solar CdTe Production Modules
NREL PV Module Reliability Workshop (PVMRW), February 24, 2015

Dr. Allan Ward
Director, Module and Systems Reliability
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Presentation Qutline

Presentation Outline: Lab to Field Predictability of First Solar CdTe Production Modules

 Lab to field correlation of transient and steady state behavior in First Solar CdTe thin film PV technology (4.5
years with high quality periodic measurements on simulator compared to light soak on sister plates)

e Lab to field correlation of transient behavior in “Series 3 Black Plus"
current high volume product

e Alternate method to predict metastability

* Accelerated coupon analysis of transient behaviors

* Long term lab to field correlation of FS CdTe PV technology Series 2 | Serie 3 Series 3 Black +
(Analysis of field test site modules, MPP for 4.5 and 7 years)

© Copyright 2013, First Solar, Inc.
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Periodic STC Measurements of Fielded CdTe Modules (Series 3)

Initial metastability equilibrates
trap occupancy to field
temperature and bias
conditions

The transient region is greatly
influenced by changes in the
back contact; the observed
damped oscillation is due to the
aforementioned metastability
behavior and is driven by
seasonal temperature changes

The long term intrinsic cell
performance characteristic is
believed to change less year
over year

0% ¢

5% b%

10% : %‘E (not necessarily typical)
0= ) S —

15% Year 4.5 performance data

Power Loss Relative to Factory Flash

- Year 7 performance data*

20%

1. +F‘t¥g %,_ it ... - Label Power (8.5% deratg)-----ssssx-s
e

T T T ¥ T v
0 2 4 6 8
Years in Field Operation

10

*Year data is also Series 3 from a different location (shown later in this presentation)

© Copyright 2013, First Solar, Inc.
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Lab-to-Field Metastability Correlation

4.5% 2.7%

* For a given temperature, the . | |
initial metastability change in the 2 ? | I
field is very predictable from lab = I I
measurements; the correlation 2 | | I
plot shows sister modules .§ - | (o) e}
exposed to equivalent cell i‘Z . R?=0.87 dIP
temperatures in the lab and in -§ | i
the field g = g
S 21 &
* Since the metastable point £ L E
responds to temperature change § * 8 :%
with a time constant on the order 5 g | :g £
of a few days, an average value 3 W P | :E 5
for field temperature is sufficient 3 3 |3 z
to predict power loss from T2 4 & % R 0 2 2
metasta bility effects Percent Power Loss Relaﬁv}elo Factory IFI:snsh: Lab %
:

a
i
4



Lab-to-Field Metastability Correlation (Alternate Method)

e |tis not necessary to use light soak to
predict metastable field behavior for
First Solar CdTe modules

Prmax Change (%)
w
31wl
T
j
i -
Voc Change (%)

7.5 * 75

* These data show that effectively the
same result is obtained using heat

. . oy . -10 ' Il Pairs 0 ! Il Pairs
and bias (HB) stressing or traditional L Tkacraner S . S
0.05 0.03
light soak (LS) testing
0.8 4]
. . . 079 4
¢ This alternate method is conducive 05 i > .
0.5 ! . [
to increased sample throughput g o = g g =y 5
(important for reducing design cycle £ 22 : g s N 5
time and supporting high volume g o . E o 5
. . 0.2 1 S
manufacturing) and lower capital 221 o B
and operational testing costs 03 s | e i pais . s | e Al pais »
Test Tukey-Kramer Test Tukey-Kramer 2
0.05 Q.05 E
o

S —
First Solar. 6




Lab-to-Field Transient Power Loss Correlation (Series 3)

0%
-5%—|
-10%—

-15%—

Power Loss Relative to Factory Flash

-20%—

% Light Soak Data
&
‘% Transient region
Y,
° § § g
$2¢ $
& §¢

Stress Time (Days)

Power Loss Relative to Factory Flash

0% -

5%

10%

15%

20%

' _ _ Field Data
i Transient region
2
175 )
- “L ‘t"‘tkv%_“%- g- Label Power (8.5% derate)-----xxeeeeea-|
T T T T T T T T T
0 2 4 6 8 10

Years in Field Operation

Average light soak cell temperature = 58°C

Average field cell temperature = 21°C

e Transient region activation energy for the magnitude of power loss is approximately 0.3eV, with an
additional 5% bias acceleration factor, resulting in a total acceleration factor of approximately 4; this
loss is non-recoverable (not a metastability); slide 8 will compare this to coupon results

e Transient region activation energy for the magnitude of the time constant is approximately 0.67eV,
resulting in an acceleration factor of approximately 20); slide 9 will compare this to coupon results

© Copyright 2013, First Solar, Inc.
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Lab-to-Field Transient Power Loss Acceleration Factors (Series 3)

Actual vs Predicted

Leverage Plot (1/Temperature)

Leverage Plot (Bias)

1 1.0
1.5 < Temp [C] Bias 15 Temp [C] Bias Temp [C] Bias
T -2 gQ <>>< ® 55  Condition E :2 - @55 Condition c—‘g ..|® 55 Condition
2259 T O ..-:'._._... ®7s O o.60v 32 25+ ‘1@ 75 O 0.60v 332 o5 O 0.60V
3 3 ’ ®9o5  +oemsy 2 & 30 ® s + 0675v g8 ® s + 0.675v
2 357 o5y E g 35 O 075v Eg © 0.75v
£ 4 X 0.825V 5% 40- - x s W
S .45 - g e} 0.825V g 407 X 0.825v
e P @ -45- @ 454 O
-55 T T T T T 5.0 5.0
5 4 -3 2 1 -5.5 T T T T T T T -5.5 T T T T T T T
Ln(Theta1) Predicted 0.0027 00028 00029 0.003 0.0031 060 065 070 075 080 085
P=0.0043 RSq=0.70 RMSE=0.6327 1T (K) Leverage, P=0.0299 Bias V Leverage, P=0.0041
e The activation energy for the magnitude of the transient power loss (denoted as ‘theta 1’ in the plots) as
calculated from lab coupon data is 0.3eV, which is consistent with the aforementioned field observations
indicating 0.3eV
[ ]

|
)
| &

The magnitude of the transient power loss has a small dependence on bias (about 5% for a temperate

climate)

Copyright 2013, First Solar, Inc.



Lab-to-Field Transient Power Loss Acceleration Factors (Series 3)

Actual vs Predicted Leverage Plot (1/Temperature) Leverage Plot (Bias)
4 '3 40 4.0
3.5 Temp [C] Bias 3.5 Temp [C] Bias 3.5 Temp [C] Bias
_ 34 |® 55 Condition ® 304 ® 55 Condition © 304 ® 55 Condition
© . Lot ° o o . . =) .
§ 2.5 .. O 75 0.60v g © 25 ®7s O o.60v g @ 25" eee... 8 ,,,,,, ®7s O o.60v
_ . JP ol S | O T TTtgrceecacdlreccct
S 2 s et @0 +oemsv & 2 20- @9+ o6y o 2 2090 ES @ 4 oersv
- .- et - = - =
g 18 O o075v S 9 159 . O 0.75v S 9 LB aeeeeeeeeeeeeaal O 0.75v
s 1. .- X 0.825V S - S ettt T e ]
i . =2 1.0 X 0.825V £ 107 o X X 0.825v
0.5 c c
o- - 051 . - 0.5
-0.5 — T 007 >< 0.0
-05 0 05 1 15 2 25 3 35 4 -0.5 T T T T T T T -0.5 T T T T T T
Ln(tau) Predicted P=0.0005 0.0027 0.0028 0.0029  0.003 0.0031 060 065 070 075 080 085
RS@=0.81 RMSE=0.5871 1/T (k) Leverage, P=0.0002 Bias V Leverage, P=0.8119

* The activation energy for the time constant (denoted as ‘tau’ in the plots) as calculated from lab coupon
data is 0.67eV, which is consistent with the aforementioned field observations indicating 0.67eV

* The time constant has a weak dependence on bias, thus simplifying lab to field predictions

Copyright 2013, First Solar, Inc.
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- Long term performance characterization

First Solar.
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Lab-based Long Term Power Loss Acceleration Factors (Series 3)

Actual vs Predicted

Leverage Plot (1/Temperature)

Leverage Plot (Bias)

Ln(Theta4) Actual

-6.4

<,>'"+ Temp [C] Bias
-6.67 o ® 55 Condition
. O |
6.8 s e L O o0.60v
- o ® 9 + 0.675v
B JRC AP
L0, O < 075v
727" . X 0.825V
T4 A x
T - T T T T

-74 -72 -7 -68 -66 -64
Ln(Theta4) Predicted
P=0.0017 RSq=0.76 RMSE=0.1928

Ln(Theta4)
Leverage Residuals

-6.2
-6.4 <

-6.6 F
6.8
7.0 4o -
-7.2
-7.4

Temp [C]
-
w oo
® 75
® o5

0.0027 0.0028 0.0029  0.003 0.0031
1/T (k) Leverage, P=0.0010

Bias

Condiiion
O 0.60v
+ 0.675v
& 0.75v
X 0.825V

Ln(Theta4)
Leverage Residuals

-6.4

-6.8

-7.0

-7.27

-7.47

-6.6 -

LI T T 1T T
0.60 0.65 0.70 0.75 0.80 0.85

Bias V Leverage, P=0.0451

Temp [C] Bias

® 55 Condition

o5 O 0.60v

® 95 + 0.675v
& 075v
X 0.825V

e The activation energy for the slope of the long term reliability characteristic as calculated from lab

coupon data is 0.17eV

* The long term slope has a weak dependence on bias, thus simplifying lab to field predictions
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Lab-to-Field Long Term Performance Assessment Challenge

* Long term power changes are too small to measure precisely in the field due
to various sources of noise (soiling, BoS component changes, etc.)

* Due to the small acceleration factor for long term modeling, sample
conditioning would require very long stress durations

e Therefore, samples were retrieved from the field and studied with 3-
temperature tests
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Long Term Cell Performance

e Activation Energy is estimated to be
0.07eV +/- 0.07, with a 95% confidence
that it is less than 0.3eV, consistent with
the aforementioned lab result of 0.17eV _0(5) /

e Even with a non-zero, low value -1 L=

-1.5

) /

-2.5 /

5 /

-35 //

-4

Series 3 Large Scale Power Plant Annual PPl Change

activation energy (<0.2eV), the
implication is that hot spots should not
affect intrinsic cell reliability
significantly so long as they are less
than 105C peak temperature

Year Over Year Change (%)

(approximately 50C above nominal cell s ¥ s
temperature in the desert summer) 2010 2011 2012 2013 2014 kS

* At the power plant level, the annual Year E
output appears to stabilize over time, g
consistent with a gradual reduction in g
the rate of change . 5
"
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e Lab to field correlation of transient and steady state behavior in First Solar CdTe thin film PV
technology was presented using:
- modules from a temperate climate field test site operated at MPP for 4.5 years
- modules from a desert climate field test site operated at MPP for 7 years
- determination of thermal and bias acceleration factors for the magnitude and time
constants of all three phases of reliability behavior

Field metastability can be predicted with high confidence from lab stress tests

A successful alternate method to predict field metastability was presented

Accelerated coupon analysis of transient behaviors is consistent with field observations

The rate of performance change of the intrinsic cell in the field is expected to be less than
0.8%/year after year 6, with an activation energy likely to be less than 0.2eV

© Copyright 2013, First Solar, Inc.
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iiNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Transient Behavior in Thin-
Film Modules

Michael Deceglie
Timothy Silverman
Bill Marion
Sarah Kurtz

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.



Metastable performance in thin-films

Light exposure (1000 W m-2, 55°C) Storage at room temp.
1.00 "
| 1.00®
. 0.98 s e e
% 0.96 o 0.99|%
£ £ .
20.94: 2 0.98 e 8 ¢ o |
.92 : L
0.9 * : 0.97 j
0.90 :
0 50 100 150 0 50 100 150
Time (h) Time (h)

Thin-film modules change
performance upon exposure to light
and storage in the dark

M. Deceglie 2015 PVMRW



Metastabilities vs. permanent changes

Light exposure (1000 W m-2, 55°C) Storage at room temp.
1.00 .
| 1.00®
. 0.98 s o e
% 0.96 o 099§
£ £ .
g 0%4) o goe v e, .
! L
0.921. : 0.97 |
0.90 :
0 50 100 150 0 50 100 150
Time (h) Time (h)

* Initial Norm. P, : 0.88

Changes are at often at least partially After 165 hours at 55°C: 0.9

reversible, especially upon exposure
to elevated temperatures

M. Deceglie 2015 PVMRW



Metastabilities vs. permanent changes

Light exposure (1000 W m-2, 55°C) Storage at room temp.
1.00 .
; 1.00®
. 0.98 s o e
% 096 o 099§
£ £ .
20.94: 2 0.98 e 8 ¢ o |
! L
0-92\. | 0.97 |
0.90 :
0 50 100 150 0 50 100 150
Time (h) Time (h)

* Initial Norm. P, : 0.88

Changes are at often at least partially After 165 hours at 55°C: 0.9

reversible, especially upon exposure
to elevated temperatures

Metastabilities: reversible changes
Stabilization: Repeatedly achieving metastable state

M. Deceglie 2015 PVMRW



Differentiating degradation

No stabilization
Degradation or
metastable change?

Damp heat

Power

@ Unstabilized measurement

>

M. Deceglie 2015 PVMRW



Differentiating degradation

Stabilized measurement

A [ [
I I
0, .
o v With stabilization
. é | Dampheat | | Degradation ruled
2 ! Lo out
o) I
o 1 | ]
| I
: : ‘ Unstabilized measurement
I I
2 " >
Time

Repeatable stabilization procedure
needed before and after reliability test

M. Deceglie 2015 PVMRW



“The light state”

“Light state”

Power

1
!
!
!
!
!
!
!
!
!
!

.’ “Dark state”

Time

M. Deceglie 2015 PVMRW



“The light state”

A 113 - ”
A R e
1
1
i
? l',"
o)
; ,ll
O YA
o 1
/
"”“DEI E|E|E”
>
Time

[ There is not a singular, well-defined light state j

2015 PVMRW

M. Deceglie




Time scales of change

Transient changes in performance of two different types of CIGS modules

1.00
. 098
o° 0.96
€ 0.04
0.92
0.90

No

o * 0 e

0.0

0.2

04 06 08 10

Time (h)

1.00
. 0.98 ”
O 0.96
£
S 0.94:
092,
0.90 |
0 50 100 150

Time (h)

Changes can occur on different
timescales for different modules

M. Deceglie
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Must define relevant timescale

Transient change in CdTe module exposed at 1000 W m-2, constant temperature
63— -

w &% .. .] Fitto last 20 KW h m=2

0.4%/20 KW hm2 .y

Power (W)
2
%

1 | )

Insolation (kW h m™)

We use: <1% per 20 kW h m-2
IEC 61646: <2% in two intervals of 43 kW h m2

M. Deceglie 2015 PVMRW



Temperature dependent states

1.05

0.95

dropdueto |

temperature increase | s \“'W L
! rise due to . Fad
- lrestabilization ’ - : -

(o))
&)

module temperature/°C
o))
o
IIII|IIII|IIII|IIII

[
225
time into light exposure/h

CdTe module exposed to light at different temperatures

Silverman et al., J. PV 5:1 p. 344, 2015
2015 PVMRW 11
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Quantifying the temperature effect

* Light soak in chamber until stable
o <1% / 20 kWh m change based on in situ IV curves

* Measure IV at room temperature at 30 & 60 minutes
after end of light soak

* Repeat light-soak at different back-of-module
temperature

 Example:
Light soak at 50°C

O

o_Measure RT IVs_ __

o Light soak at 70°C > DiSCFiminatteS
permanent vs.

g_l\_/!ggs_u_rg —R—T-Iy—so- - - reversible changes

o Light soak at 50°C

o Measure RT Vs Y,

M. Deceglie 2015 PVMRW
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Temperature-dependent “light states’

1.06|CdTe
o
2 1.04
= ' 0o Variations in light-soak
> - 0.29%/° temperature affect the final
= 29%/°C
£ 1.00 metastable state.
Z

0.98}% o

1.04

CIGS _

o 1.02 For a 20°C discrepancy:
§_ -0.14%/°C 2.8% change in CIGS
- 1.00 / 5.8% change in CdTe
g 0.98
5 (Effects not universal)
=z 0.96

0.94

45 50 55 60 65 70 75
Light exposure temperature (°C)

Different shades indicate different samples.
Both 30 min and 60 min measurements shown.

NREL M. Deceglie 2015 PVMRW



Temperature-dependent parameters

1.06
1.04
1.02
1.00

Norm. RT power

0.98
1.04

1.02
1.00
0.98

Norm. RT power

0.96
0.94

CdTe
3 0.29%/°C
'.
CIGS
-0.14%/°C
/
45 50 55 60 65 70

Light exposure temperature (°C)

M. Deceglie

75

25 Differences
< 20 V.. 3.6 %
g 15 FF 3.1%
1.0
© 05

0.0

0 10 20 30 40

2.5
< 2.0
£ 15 V.. 0.3%
)
£ 10 FF 2.3%
@)

0.5

0.0

0 20 40 60

Voltage (V)

Hot light soak
Cool light soak

2015 PVMRW



Light-free stabilization

A ! | Light-free Light-based
o l | ® ®
A 4
I [ 1 ’
I I 1 -~
_ , Damp heat P -~
0] ! s
2 I | I »”
3 ! -~
i I | I e
I | ,',/’
: : ‘ Unstabilized measurement
I |
. N >
Time

« Can be quicker and cheaper
* Must produce relevant state

M. Deceglie 2015 PVMRW



Bias at elevated temperature (BET)

-V measurement I-V measurement

temp./°C
WhUQ~ @

OMNBEAOOODO OO0OO0O0OO
1

voltage (norm.)
o e e e e

0.0 0.5 1.0 1.5 2.0 2.9
time/h

Method based on proposal in draft IEC 61215 update:

* Collect light I-V curve

* Heatto 85°C

*  Apply forward bias (0.6 to 0.7) x V,

» Cool to room temperature

* Collect light I-V curve

* Repeat until power is stable

M. Deceglie 2015 PVMRW



BET results

Two types of CdTe module were stabilized with the bias at elevated
temperature (BET), then placed in light-soak chamber

BET Light exposure
1.05 - ' e e 105
1B2 i
1.00] 1 e — - s - ~ [ 1.00
] - ° o A1 r
a 0.95 . - . - 0.95
S - ] , . B2 , :
- 0.90 ] - " - Rttt e DR S ARttt oot - 0.90
E ] L
2 085 . - 0.85
1A :
0807 ° . - 0.80
0.75 1~ — — | ————— 11— 0.75
0 2 3 4 5 0 25 50 75 100 125 150
bias step time into light exposure/h

For some modules, BET does not
produce a light-stable state

Silverman et al., J. PV 5:1 p. 344, 2015

M. Deceglie

2015 PVMRW
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BET results

BET Light exposure
1.05 - e e e e e e {05
1B2 F ] -
1.00 1 @ L] “r | R - T— e vt - 1.00
] * . ¢ S I e Al -
a 0.95 . - . - 0.95
< 1. - ] , B2 , :
- 0.90 - " - iAo derinaieiisdin il idiibamsiingniiviertiie [ () G()
E ] [ ] L
2 085 L ] - 0.85
1A1 F -
0807 ° - - 0.80
o5+ — ————— 41— L 075
0 1 2 3 4 5 0 25 50 75 100 125 150
bias step time into light exposure/h

Validation is critical

Silverman et al., J. PV 5:1 p. 344, 2015

M. Deceglie 2015 PVMRW 18



Reproducible measurements are possible

« Round robin E 41 - -
o 5labs % 2 -
o 4 CIGS module types E ] g N -
* Uninterrupted 5 hour light +« _45_ = =
soak e N:
»  Module forward biased S _al
while cooled § _qof  Ltersest metastabilty in study
 Prompt IV measurement =
(within 1 minute) [ Uncorrected [ Temp. corrected

[0 Self-irrad. and temp. corrected

Deceglie et al., J. PV 5:2 p. 607, 2015

M. Deceglie 2015 PVMRW 19



Conclusion

« “Light state” and “Dark state” are ill-defined
o Timescale
o Temperature
o Stimulus (alternate methods)

» Best practices
o Define the timescale of interest
o Tightly control the temperature
o Validate light-free methods

o Control and minimize the delay between light
exposure and measurement

M. Deceglie 2015 PVMRW
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Reliability Testing of Monolithic CIGSS in

a Glass-Glass Package
Richard Wickham — Director of Quality & Reliability




Outline

STION

= Monolithic Cell Structure
= Cell Interconnection using MOCVD
= Stion Process Overview

» Package Design advantages and challenges
» Glass-Glass Package Assembly
= Managing Mechanical Stress
= Testing
» Testing Procedures & Frequency
= PID Test results

» Results of Short & Long term Accelerated Aging
= ALT Stresses

Damp Heat

Thermo-mechanical

Stion Corporation © Copyright 2010



Finished Monolithic Circuit Structure

STION
Key Elements of the Monolithic Structure
TCO LAYER
Additive film process with laser ABSORBER LAYER
MOLY LAYER

scribed P1 & mechanically
scribed P2 / P3
P1

P2

P3

GLASS

Stion Corporation © Copyright 2010 3



Monolithic CIGSS Manufacturing Process

STION

Glass Wash
& SN

1

Back
Electrode

1

LP1

1

Precursor
PVD

1

Thermal
Processing

i

CBD —>

[

Module

Assembly
A

Lead Attach

Circuit
Isolation

B

TCO

ey Lamination

k1

v

J-box

—

Frame
Bypass

for frameless |

Conditioning
&

Electrical Test |

Label

—

Clean

|

Stion Corporation © Copyright 2010
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Advantages & Challenges
STION

= Advantages
» Glass permeability to moisture is extremely low — protects moisture sensitive films

Excellent insulator to build a circuit on

Planar & smooth surfaces aid in production

Easy to work with at elevated temperatures

Cleaned easily at low cost

= Challenges
» Fragile until laminated
» Subject to stress fractures / thermal breaks
= Can be warped if not heat treated properly

Stion Corporation © Copyright 2010 5



Module Assembly Process (frameless)
STION

Stion Module Assembly
Process Overview

Tempered Top Glass

ubstrate

Stion Corporation © Copyright 2010 6



Block Diagram of edge of module

STION
Not to scale
Tempered/Textured Cover Glass )
_ SES, ~0.8mm
EVA, - Cosmetic Tape
Zn0/CIGS Bus-bar ribbon, ~0.5mm

Mo

Substrate Glass

Stion Corporation © Copyright 2010 7



Managing Stresses
STION

Not to scale

Lamination Pressure

\AAALA2Z’ \1"1"1'\1'\1“1'\1"1'\

Bending forces over
bus bar during

\ lamination and EVA
cure

AYA!

/ Fulcrum \

-~

EVA shrinkage Applies
Stress to TCO & Absorber

SES

Stion Corporation © Copyright 2010



Managing Mechanical Stresses (modeling) o

ET 3
BEEEETSYERE 3

‘ Edge Thickness Measurement Map

Red is thinner / Green is thicker

Stion Corporation © Copyright 2010 9



FEA Modeling-complex to achieve high resolution

{"’ Princigal =

.. : Em el ... U\Mlsts — ) N ;}, :ri [ Legend Propesties ~Twi ‘ g

(L HIE |
gl Mone  Reactions Drress A BAR ¥4 Lond Case = Expartto & i -
0 Sutety Factor = | 3 Tensor - E Linearzation | g Smoathing Options Showcase [ Save Image
Hress = Bboldflow Result Other Results = Settings = Load Caze Options Captures =

Stion Corporation © Copyright 2010 10



FEA Models to explore internal stress
STION

CRREERERREE g

TEBBBEEEEAE g;i

11

Stion Corporation © Copyright 2010



STION

Reliability Process Flow Chart

7/5/13 J. Dees




UV/TC50/HF10 Thermal Cycle: TC200 Dry Heat (1000 hrs) Damp Heat (1000 hrs)

See Page 2 for
Pre-Test
details

Pre- Test
= Visual Inspection (Photos)

=Spire test after 2hr sun soak
=Dry and wet hipot test

IEC 61646, 10.10
UV Pre-conditioning
Test
(15 kWh/m?2)

IEC 61646, 10.12
Damp Heat Test

1000 hrs
(85°C/85% RH)

IEC 61646, 10.11
Thermal Cycling Test
200 Cycles
(-40°C to 85°C)

Dry Heat Test

1000 hrs
(85°C)

Mid-Cycle Test Mid-Cycle Test

(-P\:stjal)lnspection (168 hrs)
otos = Visual Inspection
=Spire test before and (Photos)

after 2hr sun soak
=Dry hipot test

Mid-Cycle Test

(50 or 100 Cycles)
= Visual Inspection

Mid-Cycle Test
(168 hrs and/or 500 hrs)
= Visual Inspection

Mid-Cycle Test

(Photos) (Photos)
sSpire test after 2hr =Spire test after 2hr . (500 hrs')
IEC 61646, 1(_).11 sun soak sun soak = Visual Inspection
Thermal Cycling Test xDry and wet hipot test =Dry and wet hipot test (Photos)

=Spire test before and
after 2hr sun soak
=*Dry and wet hipot test

50 Cycles
(-40°C to 85°C)

See Page 3 for
Mid-Cycle Test
details

See Page 3 for
Mid-Cycle Test
details

Mid-Cycle Test
= Visual Inspection
(Photos)
=Spire test before and
after 2hr sun soak
=Dry hipot test

Post- Test

= Visual Inspection
(Photos)

=Spire test before and
after 2hr sun soak

=*Dry and wet hipot test

See Page 4 for
Post-Test
details

Post- Test
= Visual Inspection (Photos)
=Spire test before and after 2hr sun soak
=Dry and wet hipot test

IEC 61646, 10.12
Humidity Freeze Test
10 Cycles
(-40°C to 85°C/85% RH)

IEC 61646, 10.16
Mechanical Load
Test




Reliability: Ongoing Monitoring & Qualification Testin
y going g&Q gSTI ON

Test Description Specifications Test Conditions

Damp Heat (DH) 200, 500, 1000 Hours 85 °C/85% RH 2 samples from
End-of-line or FGI
per week

Thermal Cycle 3, 50, 200 Cycles -40°Cto 85°C 2 samples from

(TC) End-of-line or FGI
per week

Test Description Specifications Test Conditions

Damp Heat (DH) 200, 500, 1000, 2000, 85°C/85% RH 1 sample from End-

3000 Hours of-line or FGI per

month

Thermal Cycle 3, 50, 200, 400, 600 -40 °Cto 85 °C 1 sample from End-

(TC) Cycles of-line or FGI per
month

Stion Corporation © Copyright 2010 14



Reliability: Ongoing Monitoring & Qualification Testing =

TION

Quarterly Product Monitors

Test Description

Specifications

Test Conditions

Damp Heat (DH)

4000, 5000, 6000
Hours

85°C/85% RH

1 sample from the 3
previous months of
Monthly Monitors

Thermal Cycle
(TC)

800, 1000, 1200
Cycles

-40 °Cto 85 °C

1 sample from the 3
previous months of
Monthly Monitors

Test Description

Specifications

Monthly Direct to Long-Term Product Monitors

Test Conditions

Damp Heat (DH)

500, 1000, 2000,
3000, 4000, 5000,
6000 Hours

85°C/85% RH

1 sample from End-
of-line or FGI per
month

Thermal Cycle
(TC)

200, 400, 600, 800,
1000, 1200 Cycles

-40 °C to 85 °C

1 sample from End-
of-line or FGI per
month

Stion Corporation © Copyright 2010
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Determining Warranty Reserve
STION

FIT (Failures In Time Testing (failures in parts per billion)

« Standard methodology in the Semiconductor Industry

« Based on material characteristics and impurities migration

« Follows recommendations from NREL

« Na* Effects on semiconductor performance (CIGSS film or Si)
 Failure of seals and H,0O ingress

« General circuit breakdown from thermal stresses

* Recovery after stress by sun soak

« Uses IEC standard ALT techniques (Accelerated Lifetime Test)
« DH 85/85-1000hrs. / TC +85/-40C-200Cycles

« Must be samples from standard production ( we test 2 per week)
« Samples must pass all warranty requirements or be logged as failures

Stion Corporation © Copyright 2010 16



Referenced Documents for FIT Testing o

I."Accelerated Testing and Failure of Thin-film PV Modules," T. ). McMahon [NREL], Progress in
Photovoltaics: Research and Applications, 2004, vol. 12, p. 235-248.

2."Long Term Reliability of Photovoltaic Modules," . Wohigemuth et al [BP Solar], WCPEC-4 (2006).

3."Semiconductor Device Reliability Failure Models," R. Blish [AMD] and N. Durrant [Intel],
International SEMATECH, Technology Transfer #00053955A-XFR, May 2000.

Stion Corporation © Copyright 2010 17



FIT Calculation Sheet

STION

Damp heat acceleration

From Reference 1, Ea ranges from 0.5eV to 1.2eV
From Reference 2, 1% change in RH corresponds to 1-deg C rise in temperature

Tacc ('C) 85

Tacc (K) 358 Temperature in Kelvin

Top ('C) 50

Top (K) 323 Temperature in Kelvin

Ea (eV) 0.8 activation energy of soda lime glass

Ea (J) 1.28E-19 Ea conwersion to J

kB (J/K) 1.38E-23 Boltzmann's constant

AF-thermal 16.57 E-model

RH,acc (%) 85 358 RH,acc (K)

RH,op (%) 50 323 RH,op (K)

AF-RH 16.57 E-model

AF-total, DH 274.49 AF Total AF-thermal*AF-RH (E-model)
DH FIT rate _ FITs Failures-in-time expressed as failure per billion device hours

OP FITrate 50.79589 FITs

2yrs => 57077.63

After 2 yrs 0.1% population failure after 2 yrs operation (50C / 50% RH)
5yrs => 22831.05

After 5 yrs 0.2% population failure after 5 yrs operation (50C / 50% RH)
25 yrs = > 4566.21

After 25 yrs 1.1% population failure after 25 yrs operation (50C / 50% RH)

Temperature cycling acceleration

From Reference 3 (modified Coffin-Manson equation)

# of cycles to failure = Co*(deltaT-deltaT0)(-q)

Co = material-dependent constant

deltaT = entire temperature cycle-range for device

deltaTO = portion of the temperature cycle range in the elastic region
g = Coffin-Manson exponent, empirically derived constant

Assume deltaT >> deltaTO
Assume g = 3 (based on solder / ribbon failures)

Then AF (acceleration factor) = (# of cycles to failure @ op)/(# of cycles to failure @ accel)

deltaT-acc 125 (-40 to 85C) accelerated

deltaT-op 35 (20 to 55C) real world

q 3

AF 273.3236 Multiply by 6 because 6 cycles per day in TC

TC FiTrate [JINIZ8278] FITs

OP FITrate = 103.4488
2yrs => 57077.63
After 2 yrs 0.2% population failure after 2 yrs operation (24-hr TC)

5yrs => 22831.05

After 5 yrs 0.5% population failure after 5 yrs operation (24-hr TC)
25 yrs => 4566.21
After 25 yrs 2.3% population failure after 25 yrs operation (24-hr TC)

COMBINED FAILURE RATE 3.4%

References:

1. "Accelerated Testing and Failure of Thin-film PV Modules," T. J. McMahon [NREL], Progress in Photowoltaics: Research and Applications, 2004, vol. 12, p. 235-248.

2. "Long Term Reliability of Photowoltaic Modules," J. Wohlgemuth et al [BP Solar], WCPEC-4 (2006).

3. "Semiconductor Device Reliability Failure Models," R. Blish [AMD] and N. Durrant [Intel], International SEMATECH, Technology Transfer #00053955A-XFR, May 2000.

Stion Corporation © Copyright 2010 18



TC3 Recovery

STION

% of
of Initial
TC3 Module Initial GETELD | (e Ir}tial T Pmax
SN of cycles | after TC3 after TC3
Type Pmax for TC3 |Chamber (e Sun Soak SN
1 1 O after TC3 and Sun
Soak
‘ ' STL | 100108521 | 133.73 3 138.23 | 10337 | 140.15 | 104.80
105 STL | 100109551 | 132.20 3 12699 | 96.06 | 140.23 | 106.07
’ STO | 100125805 | 131.54 3 134.78 | 102.47 | 135.31 | 102.87
STL | 100125967 | 132.40 3 12532 | 94.65 | 13011 | 98.27
100 STL | 100126378 | 133.97 3 135.99 | 10150 B -
‘ STL | 100126849 | 134.19 3 13053 | 97.27 B B
x Of ‘ STO | 100137292 | 143.60 3 135.85 | 94.60 | 139.44 | 97.10
© STO | 100137464 | 14547 3 14500 | 99.68 | 151.40 | 104.08
£ 2 2 STO | 100142411 141.36 3 141.59 | 100.16 | 145.61 | 103.01
8 g0 STO | 100142414 | 140.88 3 136.12 | 96.62 | 144.26 | 102.40
© STO | 100149666 | 143.66 3 14211 | 98.92 | 149.45 | 104.03
= STO | 100149707 | 143.72 3 146.43 | 10189 | 146.81 | 102.15
£ 85 STO | 100150941 | 138.17 3 137.50 | 99.58 | 142.60 | 103.27
= STO | 100150945 | 138.56 3 13546 | 97.76 | 145.80 | 10523
°° STO | 100152008 | 135.43 3 136.80 | 10101 | 140.64 | 103.84
X 80 STO | 100152022 | 134.06 3 134.88 | 100.62 | 138.48 | 103.30
STL | 100154585 | 149.84 4 150.49 | 100.44 | 151.66 | 101.21
STO | 100154974 | 126.93 3 12858 | 10130 | 133.97 | 10555
75 STO | 100155009 | 134.96 3 141.09 | 10454 | 144.62 | 107.16
STO | 100159103 | 140.56 4 142.18 | 10115 | 147.50 | 104.93
70 STO | 100159572 | 124.14 4 11451 | 92.25 | 140.70 | 11334
STL | 100160644 | 144.86 4 14855 | 102.55 | 150.29 | 103.75
STL | 100163602 | 142.60 5 13536 | 94.92 | 14525 | 10186
65 . . . . . . STO | 100164193 | 143.54 5 137.95 | 9611 | 144.11 | 100.40
STO | 100164202 | 143.30 3 141.90 | 99.02 | 147.83 | 103.16
3 3 4 4 5 5 6 STO | 100164209 | 145.20 3 142.28 | 97.99 | 149.52 | 102.97
STO | 100167811 138.42 3 136.14 | 9836 | 144.21 | 104.18
Thermal Cycles STO| 100167831 ] 132.84 3| 12832 | 9660 | 14249 | 107.26
STO | 100169362 | 144.64 3 13347 | 92.28 | 144.65 | 100.01
STO | 100169561 | 144.53 3 138.66 | 9594 | 148.25 | 102.58
o - 0 e STO | 100175563 | 143.87 3 134.84 | 93.72 | 149.85 | 104.16
@ % of Initial Pmax after TC3 ® % of Initial Pmax after TC3 and Sun Soak a0 Tioorreoss T 13028 T e o0 T T
STO | 100176306 | 138.38 3 131.85 | 9527 | 142.57 | 103.03
STO | 100180897 | 139.85 5 13308 | 9516 | 141.29 | 101.03
STL | 100181862 | 124.51 5 124.50 | 99.99 | 132.48 | 106.40
STL | 100182153 | 131.04 5 129.70 | 98.97 | 140.75 | 107.40
STO | 100183735 | 139.02 5 134.66 | 96.87 | 140.05 | 100.74
STL | 100189811 | 125.67 3 11882 | 94.54 | 13579 | 108.05
STL | 100189831 | 124.58 3 11655 | 93.55 | 132.97 | 106.74
STL | 100191373 | 123.46 3 113.43 | 91.88 | 128.30 | 103.92
STL | 100191510 | 127.28 3 12430 | 97.66 | 136.27 | 107.06
STL | 100195501 | 134.83 3 127.53 | 94.58 | 137.82 | 102.22
STL | 100196142 | 134.17 3 12444 | 92.75 | 137.15 | 102.22
Averages: 133.54| 97.59 |141.99|103.78
19
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TC50 Recovery

STION

110

105

100

o]
(O3]

Yo}
o

85

% of Initial Pmax

80

75

70

65

TC50

o
. '3 2
(.
o 8
L J
< R 2
$ ;
¢ 3
? W 3
45 50 55 60 65

@ % of Initial Pmax after TC50

Thermal Cycles

® % of Initial Pmax after TC50 and Sun Soak

Stion Corporation © Copyright 2015

% of
Pmax . Pmax Initial
. Actual # % of Initial
Module SN Initial . after Pmax after after Pmax
Type Pmax for TCS0 TC50 Tcs0 TC50Sun| after
Chamber Soak |[TC50and
Sun Soak
STL 100108521 133.73 58 133.65 99.94 140.07 104.74
STL 100109551 132.20 58 123.07 93.09 139.56 105.57
STO 100125805 131.54 58 125.28 95.24 135.06 102.68
STL 100125967 132.40 58 122.02 92.16 131.61 99.41
STO 100137292 143.60 58 122.63 85.40 138.58 96.50
STO 100137464 145.47 58 138.76 95.39 152.06 104.54
STO 100142411 141.36 58 130.80 92.53 146.14 103.38
STO 100142414 140.88 58 130.01 92.28 145.16 103.04
STO 100149666 143.66 58 135.43 94.28 149.92 104.36
STO 100149707 143.72 58 140.44 97.72 149.79 104.22
STO 100150941 138.17 58 125.00 90.47 142.30 102.99
STO |100150945| 138.56 58 127.96 92.35 145.33 | 104.89
STO 100152008 135.43 58 126.73 93.57 141.50 104.48
STO 100152022 134.06 58 127.09 94.81 139.62 104.15
STO 100154974 126.93 58 120.04 94.57 135.59 106.82
STO 100155009( 134.96 58 128.72 95.38 144.44 107.03
STO 100159103 140.56 59 134.85 95.94 148.24 105.46
STO 100159572 124.14 59 105.99 85.38 138.42 111.51
STL 100163602 142.60 64 126.04 88.39 146.41 102.67
STO 100164193 143.54 64 133.82 93.23 145.69 101.50
STO 100164202 143.30 59 134.70 94.00 148.33 103.51
STO [100164209| 145.20 59 147.21 101.39 150.33 | 103.53
STO 100167811 138.42 49 125.03 90.33 142.93 103.26
STO 100167831 132.84 49 126.68 95.36 142.31 107.13
STO 100169362 144.64 52 139.66 96.56 146.29 101.14
STO 100169561 144.53 52 143.91 99.57 148.13 102.49
STO 100175563 143.87 52 141.58 98.41 147.30 102.39
STO 100176233 136.28 52 129.20 94.81 137.78 101.10
STO 100176306 138.38 52 134.54 97.22 140.71 101.68
STO 100180897 139.85 64 123.94 88.62 140.35 100.36
STL 100181862 124.51 64 112.61 90.44 131.30 105.45
STL 100182153 131.04 64 128.05 97.71 137.43 104.87
STO 100183735 139.02 64 130.47 93.85 140.72 101.23
Averages: 129.57 93.95 142.71 103.58
20




TC200 Recovery

STION

Stion Corporation © Copyright 2015

% of

TCZOO % of Initial

Actual # Pmax Initial Pmax Pmax

110 Module SN Initial of cycles after Pmax after after
105 ® 8, Type PMaX | tor TC200 c: €200 | ter | T2 | 1eag0
° ’ amber 7200 Sun Soak and Sun

100

Soak

X 95 @ STL 100108521 133.73 205 133.17 99.58 138.08 103.26
E 90 STL 100109551 132.20 205 109.07 82.51 136.71 103.41
.?_: < A STO 100125805| 131.54 205 116.51 88.58 132.90 101.04

£ 85 < STL 100125967( 132.40 205 111.70 84.37 130.97 98.93
:\‘Z 80 * STO 100137292( 143.60 205 97.66 68.01 136.48 95.04
L 2 P STO 100142411 141.36 205 117.29 82.97 144.50 102.22

75 STO 100142414 140.88 205 115.54 82.01 143.01 101.51
STO 100149666( 143.66 205 120.67 83.99 147.20 102.47

70 ® STO 100149707 143.72 205 125.78 87.52 145.81 101.46

65 T T ; ; T T T T . STO 100150941 138.17 205 108.59 78.59 138.17 100.00

190 192 194 196 198 200 202 204 206 208 STO 100150945( 138.56 205 112.47 81.17 142.52 102.86
Thermal Cycles STO 100152008 135.43 205 112.48 83.05 139.34 102.88

STO 100152022| 134.06 205 115.25 85.97 137.44 102.53

@ % of Initial Pmax after TC200 @ % of Initial Pmax after TC200 and Sun Soak STO [100154974( 126.93 205 108.83 85.74 135.30 | 106.59

STO 100155009( 134.96 205 116.60 86.39 142.78 105.80

STO 100159103| 140.56 206 125.59 89.35 146.72 104.38

STO 100159572| 124.14 206 96.04 77.36 137.17 110.50

STO 100164202 143.30 206 122.88 85.75 146.13 101.98

STO 100164209( 145.20 206 126.17 86.89 148.52 102.29

STO 100167811| 138.42 197 117.84 85.13 140.74 101.68

STO 100167831 132.84 197 109.60 82.50 139.34 104.89

Averages: 115.22 84.16 140.47 102.65

21




Long Term Stability-Damp Heat 500hrs.

STION

% of
D H 500 Actual # | Pmax % t_’f Pmax Initial
. Initial Pmax
Module Initial | of hours | after after
SN Pmax after
Type Pmax for DH500 DH500
110 DH500 |Chamber after Sun Soak DH500
. . DH500 and Sun
Soak
105 . STO 100091995| 134.17 500 132.70 98.91 - -
. '.' STO 100092000| 136.70 500 134.00 98.02 - -
100 STO  |100095396| 144.98 500 135.00 | 93.12 - -
‘ . STO 100095402| 139.91 500 123.00 87.91 - -
: q5 g STO 100095427| 137.23 500 126.00 91.82 - -
E STO 100106140| 145.15 500 126.86 87.40 - -
E ap STO 100106146| 143.15 500 127.32 88.94 - -
= ‘ ’- STO 100106154 147.85 500 127.85 86.47 - -
-E 85 STO 100106192| 130.07 500 124.46 95.69 - -
— STO 100106194 127.57 500 120.76 94.66 - -
.E ‘ ‘ z STO 100108802| 140.18 592 111.53 79.57 141.38 100.86
BQ 80 ’ ' STO 100125945| 122.24 859 107.74 88.14 124.79 102.08
" " STO 100137343| 146.00 592 110.90 75.96 145.71 99.80
75 ’,’ STO 100142421| 137.69 592 100.12 72.72 139.46 101.29
. STO 100149642| 143.07 588 112.73 78.79 147.75 103.27
70 ‘ STO 100150953 134.49 544 107.94 80.26 140.02 104.11
STO 100151979| 136.74 544 113.00 82.64 142.83 104.45
STL 100154580 151.54 625 145.52 96.03 146.42 96.62
65 T T T T ! STO 100154969| 135.02 544 112.68 83.45 145.97 108.11
400 500 600 700 200 900 STO [100159464] 139.44 | 625 | 139.15 | 99.79 | 148.76 | 106.69
STO 100163593 141.72 500 110.69 78.10 144.64 102.06
Damp Heat Hours STO |100163933| 14454 | 616 | 12112 | 83.79 | 14850 | 102.74
STO 100163937| 144.99 616 121.97 84.13 147.39 101.65
STO 100167805 140.51 761 98.39 70.02 137.44 97.82
4 % of Initial Pmax after DH500 ® % of Initial Pmax after DH500 and Sun Soak STO |100169482| 144.68 583 112.71 77.90 144.61 99.95
STO 100171817| 134.30 583 100.32 74.70 131.69 98.06
STO 100175553 140.43 583 113.89 81.10 141.72 100.92
STO 100175555| 138.41 583 112.45 81.24 130.07 93.98
STO 100176206| 133.02 583 109.16 82.07 134.92 101.43
STO 100176225| 136.18 583 135.44 99.46 138.29 101.55
STL 100182205 148.00 616 120.03 81.10 147.75 99.83
STL 100182414| 138.86 616 108.50 78.14 138.10 99.46
STO 100183729| 139.33 616 116.12 83.35 140.09 100.55
STO 100183736( 139.72 616 114.33 81.83 142.90 102.28
Averages: 118.66 85.21 141.30 101.23
22
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Long Term Stability-Damp Heat 1000hrs.

STION

% of
DH 1000 Actual # Pmax Initial
. Pmax after | % of Initial Pmax
110 Module Initial | of hours after
SN DH1000 Pmax after after
105 Type Pmax for | chamber | bH100o | %% | phiooo
' DH1000 Sun Soak and Sun
100 L
‘ , ’ Soak
5 95 STO 100091995 134.172 1000 131.64 98.11 - -
E 90 * * STO 100092000 136.7 1000 132.00 96.56 - -
E ‘ STO 100095396 144.98 1000 135.00 93.12 - -
£ 85 ry Q- STO 100095402 139.909 1000 122.00 87.20 - -
E 20 ’'S ‘ STO 100095427 137.228 1000 121.00 88.17 - -
° & ¢ ‘ * STO 100106140( 145.145 1154 121.22 83.51 144.79 99.75
75 ’ STO 100106146 143.15 1154 121.73 85.04 145.19 101.42
70 STO 100106154| 147.852 1154 121.36 82.08 145.34 98.30
STO 100106192 130.066 1154 118.93 91.44 144.37 111.00
65 T T T T T 1 STO 100106194 127.57 1154 115.42 90.48 141.21 110.69
950 1000 1050 1100 1150 1200 1250 STO |100108802| 140.177 | 1053 110.98 79.17 140.06 | 99.92
Damp Heat Hours STL 100126768 136.807 1220 105.04 76.78 - -
STO 100137343| 145.999 1053 111.82 76.59 143.77 98.47
# % of Initial Pmax after DH1000 ® % of Initial Pmax after DH1000 and Sun Soak STO 100142421| 137.685 1053 102.58 74.51 138.10 100.30
STO 100149642 143.07 1049 108.99 76.18 143.71 100.45
STO 100150953| 134.49 1005 104.65 77.81 136.31 101.36
STO 100151979 136.742 1005 114.47 83.71 140.82 102.98
STL 100154580 151.539 1086 120.78 79.70 - -
STO 100154969 135.022 1005 109.32 80.97 139.47 103.30
STO 100159464 139.436 1086 110.17 79.01 140.31 100.62
STO 100163593 141.723 1185 91.99 64.90 139.30 98.29
Averages: 115.77 83.10 141.62 101.92

Stion Corporation © Copyright 2015
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Long Term Stability-Damp Heat 2000hrs.

STION

% of Initial Pmax

DH2000

110

105

100

95

90

85

®|e
¢ 0 00 O

80

*e

75

*

70

65 T T

T
2100 2120 2140 2160

+ % of Initial Pmax after DH2000

T
2180 2200 2220 2240 2260 2280

Damp Heat Hours

@ % of Initial Pmax after DH2000 and Sun Soak

2300

Stion Corporation © Copyright 2015

Module .
SN Initial Pmax

Type

STO 100091995 134.17 2245 106.82 79.61 143.71 107.11
STO 100092000 136.70 2245 129.34 94.61 139.74 | 102.22
STO 100095396 144.98 2245 134.29 92.63 143.66 99.09
STO 100095402 139.91 2245 127.04 90.80 139.53 99.73
STO 100095427 137.23 2245 119.70 87.23 131.86 96.09
STO 100106140 145.15 2174 121.35 83.61 135.55 93.39
STO 100106146 143.15 2174 122.23 85.38 136.55 95.39
STO 100106154 147.85 2174 121.91 82.46 136.75 92.49
STO 100106192 130.07 2174 119.65 91.99 134.54 | 103.44
STO 100106194 127.57 2174 116.85 91.60 132.21 103.64

Averages:
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Long Term Stability-Damp Heat 3000hrs.

STION

% of Initial Pmax

DH3000
110 Module SN Initial
Type Pmax
105 )
100 '
9 * STO 100091995 134.17 3264 126.57 94.34 138.98 103.58
90 ; STO 100092000 136.70 3264 124.50 91.08 135.44 99.07
g5 STO 100095396 144.98 3264 129.69 89.46 140.15 96.67
¢ STO 100095402 139.91 3264 124.19 88.77 137.20 98.06
80 STO 100095427 137.23 3264 113.58 82.76 125.36 91.35
75 Averages:
70
65 T T T T 1
3200 3220 3240 3260 3280 3300

4 % of Initial Pmax after DH3000 @ % of Initial Pmax after DH3000 and Sun Soak

Damp Heat Hours
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Recent HF 10 Testing AS&_'I;ION

Recent STO / STL HF10 Package Performance
Before After
® WHP Current (uUA)  mHF10 WHP Current (uA)
15.9 16
15.7 15.7
15.4
15.2 15.1

188385 191113 195185 192265 192261
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P-max Before & After HF10

STION
Recent STO / STL HF10 Pmax Performance
——188385 —=—=191113 195185 192265 ==ie=192261
Before After
s t45.53 X 149.16
135.7
142.32
131.53 144.87
134.59
117.23 135.62
I¥118'19 96.715 -1 120.19
P’
411766 109.93 —¢ 117.39
Rated Pmax HF 10 Pmax HF10 SSS Pmax

All modules recovered to > Production Line Measurements

Stion Corporation © Copyright 2015 27



PID (+) (85°C /85% rH) (Class “A” Rating)

STION

96hr. PID(+)

Recovery After Stress

Sun Soaking

100.0%
99.0%
98.0%
> 97.0%
[J]
>
g 96.0%
[-'4
R 95,0% \ /
94.0% N—
93.0%
92.0%
Initial PID 5hrSS 10 hr SS 15 hr SS 20 hr SS 25 hr SS
94898 100.0% 96.7% 97.5% 97.7% 98.0% 98.6% 98.8%
95073 100.0% 97.4% 96.7% 97.1% 97.6% 97.9% 98.3%
95071 100.0% 99.0% 96.6% 97.2% 97.5% 97.9% 98.1%
95072 100.0% 98.1% 93.6% 94.8% 95.8% 95.8% 96.8%
e 95409 100.0% 98.2% 96.3% 97.2% 97.5% 97.9% 98.3%

Recent Testing -Sun Soak to 100% Recovery = 31kWh / m?

SN Before PID+ Pmax | Post-PID+ Pmax | Post SS Pmax | kWh/m2 for SS| % of Initial Pmax
100166005 141 110 141 30.97 100.00
100166007 143 114 143 30.97 100.00
100166008 144 112 145 30.97 100.69
1001660010 142 116 143 30.97 100.70

Stion Corporation © Copyright 2015

Power drop &
recovery are
equivalent to dark
heat recovery

transient
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PID (-) (85°C /85% rH) (Class “A” Rati
()( /85% rH) (Class ating) STION

96hr. PID(-)
Recovery After Stress
Sun Soaking

100.0%
99.0%
98.0% \ /
> 97.0% —
o
(5] . ()
X 95.0% \ —
94.0% Power c-jrop & recovery
are equivalent to dark
93.0% heat recovery transient
92.0% —
Initial PID 5 hrSS 10 hr SS 15 hr SS 20 hr SS
95413 100.0% 94.7% 94.7% 95.6% 97.0% 98.4%
——94983 100.0% 95.0% 95.0% 95.5% 96.9% 98.3%
~——95069 100.0% 95.4% 95.4% 96.1% 96.8% 98.2%
——94894 100.0% 96.0% 96.0% 97.1% 97.1% 98.5%

Stion Corporation © Copyright 2015 29




PID Testing (-1000Vv / 192hrs, 85/85) SS recovery
STION

Condition Avg Median |[Min Max
SS 97.2%| 97.2%| 96.5%| 97.9%
5hrSs 100.8%| 100.0%| 100.0%| 104.2%
PID 192 w/0 SS 75.4%|  74.6%| 72.3%| 78.8%
PID 192 w5 hr SS 93.5%| 92.9%| 92.3%| 97.2%
10 hr SS 94.8%| 94.4%| 94.3%| 95.8%
15 hr SS 96.5%| 97.2%| 94.3%| 97.2%
20 hr SS 96.6%| 96.5%| 96.5%| 97.2% FU” RGCOVGW@?)O hrs
25 hr SS 97.2%| 97.2%| 97.2%| 97.2%
30 hrSS 97.6%| 97.6%| 97.2%| 98.0% 105.0%
35hrSS 97.2%| 97.2%| 96.5%| 97.9% '
40 hr SS 97.8%| 97.9%| 97.2%| 97.9%
45 hr SS 97.9%| 97.9%| 97.9%| 97.9% 100.0%
95.0% -
90.0% /
85.0% -
80.0% /
75.0%
(%] 1)) [%)] v (7] wv wv wv (72} (72}
v w [7,] [7,] wv wv wv wv wv wv
o E E E E E E E E E
2 2 & & R 4 C A 3 3
] ~
=) 3
& )
(-8
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Stion — Class A PID Rating Equivalent

STION

Relative Power

Pl- Berlin Ratings

= Class A 2 AP <5%

110%
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

= P| Berlin PID Test Procedure
= 85%RH, 85°C, -1000 V, 48 hours

= 2 modules
= Class B 2 5% < AP < 30% = Stion Test
= Class C 2> AP > 30% = 85%RH, 85°C, -1000 V, 196 hours
= 5 modules
Class A * —1
Class C Class B Class A
35%
@ 30% -
E 25% -
E 20% -
S 15% -
__j'h; 10%
5 5% | I
o g 8
[ [ 1
~ 5 N & o S
0 96 196 o IS s IS IS 5’,;

HV - DH Exposure Time (hours)

STC after PID vs. initial measurementin %

Stion Corporation © Copyright 2010

From Pi Berlin Test.
http://www.pi-

berlin.com/images/pdf/i

nvestorsday/2011/6-

PID-Tests.pdf

31


http://www.pi-berlin.com/images/pdf/investorsday/2011/6-PID-Tests.pdf
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World Class Quality, Reliability & System Performance

STION

» Industry Participation

» National Renewable Energy Laboratory — Boulder, Colorado (NREL)
» Photovoltaic Manufacturing Consortium- SUNY, Albany, New York (PVMC)
» Colorado State University — Photovoltaic Testing Laboratory, Denver, Colorado (CSU)

= US Department of Energy

= Qutdoor Arrays with Performance Monitoring
» NREL - Boulder, Co — Long Term, installed 2006
= PVMC- Albany, New York Long Term installed 2010
» HMS 50KW Carport Array —Hattiesburg, Mississippi

= US Continental 228KW Array- Corona, California
» Mississippi Power 4.86KW Array- Gulfport Mississippi

= All arrays have stable performance since installation

= Data Available

kwh

10000
9000

120%

8000
7000
6000
5000
4000
3000
2000
1000

0

e

- 100%

- B0%

- 60%
- 40%

- 20%

- 0%

" . N " W L % > Ne] ] Ne)
"\:\r (\,’\f \*,'\r Q;'\’ Q,"y q}':\, 4,’5' é}\y (\,\v ‘U\’ ?}fy (:\y
Qi\‘b o ™ v.\) 12 Q \50 ) W@ X vﬁ

Energy Generation (kWh)
I |nsclation Corrected Predicted Performance (kWh)
= Actual / Predicted

Stion Corporation © Copyright 2010
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STION

Thank You

Q&A
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Overview

eMotivation and goals of TG5.

of_ interlaboratory experiment for encapsulation (present US-led effort).
Encapsulation discoloration experiment:
eTest description
eTransmittance results (appearance, spectral 1, solar-weighted 1)
oEffect of specimen temperature (accelerated aging)
oEffect of light sources (Xe vs. UVA-340 fluorescent)

Encapsulation attachment strength (CST):
eTest description
eEarly stress and resilience results

eApplication and timeline of TG5 activities.

Not covered today:

eEdge seal attachment strength (part of E, experiment)
eSoPhia round-robin for backsheet (present Europe effort)
eOther TG5 efforts (China and Japan)

NATIONAL RENEWABLE ENERGY LABORATORY PVMRW 2015



Goal and Activities for QA TG5 (UV, T, RH)

e |EC qualification tests (61215, 61646, 61730-2) presently prescribe up to 137 days field
equivalent (IEC 60904-3 AM 1.5) UV-B dose. This is << 25 years!

e Goal: develop UV- and temperature-facilitated test protocol(s) that may be used to
compare PV materials, components, and modules relative to a field deployment.

Core Activities:
1: Consider weathering literature and climate meteorology (location-dependent information).
e.g., known benchmark locations...Miami, FL; Phoenix, AZ
2: Leverage existing standards, including other industries.
- summary exists from Kurt Scott et. al.
3: Improve understanding of existing PV UV tests.
4: Improve understanding of module durability.
4-1 Collect information about field failure modes.
e.g., the literature, site inspections
4-2 Confirm appropriate models for UV aging.
5: Consider suitable UV sources.
- summary of module capable equipment from David Burns et. al.
6: Generate test procedure for accelerated UV aging.
7: Perform laboratory verification of proposed test standard/failure mode.
- mini-module study (Japan), SoPhia round-robin (Europe), E, interlaboratory study (US)

NATIONAL RENEWABLE ENERGY LABORATORY PVMRW 2015



_Motivation for the E, Interlaboratory Experiment (TG5 US)

e Knowing E, (for rate of change in a characteristic) is critical to prescribing and
interpreting a UV- and temperature-mediated test.
e Unfortunately, E, is not known for the UV degradation of common PV materials.

k:AH”e[i;}

1,
The modified Arrhenius equation

Critical unknowns
(Goals for the interlaboratory experiment):

1. Quantify E, so that applied test conditions can be interpreted.

2. Provide a sense of the range of E, that may be present by examining “known bad,”
“known good,” and “intermediate” material formulations.

3. Determine if there is significant coupling between relevant aging factors,
i.e., UV, temperature, and humidity.
What factors does TG5 need to consider?

4. Investigate the spectral requirements for light sources by comparing specimens
aged by different sources, i.e., Xe-arc, UVA-340, metal-halide.
Is visible light required in addition to UV ?

NATIONAL RENEWABLE ENERGY LABORATORY PVMRW 2015



The Materials Used in the E, Experiment

eDiscoloration of encapsulation has been studied in the literature:
We have a sense of the general rate of degradation.

We have a sense of the sorts of formulations used (historical and contemporary).

e6 Materials examined in interlaboratory study:
Example: compare peroxide used for cross-linking.

Example: compare type or use of UVA.

A TPU formulation is chosen as a known bad material.

Encapsulation materials being compared in the transmittance (discoloration) experiment.
The encapsulation adhesion experiment examines Material B only.

INGREDIENT DESCRIPTION MAKER MASS {g}
Elvax PV1400 |EVA resin, 33 wt% Vac E. . du Pont 100 100 100 100 100 /N/A
z603p  |Slane primer, gama-methacroyloxy propyl |y 0 ming Corp. 0.25 0.25 025 | 025 | 025 / 2 \
trimethoxysilane
curi 6= atyl-O-(2-ethyl- — o
TBEC _—Thexyl)-peroxycarbonate Arkema Inc. N/A 1.5 1.5 1.5 /
Lupersol o7 jeuLing agent, 2,5-Bistert-butylperoxy)-2,5- Arkema Inc. 15 N/A NA | Na——TTA 2
dimethylhexane ——
Tinuvin 329__Jv-strsoTber (UVA), benzotriazole type BASF Corp. N/A N/A N 0.3 N ?
Cyasorb 531\‘U'v‘ﬁ¢benzo.p.laenm;2e; Cytech Industries Inc. 0.3 0.3 /A A ?
Tinuvin 770 [hindered amine light stabilizer (HALS) BASF Corp. 0.1 0.1 0.1 N/A N/A ?
L non-basic aminoether-hindered amine light -
Tinuvin 123 stabilizer (NOR-HALS) BASF Corp. N/A N/A N/A 0.1 0.1 /
Naugard P |anti-oxidant (AO), phosphite containing Chemtura Corp. 0.2 0.2 N/A N/A N/A ?
Designation EVAA EVAB |EVAC|EVAD| EVAE TPU
(Note)] (knownbad, | (improved, (known | (modern, |\(know
"slow cure" ) [ "fast cure") good) | no UVA) | \bad

NATIONAL RENEWABLE ENERGY LABORATORY
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Interlaboratory Participation Enables a Wider Range of Study

elndoor aging is expensive. No one institution has all the resources to apply the
complete set of factors we would like to examine.

eDiscoloration and adhesion will be studied at (12) -volunteer- institutions.
e Example: compare similar instrument makes and models (e.g., Ci5000 & QSUN XE3).

eThis overcomes the difficulty of limited availability of aging equipment.

PR
Xe Arc UVA 340 fluorescent d deployi t
LIGHT SOURCE, FILTER] Xe Arc (right-light/cira filter) or (Suga-Q/#295/Ircut) (right-light/cira filter) UVA 340 fluorescent (no filter) (nofilter) Metal-Halide No light (outdoors)
STANDARD NOMINAL NOMINAL
UV LIGHT INTENSITY] . NOMINAL (102 Wem™ for 300<1<400) (0.8Wem-2@ 340nm) (LOWem’@ (~150 Wam for 300<).<400) m
CHAMBER RELATIVE HUMIDITY {%}] /30 ("lom, S0 ('hidh") N\ 20 ("low") ~7%Aery low") "high") 0("low’ J 30("ow"\ ambient
CHAMBER TEMEPRATURE {°C}| 40 0\ 80 40 60\ 80 40 yd 60 80— 40 60 40 60 80 ambient
] ] ] - i Fraunhofer CSE Fraunfofer ISE ! ‘ NIST NIST NIST ] i
3M(Ci M (C 0} 3M(Ci Mit: X120 NREL (Ci LAB \% LAB ) EPFL ATLAS (EMMA in Ph
(Ci5000; 3M (Ci5000) ‘ (Ci5000) itsui (SX120) (Ci5000) (Ci4000) QLAB (QUV) QLAB (QUV) (cudom) ustom) (custom) (customl| S (1 in Phoenix)
PARTICIPANT QLAB (QSUN XE3) QLAB (QSUN XE3) ATLAS (UVTESE) NREL (custom UV suitcase) CWRU (5x in Cleveland)
ATLAS (SunTest XXL) Fraunhofer ISE (custom) ATLAS (rack in Phoenixl
(INSTRUMENT MODEL) - "
Suga (SX75) Suga (FDP) ATLAS (rack in MlarrI
y 4 \ V4 U (QUV)@1.55 W-m-2 @ 340 \ \ V4 “\REL (rack in Goldg)
N7 N/ e \/ N/ KASSgrack ig @fadh)
— =

Summary of participating laboratories and test conditions

e A standard condition (60°C chamber ambient) allows a broad variety of light
sources to be compared.

e Rate of degradation will be compared against field data to allow site-specific
acceleration factors to be determined.
e Qutdoor data will verify the validity of the indoor test.

e Separate experiment at NIST (EVA-A & EVA-B) will examine action spectrum.
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Details of the E, Methods and Experiment: Encapsulation Transmittance Test

e Glass/polymer/glass coupon specimens measured using a spectrophotometer
(with integrating sphere)
e Measure at specimen center (anaerobic, no O,) and edge (aerobic)
e Analyze: solar-weighted transmittance, yellowness index, and UV cut-off wavelength.

T, vs. Wavelength, material averages, unaged
__ 100
3} 90 o s T
s S /] o
'E 60 ~ / ';' I EVAB
§ 50 I / / // l I ——EVAC
‘T; 40 I / :" // I] —EVAD
£l [ ——evAE
5 20 I ' 1] —— TPy
g 10 == // /I Td_silica
T 0 s w, JJ ----- Solite
200 250 300 350 400 450 500
Wavelength {nm}

Transmittance will be examined Specimen in sample holder for Specimens on outdoor rack, aging
using silica/polymer/silica samples. indoor aging at NREL. in Golden, CO at NREL.
User summary:

e Geometry: glass/polymer/glass (3.2 mm/0.5 mm/3.2 mm)
e Size: 2" x 2"
e Quantity: 3 replicates of 6 materials (pre-conditioned), and 1 reference (not pre-conditioned)
e Aging: 0, 15, 30, 45, 60, 75, 90, 120, 150, 180 cumulative days (indoors)
or0, 1, 2, 3, 4, 5 years (outdoors)
e Measurements (non-destructive): repeatedly age and measure at each laboratory/test site

NATIONAL RENEWABLE ENERGY LABORATORY PVMRW 2015 7



Formulation Specific Results Emerging From the E, Experiment

< 100

8 | e pae

c

= 80

£

& EVA-E, a—

©

= 60|

S

5

= 40

g

2

g 20f

5cm 5

o d .
Visual appearance of the UV Suitcase aged o 800 250 ”5’00 350 400 450 500
specimens at NREL at 180 days. Specimens A, Wavelength {nm}
arranged in columns for EVA-A, EVA-B, EVA- Comparison of the spectral transmittance at 180 days
C, EVA-D, EVA-E, and TPU. (dashed lines) relative to unaged specimens (solid) for

the UV Suitcase (UVA-340 fluorescent) aged specimens at NREL.

eFor EVA-A, EVA-D, and TPU, a significant discoloration is observed that may be
correlated to a rounding of the UV cut-off and increased yellowness.
eResult corresponds to the formation of chromophore species.

eFor EVA-B, EVA-C, EVA-E, the UV cut-off wavelength is instead decreased and there is
an increase in the transmittance. The transmittance is increased broadly for EVA-C.
eResult may be explained by the loss of additive(s) with age.
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Effect of Temperature Stands Out in Early Comparison

oEffect of T examined directly at 3M: same irradiance, RH applied
using 3 similar chambers (Ci5000, Xe lamp with Right Light filter).

t, Time {days}
0 30 60

45°C/30%RH
/ 60°C/30%RH

eEffect of aging is increased
with temperature.

eSame trend observed for
EVA-A and TPU (not shown).

eCoupling anticipated from
field observation, e.qg.,
increased discoloration at local
hot spots in modules.

4 ! ! | | !
0.0 0.1 0.2 0.3 0.4 B.5 0.6

A T, Change in representative solar-weighted
transmittance of photon irradiance {%]}

H, Cumulative radiant exposure {GJ-m'z}

.Ea Ccan be determlned from EVA-A: comparison of change in transmittance with

expe riment aging temperature (aged at 3M, with Xe lamp). The
default temperature and humidity conditions were
applied in separate chambers.
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‘Dark Chamber Aging: UV Facilitated Degradation
eControl experiment in environmental chambers at NIST.
eApply default T and RH, with no UV present.

eNo discoloration visually
observed to date for EVA
formulations.

1.5 I | I I I
1.0

eSome rounding of UV
cut-off for EVA-E
(no UVA).

oSlight discoloration
observed with time for

0.5

0.0¢

-0.5

-1.0

1 “40°C/30%RH

transmittance of photon irradiance {%}

TPU at 80°C, both center Py | | | | |
0 20 40 60 80 100 120

and edge. (AY/NZ) t, Time {days}

leplication: AT results EVA-A: comparison of change in transmittance in dark
. chambers (aged at NIST, with no UV) for the default
from UV degradation. (2 )

temperature and humidity conditions.

A T, Change in representative solar-weighted
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Formulation Specific Results Emerging From the E, Experiment

Specimen Edge Specimen Center
t, Time {days} t, Time {days}
0 QO 1|20 180 0 120

transmittance of photon irradiance {%}
transmittance of photon irradiance {%}

A T, Change in representative solar-weighted
A T, Change in representative solar-weighted

0.0 03 06 0.9 0.0 03 06 0.9
H, Cumulative radiant exposure {GJ-m'z} H, Cumulative radiant exposure {GJ-m'z}
Change in representative solar weighted Change in representative solar weighted
transmittance (300<A<1250 nm) for the transmittance (300<A<1250 nm) for the
encapsulation specimens at their center. Results encapsulation specimens at their edge. Results
shown for UV Suitcase (fluorescent) at NREL. shown for UV Suitcase (fluorescent) at NREL.

eThe effects of aging are less significant at the specimen periphery (except TPU).
eIn EVA, a photobleaching effect occurs at edges, but is limited by rate of O, diffusion.

Here and previous slides:
EVA’s = effects of aging are dominated by interactions between additives.
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E, Experiment Examines Relevant Source Spectra

o\Will compare Xe, UVA-340, M-H, and terrestrial light sources for all
formulations examined.
eDepending on specimen’s action spectrum (damage susceptibility),
UV source (e.g., 360-400) could render different results.
eAged EVA’s have not yet
varied significantly between
sources.
eOther base materials or
components (backsheet)
may have stronger spectral
dependence.
eNIST SPHERE experiment
(passband filters) will

L

prOVIde addltlonal mSIght' 0'875 300 325 350 375 400 425 450 4;5 508'0
.AISO mEthOdZ ASTM 6178. A, Wavelength {nm}

Overlay of representative common artificial UV sources, relative to the AM1.5 global spectrum.

TITIA

0.6

-10.4

I, Intensity {arbitrary units}

-10.2

{pazijiewsou} aouaipe. |esjoads Jejos |eqo|o) Py
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Beginning to Compare Between Artificial Light Sources
oA common metric for H must be
agreed upon when comparing Xe-arc
and UVA-340 fluorescent sources.
eOne might think to overlay data
(t of EVA-A and TPU) at a similar
aging condition (chamber 60 °C)
for the total UV, 300<A<400 nm.

eBut: UVA-340 lacks emission from 005 105 105 (o »e
, Lumuiative radiant exposure ‘m
At: Shown for Ci5000 and UV Suitcase, H from 300<A<400 nm.
360<A<400nm.

B T
-3t TPU: similar slope!™z1"

RH may not matter? M ........... -

A

1 I | | 1 1 1 1 1 1 1

A T, Change in representative solar-weighted
transmittance of photon irradiance {%}

Fowler, “Developing Steady State Exposure Conditions
in an ASTM G154 Fluorescent UV Test Chamber for
Backsheet Materials.”

©295<A.<360nm: may be best criteria

EVA-A (UVA-340) |
TPU (UVA-340)

between Xe and UVA-340 fluorescent. 2F -
eComparing figures implies different 3F .. .
action spectrum. 4t g ]

EVA: more similar slope
| 1 | | | 1

eQuantitative analysis (e.g., E,) will sl

1 1 1 H, Cumulative radiant exposure {GJ-m°}
p rovi d € greateSt | nSIght' At: Shown for Ci5000 and UV Suitcase, H from 295<A<360 nm.

A T, Change in representative solar-weighted
transmittance of photon irradiance {%}
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_Fluorescence Spectroscopy: Xe and UVA-340 Affect Similarly

ePhotoactive electronic structure evolves significantly with age at the specimen center.
(less profound changes seen at periphery).
eDistinct signatures between EVA’s suggests interaction between formulation additives.

eSimilar profiles suggest specimen chemistry affected similarly for UVA-340 & Ci5000.
oEVA-A: Verify signature at end of the experiment.

280 nm— FLUORESCENCE SIGNATURES,CENTER
UV Suitcase (t=0)

1,000,000 |
900,000 [\ —EVAA [ |
800,000 — EvAB —

2 700,000 ' '\ ——EVACL

3 600,000 oAb

9, \ —EVAE

= 500,000 \ Iy

$ 400,000 !

2 300,000 f f

= 00— Base scan spectra for NREL
100,000 i i

unaged specimens.

T
350 400 450 500

280 nm—> FLUORE SCENCE SIGNATURES, CE| Wavelength {nm} 280 nm—> FLUORESCENCE SIGNATURES, CENTER
UV Suitcase (t=120d) Ci5000 (t=120d)
2,500,000 —ia 1,400,000 ——EVA-A
EVA-B 1,200,000 + EVA-B
2,000,000 ——~©&vac — —EVAC
iy — EVAD - E 1,000,000 4+ —Eva-D
t =
g 1,500,000 :i;ﬁE 7 3 800,000 - :-E;SE
o / £ 600,000 e
: 1,000,000 >( ] 2 100,000 N T B
E | ~ T E ’ N S =~
500,000 _ — ] 200,000 / \E JAMZE
s T 1= —
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Wavelength {nm} Wavelength {nm}
Base scan spectra (specimen center) for NREL Base scan spectra (specimen center) for NREL
UV Suitcase (UVA-340 @2x, 60°C) at 120 days. Ci5000 (Xe @2x, 60°C, 50%RH) at 120 days.
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Transmittance: Comparison to Historic & Outdoor Data
eHistorically, yellowness index has been oy oo men Bposus g ‘
used to compare between indoor- and field- . #]—mrsue.’

aged encapsulation. | e I

e\We examine 2 of the classic formulations, s { oS

using a modern version of the same glass.

oAYl, EVA-A: ~8 (Xe, 60°C) vs. ~55 (Xe, 70°C).

eContiued verification & analysis to follow. 3

15 ] Hemon e P LY
rasriage conrinscione

: IrrmcH wreces ol MG in

& 88 wim', squil B

15 o v Pt o 3 B

T =80"C; RH = 50%

¥l | Yellowness Index, ASTM D-1925)
-1

0 5w 1 0 R
eSame & similar formulations deployed at Assessing degradation from change in YI.
. Reid et. al., Proc SPIE, 2013, 8825-7.

APS in 1996. _

—>Conclusion: discoloration resulted from
additive interactions (as in E, experiment).
eLocation specific results

(center vs. periphery) as in E, experiment.

oTG5 will determine location specific L - s
acceleration factor for Cleveland, Localized discoloration of EVA

. . . . (known formulation in module) at the APS site.
Golden, Miami, Phoenix, & Riyadh. Wohlgemuth et. al., Proc IEEE PVSC, 2013, 3260-3265.
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Details of the E, Methods and Experiment: Encapsulation CST Adhesion Test
o Better physics-based methods being developed as IEC standard.
e 25 mm square specimens (diced, after aging) examined using loadframe.
e Pristine edge quality is critical. Dice using abrasive water jet cutter.

Sample holder configuration Specimens on outdoor rack,

for indoor aging at NREL. aging in Golden, CO at NREL.
Samples are diced after aging.

User summary:

e Geometry: glass/polymer/glass (3.2 mm/0.5 mm/3 2 mm)
o Size: 3" x 3"

The CST will be used to examine

the attachment of EVA.
e Quantity: 10 replicates of 1 material (pre-conditioned), Method from: Chapuis et al.,
plus 5 extras (not pre-conditioned) PIP, 22 (4), 2014, pp.405-41.
e Aging: 15, 30, 45, 90, and 180 cumulative days (indoors), (EPFL)

orl,2,3,4,5 years (outdoors)

e Remove 2 coupons at each increment

e Measurements(destructive): age at each laboratory/test site,
then sent to NREL for measurement
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Profound Reduction in Attachment Strength Initially Observed

eExamining EVA-B (STR 15295 P/UF), found in many veteran PV installations.
eStrength and resilience were seen to decrease significantly (by 66%) in the first 90
days aging at Fraunhofer ISE.

eSimilar magnitude of effect observed for specimens aged at NREL.

eThis change exceeds the rule of 50% for pass/fail, typically applied in relative
thermal index (RTI) tests.

eExperiment will verify if the strength is maintained after prolonged aging, e.g., as in
an absolute minimum requirement.

Attachment Strength (Stress & Strain at Failure) vs. Time Attachment Strength (Stress & Strain at Failure) vs. Time
(Fraunhofer ISE UV 340 fluorescent lamps @ 60°C/60%RH) (NRELXe lamp @ 60°C/50%RH)
0 i .
is Time {days} | | 90 25 15 0 Time {days} | | | 20 25
o Max Shear @ Edge
1: o Max Shear @ Center c S, —=—MaxShear @ Edge c
12 2 Resilience, Edge — 20 = 12 ‘-,\\\‘ S —e—MaxShear @ Center |—— 20 g
& Resilience, Center = ‘\“-1:\ --=--Resilience, Edge =~
& 9 15 = a 9 - :\\\ -a--Resilience, Center —+ 15 =
~ b 2 | T 2
] s (1]
g 6 10 g ¢ e 10
J I N T E——— 3
R N ‘_Iv—_' < (=
3 e 5 3 5
0 0 0 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Radiant exposure {GJ-m%} Radiant exposure {GJ-m}
Change in strength of attachment and resilience for Change in maximum strength of attachment
fluorescent UV Custom Chamber at Fraunhofer ISE. and resilience for Xe Chamber at NREL.
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Additional Aging Conditions Suggest More Complicated Story
e3M samples aged with Xe at 2x UV and 30% RH, T =45, 60, or 80 °C.

e3M: little or no effect seen at 45 & 60 °C.
eFraunhofer ISE & EPFL: minimal effect seen at 40°C (3x) or 60°C (1x).

Explanations:

eThreshold of UV, T, or RH required to invoke substantial damage?
eEffect is due only to absorbed moisture (polymer plasticization)?
eComment: T, ~60°C for EVA.

eAdditional results (at 80 °C or in dark) should elucidate.

o o o
Attachment Strength (Stress & Strain at Failure) vs. Time Attachment Strength (Stress & Strain at Failure) vs. Time Attachment Strength (Stress & Strain at Failure) vs. Time
(3M Xe lamp @ 45°C/30%RH) (3M Xe lamp @ 60°C/30%RH) (3M Xe lamp @ 80°C/30%RH)
i i 0 Ti d
8 ° Time {days} . %0 o 8 ° Time {days} . %0 o 18 ime {days} ) 90
e 15 5 15 ° 0 £
= S — 7 H g
-~ i e T e T L 20 -~ 12 20 ® ~12
T g L | F L g 15 %
= o = ] g
M g —e—Max Shear @ Edge s 2 -~ 9 15 3 = 3
E M Shes ..'.';. E il £ 10 2
(2 —s—Max Shear @ Center 3 e 10 3 P 6 3
-===-Resilience, Edge - = =t
3 -=3--Resilience, Center a 5 3 1 I 5 3 ©5
0 0 0 1 | | ] 0 | | | )
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Radiant exposure {GJ-m'%} Radiant exposure {GJ-m'%} Radiant exposure {G)-m2}

CST results for 3M Ci5000 chambers, Xe @ 2x and 30%RH: (a) 45 °C; (b) 60 °C; and (c) 80 °C.
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Adhesion: Comparison to Historic and Outdoor Data
eNo good systematic quantitative study of == : = = T

adhesion in the PV literature.
ee.g., accelerated conditions and duration
to examine delamination not established.

Anecdotally then:
eEncapsulation/cell interface often weakest.

eDelamination often precedes corrosion. o 3.5cm
. ] Delmaination and subsequent corrosion in EFG-
eMay not be tightly correlated with Si cell module at TEP Springerville facility.

1 H . -4 ‘ 3 - ———
encapsulation discoloration. e

Refer also to:

eAdhesion test method: refer to Bosco et. al., “A
Fracture Mechanics Based Approach to Adhesion
Testing in the PV Module”, Proc. PVMRW 2015.

oSite data: refer to Silverman et. al., “Review of —Q—
observed degradation modes and mechanisms from | | - 5cm
. ” Delamination at cell-corners and -interconnect
fielded modules ’ Proc. PVMRW 2015. ribbons in mono-Si module at SMUD Hedges facility.
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Application of the UV Test

Direct application:
o|EC 62792 (climate- & configuration-specific aging sequences)
This is the primary application forTG5 effort.
e|EC 62788 (PV module materials and components)
-1 = Encapsulation; -2 = Backsheets; -... (tests of characteristics)
-7 =Weathering
(may draw directly upon the TG5 results in a UV test)

Indirect or perhaps future influence:

e|EC 61730-1 (module materials & components safety tests)
e|EC 61730-2 (PV module safety tests)

e|EC 61215 (PV module qualification tests)
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\ Timeline of Activities for TG5
e NREL specimens are presently at 150 days (Ci5000) and 180 days (UV suitcase).
e Results will be used to assign t, T, %RH for a climate- & configuration-specific UV test.

evised NWIP
submitted

Issued as
standards

Current
status

Proposed as

concepts Concepts

Develop criteria

Submit

, Initiate E; test.
zote [ suisEny AU oo srawman [oiliee QNS
UV standard.
61730 (Ed 2) Standar life: NWIP
Submit UY
standard NWIP.
Sthart use Create strawman
2015 Publish new the TS in test sequence
goal editions actory standard.
ifspection Complete indoor
E. test.
vise QMS Publish E5
2016 ocument to results.
goal reflect Submit CD of
feedback UV standard.
Chamber
test TBD ~B6 months ~18 months
times
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Summary

o”E_" interlaboratory experiment being conducted to provide a quantitative '
basis for climate- and configuration-specific UV weathering test.
ePreliminary (qualitative) observations presented.

Encapsulation transmittance:
eHave replicated behaviors of fielded materials
(specimen location- and formulation additive-specific discoloration).
eT coupling observed for UV aging.
e At degradation in EVA results from UV aging.
eGood qualitative comparison between Xe and UVA-340 sources for EVA.

Encapsulation adhesion:

eAttachment strength can decrease drastically (>50%) with age.
eEarly results suggest significant factor (UV, T, RH) dependence.
eMuch to be learned about adhesion.

e\We look forward to the quantitative values from the experiment.
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Use of REDCap Database for Transmittance Data

e LOTS of transmittance data will be generated for the experiment.

e Case Western Reserve University volunteered the REDcap database to TG5.

e REDCap comes from the medical (research) industry.

Benefits: Ensures designed experiments, high data capacity, simultaneous user
access, automated data quality verification.

e REDCap allows users to view and analyze results in real-time.

dmiller | My Profile | Log out

fREDCap

X 88.79
4 Home | | » My Projects & Training Resources = @ Help & FAQ L% Send-it Y 93.67
z 100.08
Welcome to REDCap!
REDCap is a sacure, web-based application for building and managing online surveys and REDCap Features
databases. Using REDCap's stream-lined process for rapidly developing projects, you may create .
and dasign projects using 1) the anline method fram your web browser using the Online Dasigner; Build online surveys and databases quickly and
. . . securely - Create and design your project rapidly using d
and/or 2) the offline method by constructing 2 ‘data dictionary’ tempiate file in Microsoft Excel, which secure web authentication from your browser. No exira
can be later uploaded into REDCap. Both surveys and databases (or a midure of the two) can be software is required I
built using these metheds. Fast and flexible - Conception te production-level solar weighted
REDCap provides automated export procedures for seamless data downloads to Excel and surveyldalaiase miCHEREEE foi 89.39
common statistical packages (SPSS, SAS, Stata, R), as well as a built-in project calendar, a Export data to common data analysis packages - -
scheduling module, ad hoe reporting tools, and advanced features, such as branching logic, file E;"’S”P’}Sg”";’r‘;:‘:,;:L:;"U“S“" Excal it
uploading, and calculated fields. T :
Ad Hoc Reporting - Create custom gueries for representative
Learn mare about REDCap by watching a 2 orief summary video (4 min). If you would like to view generatng reporcciuinatiioae i weighted
other quick video tutorials of REDCap in action and an overview of its features, please see the Scheduling - Utilize a built-in project calendar and e 92.07
Training Resources page scheduling module for organizing your events and
Tralning RESOUrces pag appointmens. Y1,1964 0.49
Please note that any publication that results from a project utilizing REDCap should cite grant Easily manage a contact list of survey 2 {HITI} 3530
support (Clinical and Translational Science Award - UL1TR 000439), respondents or create a simple survey link - Buid UV 4
a list of emall contacts, create custom email invitations,
WNOTICE If you are collecting data for the purposes of human subjects research, review and and track who responds, or you may also create a
approval of the project s required by your Institutional Review Board. single survey fink lo cral oUtorpE iR 5 YK
. ) send files to others securely - Using ‘Send-It, readpoint {days}
If you require assistance or have any questions about REDCap, please contact CASE REDCap upload and send files to mutiple recipients, including N b KK
Support Team existing project documents, that are too large for email sa (senial number)
attachments or that contain sensitive data.
Save your data collection instruments as a PDF to . bl b
print - Generatz a PDF version of your forms and A {nm} T Tt
surveys for printing to collect data offiine.
Advanced features - Auto-validation, calculated fields,
file uploading, branching/skip Iogic, and survey stop
actions.
REDCap API - Have external appiications cannect to 200 0.00 0.00
REDCap remotely in a programmatic or automated
fashion
Data Queries - Document the process of resolving data
issues using the Data Resolution Vorkfiow module,
Piping - Inject previously collected data values into 201 0.00 0.00
question labels, survey invitation emails, etc. to provide a
more customized experience. 202 0.02 0.02

; ) Transmittance results will be uploaded to
Home screen for https://dcru.case.edu/redcag REDCap using an Excel template file.
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Moisture Conditioning of Specimens

e \Water content is a critical factor in the experiment.

e A set of 3 different conditions were applied to render an internal
water content (ppm) similar to that in the aging chamber.

e Specimens were pre-conditioned for 1 month prior to
distribution.

e Specimens need to be maintained with a water content during
intermission (between aging and measurement).

. Concentration
Temperature Sm”'&:“" at Ratio Pngn‘"t Temperature |Humidity . it
(vs. 40/30%) ecommendation(s)

(°C) RH (%) (g/cm?) (oC) (°C) (%)
40 30 0.0008582 1.0 -9.4 30 45.8 Put in Refrigerator
60 30 0.001297 1.5 4.6 30 727 FPut in Refrigerator

- - 30 a0.a
=0 0 Joosies 9 27 23 106.3 | Put in sealed jar above water (not in water), at ambient T.
80 30 0.001826 2.1 18.4 23 89.8 Put in sealed jar above water (not in water), at ambient T.
40 a0 0.001470 1.7 a5 25 691 Put in 25C/69. 1% chamber

40 103.5 Putin ajarat 41.7C and 100% RH

50 20 0-005043 29 417 45 93.6 Put in 45C/85% chamber

Matrix for the pre-conditioning /storage recommendation for samples for the TG5 experiment.
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A Comparison of the Yl Behavior With Age

eCenter and edge are distinct for
EVA’s, but similar for TPU.

eMagnitude of Y| is not as great here Ylat Edge
. . (NREL UV fluorescent lamps @ 60°C/~7%RH)
(cooler chamber) as in STR studies. [ — P!
eTPU more slightly affected by Xe; E ] = e = —
EVA-A less affected by Xe. g || maveo ——
—W—AVGE '/'_Arf

Specific temporal behaviors:

eInitial yellowing of EVA-D. S S —
Yy g . 3 -
eInflection in EVA-A. 120 150 180
Yl at Center Yl at Center
16 (NREL Xe lamp @ 60°C/50%RH) 18 (NREL UV fluorescent lamps @ 60°C/~7%RH)
14 | —+— AVG A _—" 16 | —+—Avea —
AVG B //..// 14 ] AVG B o .
12 4 avec /./ o —A—AVG C /f-ir’/ | lo—
10 H-—=m—avGD —B-AVGD (,.41//
g || M AVGE /'/ 10 | =avce
— 8 AVGT /-/ 8 | —we—naveT
6
4 ’/ [ j s :
2 2 / .a.| i_ e —— -n———__l
0 : 0 !{“‘:¥:‘=?ﬁd * = " *
0 30 60 90 120 150 180 0 30 60 90 120 150 180

Comparison of the change in Yl for specimens aged in the NREL Ci5000 (Xe) and UV Suitcase (fluorescent)
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_Fluorescence Spectroscopy Confirms Formulation Specific Results
ePhotoactive electronic structure evolves significantly with age at the specimen center.

eFluorescence may correlate to the formation of by-product species and/or the presence of
formulation additives.
eDistinct signatures (between EVA’s) suggests interaction between formulation additives.

eFor EVA, evolution not as pronounced at the specimen periphery.
oEVA-E (no UV-A): Fluorescence signature relatively unchanged!

280 nm— FLUORESCENCE SIGNATURES, CENTER
UV Suitcase (t=0)

1,000,000 |

900,000 ) ——EVAA
/A

800,000 “ L EVA-B
\

700,000 L —EvAC
\

—EVAD
600,000

500,000 it
400,000 "
300,000
200,000
100,000

Intensity {counts}

e L]
280 nm—> FLUORESCENCE SIGNATURES, CENTER 400 450 500 280 nm—> FLUORESCENCE SIGNATURES, EDGE
UV Suitcase (t=180d) Wavelength {nm} UV Suitcase (t=180d)
2,500,000 1,000,000 .
—— EVA-A 900,000 1 |—EVAA
EVA-B L EVA-B
2,000,000 +H—Evac — ~ 800,000 T gyac pere
= ——EVAD / ) @ 700,000 +—|—EvaD ya ARt "
c - c / \
3 1,500,000 H EVAE l— SV 3 600,000 +— —EVAE f-"r .
“:': — N h‘“\ *”; 500,000 +——"Y / N
% 1,000,000 / % 400,000 /
= / T - J
@ T [
2 | S £ 300,000 ,
= 500,000 — — = 200,000 —~
A 100,000 e
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Wavelength {nm} Wavelength {nm}
Base scan spectra (specimen center) for NREL ase scan spectra (specimen edge) for NREL
UV Suitcase at 180 days. UV Suitcase at 180 days.
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Transmittance Spectra for Dark Aged Encapsulation: EVA-E

Yellowness index of Fomulation E by Temperature
1.80
1.60
5 1.40 == A0 C center
E120 ¢ - 4FC edge
5 1.00 sy 60 C center
£ 080 ¢ - A= 60fC edge
= 0.60 |
= =@ B C center
>- 0.40
0.20 == B(fC edge
0.00 L L
0 20 40 60 80 100 120 140
Time (Days)
Formulation E Center; 80 °C
100
g
= = ) Day
2 = 30 Days
.g == T5Days
z ——120Day
E aAYs
1
F
0 i i i i i
250 350 450 550 650 750
‘Wavelength (nm)
Formulation E Edge; 80 °C
é = () Day
t
.é w30 Days
g w75 Days
=
g ——120 Days
&
Aglng and measurements : : :
5 5 450 550 650 750
performed at NIST. Wavelength (am)
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Transmittance Spectra for Dark Aged Encapsulation: TPU

Aging and measurements
performed at NIST.

NATIONAL RENEWABLE ENERGY LABORATORY

Yellow Index of Fomulation T By Temperature

4.00
350 -
- == 40 *C center
o 300 -
= == 40 +C edge
'E 250 | ==gr== 60 *C center
E 2.00 - = de= 060 -C edge
g 150 == 50 °C center
g ~ —m— 80-C edge
= 1.00
-
0.50 -
0_00 1 1 1 1
20 40 60 80 100 120
Time (Days)
Formulation T Center; 80 °C
100
20
80
70t —— 0Day
=
g 60 w30 Days
_g 50 === 75 Days
£ 40
5 =120 Days
L 30
2=
20
10 |
0 . . . . .
250 is0 450 £50 650 750
Formulation T Edge; 80 °C
100
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Details of the E, Methods and Experiment: Encapsulation Adhesion Test

eThe test matrix is reduced for the CST (key parameters only).

field deployment
LIGHT SOURCE, FILTER Xe Arc (right-light/cira filter) UVA 340 fluorescent (no filter) UVA 340 fluorescent (no filter) Metal-Halide No light {outdoors)
UV LIGHT INTENSITY| NOMINAL (102 Wem™ for 30054.5400) NOMINAL (1.0 Wem™@ 340 nm) | NOMINAL {150 Wem™ for 300<4.£400) 0Wem™
CHAMBER RELATIVE HUMIDITY {%} 30 ("low") 50 ("high") ~7% ("very low") 60 {"high") 30({"low") | 30 30 30 ambient
CHANBER TEMEPRATURE {°C} 40 60 80 40 60 40 60 60— 80 — 40 60 A0 60 80 ambient
PARTICIPANT Fraunhofer
(INSTRUMENT MODEL) 3M (Ci5000) 3M (Ci5000) 3M (Ci5000) | Mitsui{SX120) |  NREL (Ci5000) QLAB (QUV) CWRU (Quv) {custom) EPFL NIST | NIST | NIST | ATLAS (EMMA in Phoenix)
QLAB (QSUN XE3) QLAB (QSUN XE3) | ATLAS (UVTEST) CWRU (5x in Cleveland)
ATLAS (rack in Phoenix)
ATLAS (rack in Miami
NREL (rack in Golden)
KACST (rack in Riyadh)
Test matrix for CST.

ePreliminary work (this study) verified the test settings.
eUnaged specimens are being baselined.

Examination of maximum shear or maximum
strain as a function of the test rate.

Maximum Shear or Strain vs. Test rate Stress vs. strain: 0.05 Hz, EVA (good samples)
7.0E+06 4.0 16,000,000 : ‘ |
e EVA 20
6.0E+06 » © o——0Q - 35 14,000,000 | g —T—
© a) R ) \04 - .
&SOE 06 © F30 & 12,000,000 | ) i 74,
n 5.0E+ o
3 = 6E+06e0-25% o \ % 7'7 EVA24 |
S y
7 2_ F25 5 Q. 10,000,000 | ——eva3sa ’ i
4.0E+06 R?=0.8101 2 -
i . 2 a
9 F20 © £ soo0000 | o / ||
ﬁ 3.0E+06 y=3.5296e01% & : EVA13-34 /
g R?=0.5924 - 15 § E 6,000,000 | VA1336 /74 i
E 2.0E+06 £ &
g OShear Stress {Pa} 10 g 4,000,000 i
ear Stress {Pa
1.0E+06 ) . 05 =
O Shear Strain {mm/mm} 2,000,000 = | ||
0.0E+00 | 0.0 /,///T
0 1
0.001 0.01 01 1 00 05 10 15 20 25 30 35 40 45 50
test rate {Hz} Strain {mm/mm}

Early results for unaged EVA
(uncracked samples only).
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FA Identifies UV & T as Key Factors, From Mounting
eDelamination at irradiated (interior) and dark (edge) original edge ‘
observed on same samples! vs. irradiated in other chambers.
eDifference in morphology of surface (fibrous interior).

eStrength is comparable for center- and edge-cut EVA samples!

pajeulwn||
apIs Jep

eSamples fixtured using black 2-sided adhesive tape.
eMorphology likely relates to hot edge (~Ty,c panel)

vs. cool interior (transparent sample). _
eSuggests that both UV and T can be significant factors. itgrior

original edge test direction original edge

PVMRW 2015



A Cursory Examination of Other Materials Will Be Performed

of_ will be evaluated for only the classic “slow cure” EVA.

eAttachment strength of ionomer, polyolefin, PVB, and TPU will be also
compared for aging at 2x UV (Xe), 60 °C, 50%RH.

eAttachment strength for some materials exceeds (3x) that of EVA-B.
eGoal: compare the magnitude and relative timescale of aging.

Stress vs. strain: Sample median (at 0.05 Hz)
4.0E+07 :
—EVA-B
3.5E407 | —IONOMER -
—PO1 /
~ 3.0E+07 —{ —PO2 /A
© ~
a PO3 / /
w 2.5E+07 — —pyB /
Q
e —TPU /
% 2.0E+07 //‘/ /
g 156407 // — //
wv
& 1.0E+07 payd s
5.0E+06 % —
0.0E+00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
v, Strain {mm/mm}

CST stress/strain profiles for the alternate encapsulants.
NATIONAL RENEWABLE ENERGY LABORATORY PVMRW 2015




Details of the E, Methods and Experiment: Edge Seal Lap Shear Adhesion Test

field deployment

LIGHT SOURCE, FILTER Xe Arc (right-light/cira filter) MNo light {outdoors)
UW LIGHT INTEMSITY MOMINAL (102 Wwem™ for 300=2.2400) 0wWem™
CHAMBER RELATIVE HUMIDITY {%} 30 ("low") 30 30 30 ambient
CHAMBER TEMEPRATURE {°C} 40 60 80 40 60 80 ambient
PARTICIPANT 3M (Ci5000) 3M (Ci5000) 3M (Ci5000) | NIST MIST MNIST |ATLAS (EMMA in Phoenix)

CWRU (5x in Cleveland)
ATLAS (rack in Phoenix)
ATLAS (rack in Miami
MREL (rack in Golden)
KACST (rack in Riyadh)

Test matrix for Edge Seal materials.

* The test matrix is minimized relative to the encapsulant testing.
Assuming the edge seal keeps moisture out, we just need to
know the effect of light and heat on degradation.

 Same aging conditions are applied for both the wedge and lap
shear test.

* This will provide a direct comparison of the lap shear and
wedge methods to help development of adhesion standards.

NATIONAL RENEWABLE ENERGY LABORATORY



Details of the E, Methods and Experiment: Edge Seal Adhesion Characterization

 Two different Edge Seal Samples.
e Test Conditions:

o Expose to Dark 40, 60, and 80 °C at 20% RH.

o Expose to Light Xenon Arc 40, 60 and 80 °C at 30% RH, 102
W/m?2 300 to 400 nm.

o Use Outdoor Exposure (5 sites)

— Check samples every 6 months.

— Remove a Lap shear sample at 6 months, 1, 2y,...
o 11 total conditions

 Samples to be exposed in all conditions:

o Wedge check at 250, 500, 1000... Two replicates of two
samples (44 samples total, 4 samples per Test Condition)

o Lap shear samples. 10 replicates. Pull out at 360, 720,
1080, 2160, 4320 h... Use low Fe, non-Ce 3.2 mm Starphire

glass. 10 replicates of two samples (20 total) per condition.

NATIONAL RENEWABLE ENERGY LABORATORY
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Details of the E, Methods and Experiment: Edge Seal Lap Shear Adhesion Test

e Lap shear is the standard test method for RTI and other certification protocols.
e Edge quality (handling of the glass specimens) is not as critical here.

f Y

Specimens on outdoor rack, aging in Golden, CO at NREL.

Testing Summary:
e Geometry: glass/polymer/glass (3.2 mm/0.5 mm/3.2 mm). 25 mm X 25mm test area.
e Quantity: 10 replicates of 2 test materials
e Aging: 15, 30, 45, 90, and 180 cumulative days (indoors),
or 0.5, 1, 2, 3, 4, 5 years (outdoors)
e Remove 2 coupons of each material at each increment
e Measurements (destructive): aged at each laboratory/test site,
then sent to NREL for measurement
e Use a displacement rate of 10 mm-min-1. Record o

€ and failure mode.

max’ ~max’

NATIONAL RENEWABLE ENERGY LABORATORY PVMRW 2015



Details of the E, Methods and Experiment: Edge Seal Wedge Adhesion Test

e Fracture mechanics test for interfacial adhesion (J-m2),
not an attachment strength test (N-m2 or N-m) .
e Specimens will be examined visually and using a micrometer.

0.125 in.
G = Fracture Energy

. 3Et3h?
- 16a*

A DCB wedge test will be used to examine the attachment of edge seals.
Marceau et al., Adhesives Age, 1977, 28-34.

Also: ISO 10354, ASTM D3762.

User summary:
e Geometry: glass/polymer/glass (3.2 mm/0.5 mm/3.2 mm)
o Size: 1" x9”
e Quantity: 2 replicates of 2 test materials
e Aging: 0, 15, 30, 45, 60, 75, 90, 120, 150, 180 cumulative days (indoors)
or0,0.5, 1, 2, 3, 4, 5 years (outdoors)
e Measurements (semi-destructive): aged and measured at each laboratory/test site

NATIONAL RENEWABLE ENERGY LABORATORY PVMRW 2015



Details of the E, Methods and Experiment: Edge Seal Wedge Adhesion Test

* Mechanical stress is applied simultaneously
with heat, humidity, and UV light.

e Semi-destructive: The bondline continually
debonds, releasing mechanical stress till crack
growth stops.

* This allows one to get data for very long times
without running out of test specimens.

NATIONAL RENEWABLE ENERGY LABORATORY



Comparison of Lap-shear to Wedge Test
Lap Shear Wedge

Less familiar to people.

* Used more frequently in

the industry. * Easily able to apply mechanical stress
* No mechanical stress in addition to heat, humidity and light.

during exposure. * Semi-destructive. Fewer samples are
 Sample destroyed in needed.

testing. « Can be difficult to determine crack
 Easy to measure value. length in opaque samples with large

fracture zones.

We hope to be able to use these results to:

1. Develop a good test method for adhesion.

2. To be able to determine thermal and UV acceleration
parameters.

3. Find accelerated stress test conditions predictive of future
performance.

NATIONAL RENEWABLE ENERGY LABORATORY



We Need Estimates of the Sample Temperature

* |[n weathering instruments, the sample is heated above the air
temperature.

 We are sending thermocouple-equipped samples to the labs to
evaluate the heating of their particular instruments.

* Depending on the sample and the chamber, they may be between
2°C and 18°C above the air temperature.

25
5% ¢ 15295-Silica #1
by N m 15295-Silica #2
% 15 A A9918 Starphire #1
<r.§ x A9918 Starphire #2
s 10 % 15295 Starphire #1
g f % & » i ® 15295 Starphire #2
2 s = . : . o + 15295 Window Glass #1
. R - 15295 Window Glass #2
0 . . | | | | 15295 Window Glass #3

40 50 60 70 80 90 100
Ambient Temperature Setpoint (°C)
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MEASUHEMENT & CALIBRATION

MATERIAL TESTING SOLUTIONS TECHNOLO

MATERIAL SCREENING SERVICE LIFE SOLUTIONS OUTDOOR WEATHERING TESTING

Lessons learned from other industries: A consortium of
automotive stake holders’ approach in the development
of a science based accelerated weathering test standard

NREL PVMRW, February 24, 2015

Allen Zielnik, Senior Consultant — Weathering Science
Kurt Scott — Global Manager, Solar Energy Competence Center
Atlas Material Testing Technology LLC

ACCELERATING YOUR EXPERTISE -Efé:% www.atlas-mts.com



Why should we care? Automotive paint and PV, more similar
than you think!

Automotive Paint System == Typical PV module
BC/CC

Frame

Gloss, protects basecoat

Clearcoat 50 um & from UV light Glass

Color, metallic flakes Encapsulant

Basecoat 20 Om

. Smoothes E-coat, protects Solar Cells
E-coat from light,

promotes adhesion

Encapsulant

- - \ Provides corrosion

\ protection Backsheet
Substrate (EG Steel, Aluminum, SMC...) Provides corrosion Junction Box
protection
M.Nichols, Ford Motor Co. http://lwww.dupont.com/products-and-services/solar-photovoltaic-materials/what-makes-up-solar-panel.html

Similar multilayer (built-up v. laminate) structure with UV filtering top layer
Multiple material-material (diffusion and adhesion) interfaces
Photo-oxidative and moisture sensitive materials

Yes, each has different materials and some unique degradation mechanisms
(“Denver cracking”, EVA acetic acid generation and corrosion)

PV has two weather exposed surfaces (three including edges) vs. one
Similar global service environments (not all vehicles are garaged)

Main difference is scale -- Om vs. mm and total service lifetime (10 vs 30 yr)
1

C OO0

C OO



Automaotive industry and weather durability

Exterior and
Interior
Environmental
Durability

Volvo Concept Estate
Glass Roof

« Long lived high value product with high customer expectations.
* Need to withstand any and all climates; product is mobile.
« Variable BOM — many suppliers, changing materials, cost pressures.

« Afew international weather testing standards, but most OEM'’s and
Tier One suppliers create their own test methods and specs.

« Short product development cycle (short time to test and validate).

« Extensive long term use of accelerated weathering testing for interim
acceptance coupled with real-time (5+ yr) outdoor weathering



Paint sells the car . . . or not!

Value of Automotive Coatings
1|

o Coating appearance is a key driver of
customer perception of quality.

o Functional Lifetime should be >10 years

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure Conditions and Analysis Methods”, Atlas Technical Conference on Ageing in
the Environment, Oxford, UK, September, 2008.

Must Reduce the Risk to an Acceptable Level

Even a poor performing paint system will last 2 years or more; that can mean
production of 520,000 — 940,000 vehicles from a single plant before you even
realize there is a problem.



Maodern automotive paint failure

The 1977 (Ford) Lincoln Versaille was the first production vehicle to offer
clearcoat paint, followed by the VW “Sun Bug” Beetle and, in 1981, the
Corvette. By mid-80’s most U.S. made cars and light trucks featured BC/CC.

In the 80's and 90's new cars on dealer lots needed to be re-painted before
they could be sold (initially blue & silver metallics were the worst)

Today, most passenger cars by all manufacturers use BC/CC systems; failures
are still seen by most OEM’s and are often not predicted by current tests.
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Natural Weathering Test — Automotive Coatings

45° (or 5 ) D|rect in a referenoe cllmate S Black Box automotive exposure
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« Natural weathering exposures typically performed in subtropical climate
* Hot, humid (maximum wet time), high annual UV dose — South Florida

« Black Box better simulates in-situ automotive temperature / moisture profiles due
to dead air space volumes (e.g., underhood, trunk and passenger cabin)

Today, long 5 yr minimum to 10 yr exposure required to approve a new
coating formulation or pigment system is burdensome, but the costs of a
paint failure are huge.



So what happened?

« The weathering performance of clearcoat/basecoat paint systems was assessed on the
basis of gloss loss and color change traditionally used for monocoat paints.

« The testing philosophy used the “bigger hammer” harsher-is-better way to highly
accelerate testing using UVB-313 fluorescent lamps with condensation.

[requency velocity 15 P WB

- UVA
1 e | Ll
E = hV = h C/?L | = Solar Spectrum (ASTM G177)
T e o e ! —— L e
energy Planck’s Plancks wavelength |
constant constant k £ [ UVB-313 Lamp

: £ 107 I
: £ |
': = |
i @ |
.. @ |

i =
\ [1-] |
\ g I
\ £ o5 I
<6 \ |
& \ |
P \ Solar Cut-off |
£ . 295 nm |
=3 e |

’ —_— 0.0 | |
o — 250 300 350 400
n4 na na i0 12
wavElEngth (microns; ) wa“elength {nm)

* “Slower” xenon (SAE J1960), EMMAQUA (ASTM G90) testing was still ongoing, but
showed some “anomalies”; real-time outdoor testing was begun.

« But based on UVB-313 testing the decision was made to “start painting cars”.

* Note: Fluorescent UV testing is no longer used for paint system qualification although
an SAE J2020 test is still “on the books”



What went wrong?

But, this was inadequate to correctly assess the weathering performance of
clearcoat/basecoat paint systems which are entirely capable of failing
suddenly and catastrophically by clearcoat cracking and/or peeling with little
or no gloss loss indication that failure is imminent.

Loss of UV absorber (UVA) or HALS, clearcoat oxidation, localized
hydrolysis, etc., all contribute to failure.

Polymer Autocatalytic Photooxidation Cycle
0.

PROPAGATION
INITIATION
PH

ch v, ch* P POO

A \
PH POOP, PP,
Final photo- — P=0, P-OH
products TERMINATION
PO+ OH <Y POOH PH
A q 0
< Note: Hydrolysis reactions not
SECONDARY shown

REACTIONS

In attempt to be fast and severe, the accelerated test significantly altered
the natural photo-degradation chemistry — and in this case did not result in
the delamination and other failures soon seen in the field!




Accelerated weathering tests — automotive coatings

concentrator

Fresnel solar

Water sprays

General standard ASTM G-90 EMMA®/ EMMAQUA® (with water)

Many other methods also used

OEM Test Method

Ford SAE J1960-Daylight Filters
SAE J2527

FLTM BO 116-1
FLTM EU BO 050-1
General Motors GMW 14650

107 SAE J2527

150 48582-2

GMW 14170

SAE J1960
Volkswagen PV3829

PV3930

Hyundai MS-300-31

PSA [Peugeot, Renault) D27 1380

D27 1389

D27 1911/ --D {2007}
Fiat 50451
V1 Porsche IS0 48582-2
I B Daimler DBL 739%

Irradiance (W/m"/nm)

light source

DBL 5555
SAAB STD 3169
Volvo STD 1027, 337
International 150 11341

@ SAEJINIBD
@ Daylight

T T T 150 4392-2

JASO M351

Wavelength (nm) JIS D0205
SAE J1960/02627

Laboratory — xenon arc

Weather-Ometer®




SAE J1960 (now J2527) brief background

* For over 20 years the de facto standard for xenon testing of
automotive exterior materials by Detroit “Big 3" & Tier 1 suppliers
(but not by European or Asian OEMSs)

— Mid 1980’s — original test method development, primarily by GM

— SAE J1960 (1989) standard using “extended UV” filters; UV more
severe than sunlight (lower UV cut-on A ~270nm)

— Late 1990’s - Ford adopts a “modified” SAE J1960, using “Daylight”
filters — less unrealistic UV (cut-on ~285nm)

— 2004 — SAE J2527 replaces J1960 — “Performance-based version”
with choice of “extended UV” or “daylight” filters, but still excessive UV

— Frequent lack of correlation with South Florida 2 & 5 year results
(Note — this is not unique to automotive coatings!)



So.Florida Diurnal Cycle — Solar Radiation & Moisture

Florida Panel Exposure

Source: M.Nichols, et al, “Accelerated Weathering Testing: A
New Approach to Anticipating Florida Exposure Results:, 2011

Coatings Science International, Noordwijk, Netherlands, June
30, 2011
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SAE test cycle

Spectral Power Distribution

SAE J2527 Cycles

Note spray temperature & irradiance
combinations

0.600 . 1 -
Note UV cut-on wavelengths 3
0.500 - E
% 0.75 A
0.400 - ;
N-gE- 0.300 - N%J 0.5 -_ J
] 0.200 §'
= E 0.25 1
0.100 - E
°
Miami Sunlight §
0.000 . . : . : : : : € o , . . .
250 260 280 290 300 310 320 330 340 350 0 100 200 300 400 500 600 700
Wavelength (nm) Time (minutes)
Irradiance Chamber Black Panel
(W/m? @340 e o Temperature | Temperature Duration
Step# Water Spray nm) Humidity % (C) (‘C) (minutes)
1 Off 0.55 50 47 70 40
2 Front Spray 0.55 50 47 C 70 20 D
3 Off 0.55 50 47 /0 B0
—
4 Back Spray 0 95 38 @ 60 P

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure Conditions and Analysis Methods”, Atlas Technical Conference on

Ageing in the Environment, Oxford, UK, September, 2008.
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SAE test cycle

i

Borosilicate filtered xenon arc

Results for actual test
panels are wrong.

Peters/Misovskl

What is Wrong with the Current Tests?

Light source — output from lamp/filters does not match sunlight

Temperature — water spray when the light is on

Time of wetness — panels are wet for a long time outdoors

Humidity — rarely reach temperature/humidity conditions outside

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure Conditions and Analysis Methods”, Atlas Technical Conference on
Ageing in the Environment, Oxford, UK, September, 2008.



L

Weather-Ometer & Qutdoor Findings

Sample Holder

Accelerated

Weatherometer ey

Multiple samples can
be put in a special
holder for weathering

: IR Spectrometer
Qutdoor Weathering

Record IR Spectra as a function of exposure time....

« Accumulation of phootoxidation
products by (A —OH, -NH / -CH) ratio with
PAS-FTIR correlates well with outdoor

» CC'’s that crack or loss gloss rapidly
tend to accumulate higher levels at
shorter exposure times.

« PAS-FTIR helps predict systems that
will lose gloss or crack

Source: M.Nichols, et al, “Test Methods to Determine the Long Term
Weathering Performance of Coatings Systems — Chemical and Mechanical
Testing of Paint Systems, October 6, 2005,

Spectrum Changes Specific information

with Exposure

Generic information

I N

New T T : T T
3600 3100 2600 2100 1600 1100 600
Wavenumbers [cm"]

- J”L

1) Area is proportional

to -OH, -NH content. Area increase reveals

Absorbance

-OH, -NH accumulation of
2) Area increases with photooxidation products.
weathering.
|
Weathered iy
I\\
-OH., -NH \“\g-
I———
- e T
4000 3000 2000 ' 1000
Wavenumber cm!

Plot the change in the (-OH, -NH)/-CH area vs. time to follow photooxidation
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Weather-Ometer & Outdoor Findings

Match Chemical Changes in Coatings: 8 i ' /'

/
Atl Polyester/Urethane
Accelerated vs. Natural | cm:f&_ Q-Panel

Xenon

Atlas B/B Xenon

Daylight

M Weathered

Use peak helg htS Peters/Misovski/Roberts/Lemaire/Fischer
y b N % 4 QUV-340
Plot Ratios — g SUPRAX
Ala/b] versus Alc/d] 3
to compare spectra , | Q-Panel Q/B Xenon
SEPAP —
N Atlas Q/B Xenon —
0 " " " T T " T
' 0 0.1 0.2 0.3 04 0.5 08 0.7 0.8
b e Ko = 10 =0 &= Peters/Misovski
Viénen ey (emi') Alc/d)

» Ratio plots of more specific FTIR chemical marker peaks showed a good
photochemical match of EMMAQUA to outdoors. Various lab accelerated systems
with various spectral power distributions (SPD) all skewed the photochemistry.

« Critical need to “Get the light right” in accelerated tests to reproduce the
photochemistry. None of the existing lab systems match TSR SPD well enough.

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure Conditions and Analysis Methods”, Atlas Technical Conference on
Ageing in the Environment, Oxford, UK, September, 2008.



“Getting the Right Light”

Log scale 5 - Chemical Match with RightLight™ Filter
45
1.000
4 4
’ —Type S/Type S =4=Right Light - Sunlight ‘ /
- 3 5 4
0.100 +—= e
VRN — N
ro o 5
oo ," \ / "@/2 5 Right Light™ Filter
] 1 / 2]
I |
0.00’ 1 1.5 1 \ Florida
| X/P/ 14 //
(] ~
0.000y x — x x x x x x x x x x x x 057 v
1290 292// 294 296 298 300 302 304 306 308 310 312 314 316 318 320 o
\ T T T T T T T 1
So R4 Wavelength (nm) 0 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4
A (c/d)

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure Conditions and Analysis Methods”, Atlas Technical Conference on
Ageing in the Environment, Oxford, UK, September, 2008.

« A new xenon lamp filter set correctly matches the UV cut-on of terrestrial
solar radiation and correctly reproduces the photochemistry.

“The precise simulation of terrestrial sunlight, particularly in the short UV range, is even more critical for reliable
weatherability testing of automotive coatings than originally thought. Xenon light used in conjunction with the Right
Light™ filter provides the appropriate ultraviolet spectrum for weathering of today’s complex automotive coatings.”

Dr. Mark Nichols, Ford R&D, Exterior Coatings

Source: Quoted in Atlas Sunspots, Vol. 38, Issue 81; http://atlas-mts.com/technical-information/sunspots
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Weather-Ometer & Qutdoor Findings

Polyester/Urethane

EMMAQUA =>4 Suns

o)
34
< s ‘ rd
5 L .
L, Match suggests high light mfens;tyl
e can be used to accelerate weathering.
2 / / /’
I,’— /,
14 Iz’ {;' Similar slope = similar chemistry
0 =< : : : . . : .
0 0.1 02 03 04 0.5 0.6 07 08

A(Cfd) Peters/Misovski

» With the “right light” the photochemistry matches outdoor weathering.
« BUT, the paint panels DON'T always or completely reflect that.

» S0, there may be chemical effects not detected by FTIR, or a physical effect
occurring in addition to the photochemistry known to cause cracking and
blistering.

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure Conditions and Analysis Methods”, Atlas Technical Conference on
Ageing in the Environment, Oxford, UK, September, 2008.



Findings About Water

EMMAQUA Water Absorption

1.40

1.20
1.00

0.80

0.60

0.40

Mass Absorbed (mg)

0.20

0.00

White - SBBC Black - SBBC White - WBBC  Black - WBBC

| = 8 min Spray l 30 min Spray = 8 min Soak B30 min Soak = 8 min Inverted M 30 min Invened|

Note: J2527 has a 20 minute front spray with the lights on and panels at 70TC.

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure
Conditions and Analysis Methods”, Atlas Technical Conference on Ageing in the
Environment, Oxford, UK, September, 2008.

Effects of water on weathering

« Plastication — reduced modulus

»  Swelling — induced stresses due to differential stresses
« Blistering — localized swelling and rupture

Water Uptake in Atlas Ci4000 WOM

o
w
L

Weight Gain (%)
(=] (=]
w IS

(=]
el
I

o

/

24 Hour Water Soak

One hour gives ~2/3 of saturation uptake

5 10 15 20 25
Time (hours)

30

5.5 hours to reach acceptable water uptake (near
saturation) based on average Florida wet time

Additional studies have shown that temperature is the

most significant factor. Sprays v. immersion — or
orientation (vertical/horizontal) has no effect

 Adhesion — accumulation of water at interface, breakdown of interfacial bonds
*  Mass transport — movement of small molecules and reaction products through film
*  Mass loss — removal of film (degradation products) from surface of the coating due to erosion

Source: M.Nichols, et al, “Accelerated Weathering Testing: A New Approach to Anticipating Florida Exposure Results:, 2011 Coatings Science

International, Noordwijk, Netherlands, June 30, 2011
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Water Implications and Approaches

Implications for Accelerated Test Cycles

SAE J2527
+2 Hrs light (w/ 20 minute H,O spray), 1 Hr dark w/ back
spray
«~4kJ/m? @340 nm per 3hr. Cycle (0.55 W/m2 @340nm)
+One wet-dry interval/cycle

Florida Exposure
+7.5 kdJ/m2 @340nm per day
+1 wet-dry cycle per day
+3600 Hrs. wetness/year (~10 hrs/day)

Possible Approaches

Heat water to accelerate diffusion and shorten
saturation time

*Must ensure we do not alter chemistry

Disregard water scaling and accelerate with long light
and long but infrequent water soaks
*Must introduce correct mechanical stresses

Source: M.Nichols, et al, “Accelerated Weathering Testing: A New Approach to Anticipating Florida Exposure Results:, 2011 Coatings Science

International, Noordwijk, Netherlands, June 30, 2011

» After considerable experimentation and many iterations, a solution to the
problem of long water saturation times, the need for frequent cycling for
mechanical stress, and the desire not to modify existing commercial
instrument hardware was developed . . . .




Xenon arc devices accelerate weather stresses

Solar spectrum, daily intensity & cycles
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Source: M.Nichols, et al, “Accelerated Weathering of Time(hour)

Automotive Coatings: Exposure Conditions and
Analysis Methods”, Atlas Technical Conference on
Ageing in the Environment, Oxford, UK, September,
2008.

However, current test methods have very limited, if any, cycling.



The seeds of a better, predictive test

20 years of experimental research findings:

Much of the failure was traced to a spectral mismatch between the lab light source and
outdoors. Fluorescent UV abandoned for qualification tests.

Ford & GM add automotive glazing UV filtering to interior xenon test methods

Various tests with ozone-filtered xenon led Ford et al to use Boro-S-Boro-S daylight
xenon filters rather than SAE J1960 Quartz/Boro “extended UV”.

FTIR spectroscopy showed only EMMAQUA produced the same weathering chemical
marker changes as real time outdoor testing.

Clearcoat UV Absorbers depleted from the top down (microtomy and ATR spectroscopy)

Search to “Get the light right” led to iterations of improved spectral match filters,
especially in UV cut on wavelength and IR heat reduction.

Extended water soak and EMMAQUA spray cycles revealed inadequate water uptake of
coatings with current methods. And it doesn’t rain when the sun is brightly shining!

Collaborators

Volvo, Mazda, BASF, DuPont, PPG, Akzo, RedSpot,
Visteon, Ciba, Cytec, General Electric, Sabic,
Momentive, Henkel, Atlas, Q-Panel, Suga, Bruker, 3M,
Exatec, Bayer, AOC, Ashland, Dow, Fusion UV, NIST, U.
of Michigan, Eastern Michigan U., U. Blaise Pascal, U.
Mulhouse France, NDSU, Swedish National Testing
Institute, GM, Chrysler.
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The seeds of a better, predictive test

Followed by 10 years of consortium effort leading to ASTM D7869:

* The methodology described is the result of a multi-year collaborative effort between
researchers at the following companies:

— Ford Motor R&D

— Boeing Commercial Aircraft

— BASF, Bayer MaterialScience

— Atlas Material Testing Technology,
— Q-Lab

— and later, Honda R&D Americas

Paint Systems Tested

*Automotive
» ~20 systems, multiple colors
« All systems were BC/CC
» Fortified and unfortified
» Positive controls and known Florida exposure failure
mechanisms

*Aerospace
« Four systems, two colors (blue and white)
« Two monocoat systems, two BC/CC systems
« Florida, and in-service performance known

Source: M.Nichols, et al, “Accelerated Weathering Testing: A New Approach to Anticipating Florida Exposure Results:, 2011 Coatings Science
International, Noordwijk, Netherlands, June 30, 2011
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Fast Forward 10 Years -- Putting it all together: ANew ASTM
Test Method D7869

For reference only, this will be explained in the following slides . . .

ASTM D7869 Test Cycle Sequence

Step Step . . Irr.ad1iance Set | Black Panel | Chamber Air Rela.ti\./e

Number Minutes unction Point’ @340nm Temperallture Temperallture Humldllty

(W/m?2/nm) Set Point’ Set Point! | Set Point’
1 240 dark + spray - 40°C 40°C 95%
2 30 light 0.40 50°C 42°C 50%
3 270 light 0.80 70°C 50°C 50%
4 30 light 0.40 50°C 42°C 50%
5 150 dark + spray - 40°C 40°C 95%
6 30 dark + spray - 40°C 40°C 95%
7 20 light 0.40 50°C 42°C 50%
8 120 light 0.80 70°C 50°C 50%
9 10 dark - 40°C 40°C 50%

10 Repeat steps 6-9 an additional 3 times (for a total of 24 hours = 1 cycle)




Final lteration ASTM D7869 Test Cycle

Step 1
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Step 1

Step 1 — Deep Moisture Saturation

Irradiance (W/m2 e 340nm)

240 min, Dark + Spray, BPT 40°C, CHT 40°C, 95% RH

» Purpose - to produce water uptake within the coating that
is similar to the maximum uptake in a normal day outdoors in
south Florida

= \Water uptake more than what is achieved in Step 1 did not produce
significant changes in test results. However, water uptake /ess than
what Step One achieves did fail to produce degradation of the types
found in Florida

= Dark cycle, because almost all wetness in Florida occurs when
there is no sunshine. The vast majority of wet time is caused by
nighttime dew.

= Qutdoor data show that natural specimen wet temperature is lower
in Florida, typically 20°C to 25°C. But outdoor wet periods were also
much longer, ranging from 8h to 16h. So 4h at 40°C produces
similar water uptake to the much longer, but cooler, Florida wet
periods

Time (minutes)
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Step 1

Step 2 — Removing the water

Irradiance (W/m2 e 340nm)

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

30 min, Light, 0.40 W/m? @ 340nm with new filter, BPT
50°C, CHT 42°C, RH 50%

" Purpose - to remove all of the water from within
the coating layers

» The irradiance is set at a relatively low level, 0.40 W/m2/nm,
because Florida data has shown that all the water was driven out
from the coating before the sun ever got high enough in the sky to
produce higher irradiances

= The Black Panel Temperature is set at 50°C, because Florida data
has shown that by the time the sun heats the specimen to 50°C,
almost all of the water has been removed from the coating

= A time of 30 minutes was chosen because data has shown that 30
minutes at 50°C is the time required to take the water content to
near zero.

Time (minutes)
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Step 1

Step 3 — Exposure to the Right Light

—N

Irradiance (W/m2 e 340nm)

1.00

0.90

0.80

0.60

0.50

0.40

0.30

0.20

0.10

Irradiance
Water Spray
Dark/No Spray

270 min, Light, 0.80 W/m? @340nm, BPT 70°C,
CHT 50°C, RH 50%

» Purpose — to simulate the effects of bright sunlight
on the coatings.

= Most Florida sunlight exposure occurs at much
lower irradiances than noon midsummer sunlight. So
this irradiance can be expected to produce significant
acceleration.

» The irradiance is set at somewhat higher than
the maximum irradiance seen in Florida with noon
midsummer sunlight.

= The Black Panel Temperature is set at 70°C,
because this approximates the maximum
specimen temperature averaged across the color
palette.

Time (minutes)
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Step 1

Step 4 - “Relaxation”

Irradiance (W/m2 e 340nm)

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

Irradiance
Water Spray
Dark/No Spray

30 min, Light, 0.40 W/m2 @ 340nm, BPT
50°C, CHT 42°C, RH 50%

" Purpose - to transition between the hot, high-
irradiance “daytime” step and the dark, cool, wet
“night time” step.

» This step gradually reduces thermal stresses
within the coating, similar to what occurs as the sun
gets lower in the sky during the evening.

= Unnatural effects can be produced if the test does
not cool down the specimens before water is
introduced. For instance, excessive cracking and
micro cracking can be produced if cold water is
sprayed onto a hot specimen.

* The relatively low set points for irradiance and
temperature are typical of what has been

measured in FL late afternoon and early evening.

Time (minutes)
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Step 1

—N

Step 5 — Water (Again)

Irradiance (W/m2 e 340nm)

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

Irradiance
Water Spray
Dark/No Spray

600 700

Time (minutes)

150 min, Dark + Spray, BPT 40°C,
CHT 40°C, 95% RH

® Purpose - to produce significant water

uptake within the coating, but at somewhat
less than the maximum uptake observed

» The temperatures and humidities in Step
5 are the same as in Step 1, for the same
reasons.

» The data has shown that the
maximum water uptake does not occur
every day in Florida. This step is
intended to simulate those days of less
than maximum uptake.
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Steps 6 & 7 Rain Event and Controlled Dry Qut

Step 1

—N

Irradiance (W/m2 e 340nm)

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

Irradiance
Water Spray
Dark/No Spray

600 700

Time (minutes)

» Purpose — to simulate a very short time
water event, such as a night where little
condensation occurs, or a very short
rain event

1| 20 min, Light, 0.40 W/m2 @340nm,
vi| BPT 50°C, CHT 42°C, RH 50%

= Purpose — to remove the water from
the coating at a controlled rate
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Steps 8 & 9 — Heat/Mechanical Stress & Relaxation

120 min, Light, 0.80 W/m? @ 340nm,
BPT 70°C, CHT 50°C, RH 50%

* Purpose — to heat up the specimen to
create mechanical stresses

10 min, Dark, BPT 40°C, CHT 40°C,
50% RH

® Purpose — a total relaxation from all

stresses. If the coating is never allowed a
relaxation period, it is thought that unnatural
effects might occur such as excessive

cracking.

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Time (minutes) 30



Final lteration ASTM D7869 Test Cycle

Step 1 2 3 4 5 678 96 78 96 78 96 78 9 Repeat
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c 0.30 o 0
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But Does It Work?

5 1 Polyester Urethane (UV cut-on sensitive) Clearcoat

45 -
Note that even slight difference in slope indicates different photochemistry

35
Accelerated Fresnel

3
2.5
5 SAE J2527 with Boro/Boro
15 The absorption tail overlaps with the UV cut-
. on for standard “Daylight” filters, enough to
result in a false negative. This coating
1 actually has good Florida weatherability but
prematurely cracks in J2528 with Daylight
0.5 / filters
0

0 0.1 0.2 0.3 0.4

Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure Conditions and Analysis Methods”, Atlas Technical Conference on
Ageing in the Environment, Oxford, UK, September, 2008.



But does it work?

Gradient loss of UV absorber (from free radical attack) Carbamate SBBC

Depth (microns)

T e wsmzsmﬁ:p:mm - b, . 20 25 30 38 90
Unexposed System 150 22 months Florida exposure System 150 s 0¥ Sepheiorens
N 4000 hours “new” protocol System 130

Source: M.Nichols, et al, “Accelerated Weathering Testing: A New Approach to Anticipating Florida Exposure Results:, 2011 Coatings Science
International, Noordwijk, Netherlands, June 30, 2011

Loss of UV absorber in CC consistent with Florida results

L v O
Woeghom - PR

€= Note failed system allowed 10% UV transmission in 2 yrs FL

Longevily = 10% transmission of 340nm
? Iight to basecoat affer -2 years.

45 pm of Clearcoat T —,

. Source: M.Nichols, et al, “Accelerated Weathering of Automotive Coatings: Exposure
i Conditions and Analysis Methods”, Atlas Technical Conference on Ageing in the
Environment, Oxford, UK, September, 2008.
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But did it work?

System 97 2K Polyurethane WBBC on blue basecoat
Florida Exposure J2527 New Protocol

System 97 failed two years Florida exposure by delamination of the clearcoat from the basecoat, and
also had severe blistering of the clearcoat. The same system in the new protocol also exhibited clearcoat
delamination and blistering while SAE J2527 showed neither delamination failure nor blistering.

Source: M.Nichols, et al, “Accelerated Weathering Testing: A New Approach to Anticipating Florida Exposure Results:, 2011 Coatings Science
International, Noordwijk, Netherlands, June 30, 2011
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But did it work?

Comparison of monocoat aircraft coatings for gloss loss — 3 different paint systems

10 +

0 >—=-—4——§ 0
- TE_ 1] =
g 10 L] 3 $ .10
i - g -10 &
3 . ] -
8 2 i S 20 12527 g 20 —e—12527
H \ ——12527 = s
8 \ 2 30 g -30 - —a— New Protocol
g 30 Y \ —&— New Protocol s —&—New Protocol L—g ewfrotoco
. £ .40 i = -40 - —&—Florids

%.40 ; - —k— Florida Eﬂ —&—Flonda E“ orida
8 3 550 250 1

S0 © ©

60 -60
F 3
-60 T T 70 - § -70 T T 1
o 2000 4000 5000 000 0 2000 4000 6000 8000 0 2000 4000 6000 3000
Dose (ki@340nm) Dose (ki@340nm) Dose (ki@340nm)
Gloss loss Aerospace System 1 Gloss loss Aerospace System 3 Gloss loss Aerospace System 5
N Florida B J2527 Bl New Protocol

The inconsistent correlation of accelerated weathering results with South Florida performance has been a
hindrance to aerospace coatings development. Coatings that perform well in accelerated testing have
failed prematurely in service, while others, whose performance was differentiated in accelerated testing,
performed equivalently in service.

These graphs illustrate this point where it is shown that SAE J2527 cannot discriminate between the
performance of monocoat and basecoat/clearcoat systems while Florida shows significant differences.

Source: M.Nichols, et al, “Accelerated Weathering Testing: A New Approach to Anticipating Florida Exposure Results:, 2011 Coatings Science
International, Noordwijk, Netherlands, June 30, 2011

Still work to do for aerospace — higher UV levels (but not lower cut-on), altitude freeze, O,, other ??7?7?
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It works — further improvements still to be made

New Protocol Results Compared to SAE J2527 and Florida — Automotive

Physical failures correctly reproduced

Degradation chemistry is correct

Additive loss rate — better than J2527, slower than Florida???
New protocol is as fast as J2527 on a dose basis

New protocol is ~40% faster on a time basis due to increased irradiance
level during light cycle and improved water distribution in paint system

Acceleration Factor 7—> 10

Source: M.Nichols, et al, “Accelerated Weathering Testing: A New Approach to Anticipating Florida Exposure Results:, 2011 Coatings Science
International, Noordwijk, Netherlands, June 30, 2011

v The new protocol is now required by Ford worldwide to qualify all new paint
systems and external components (roof racks, side mirrors, bumper fascia,
badges, etc.

v' Honda Motor is rolling out the method as a requirement for their suppliers.

v' Other OEMs and groups have expressed interest in the new method
36



Implications for PV materials and module testing

Key takeaways for PV:

Serves as a model for science-based test method development

« Weathering can be complex: both both chemical and physical

« Chemical - Full spectrum light source required - proper activation energies
« Can'’t ignore material-specific degradation mechanisms

* Physical — Full spectrum source for appropriate thermal heating effects
— Stress material to material interfaces (no fluorescent UV testing) similar to nature

« Chemical - Get the Right Light for proper actinic reactions in critical, high
energy UV cut-on region — don’t alter the photochemistry for “speed”

« Physical / Chemical — Cycling is important - steady state isn’t natural
— Material to material interface (adhesion)
— Promotes cracking, delamination, corrosion as seen in nature
— Transitions are where much of the stress occurs

* Need to match service environment climate conditions and cycles for the test

to be predictive — implications for climate-based module durability ratings and
suitability for use of specific materials
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Lifetime prediction—
why is this so hard?
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Why do we do this?

1. To meet a customer’s specification

2. To reduce risk



Why is this so hard?

« We probably are not asking the right questions in the right way

* Applying engineering models to a science problem
- emphasis on setting and meeting specifications
- desire for standard tests with correlation factors
- desire for fast turn-around; pass/fail criteria

« Both physical and chemical changes

» Chemical changes due to “bad” chemistry
- very slow chemical reactions that are not well understood

- chemists study reactions that go to high yield in < 24 hours
1% conversion in 10 years is enough to destroy a polymer
usually have multiple, competing degradation pathways

» Cannot usually use qualification tests for lifetime prediction



A question of correlation

What is the correlation between Test X and
how long this will last in my application?

What is the correlation between tensile strength of steel and
how long of a bridge span | can build?

If steel with tensile strength of 250 MPa can make a 20 meter span,
| can use steel with 2500 MPa to make a 200 meter span, right?

Test results give one piece of data to be used in a
predictive model




What is lifetime?

The properties of the system havso that the article no longer

meets performance needs.

Some characteristics of change

* Physical and chemical

» Gradual or catastrophic

» Determined by rates of underlying processes
» Caused by environmental stresses

* Multiple routes

There is no such thing as accelerated life tests,
only accelerated degradation tests




How mechanisms change

. Combplex phenomena often have multinle pathwavs with different activation eneraies
» High E, processes can dominate at higher (test) temperatures

* Low E_ processes can dominate at lower (use) temperatures  “bad chemistry”

k=A,exp(-E,,/RT)+ A4, exp(-E_,/ RT) + ...

350 300 250 200 150 100 50 25°C
1.E+00 +——+—+ + + + + + +

EVA mass loss
Ea = 41 kcal/mol (1.8 ev) — pyrolysis (Dutta, et al.)
— hydrolysis (Kempe, et al.)

1E-02 §

E
E
E
1.E-04 £
E — total

1E-06

Rate (s™)

1E-08 §
. Ea=22kcal/mol (0.9 ev)
1.E-10 £

1.E-12 +

1B e
1.5 2 25 3 35
1000/T (K-)

See papers by Gillen, Ce/ina,6Clough
e.g. Polymer 46 (2005) 11648-11654



Lifetime

test lifetime

~_ RSN test to use in this multi-

The status quo

» Carry out a standard ALT or HALT
- “severe” conditions
- pass or fail at some time

« Transfer function to correlate “real world”
- how to extrapolate from one point?
- what has worked before?
N - plastic is just like steel, right?

Y * Predict service life
- AN - where do you extrapolate to?

TS N But... there may be no
RN unique path connecting

- SN dimensional space

use conditions

>
test conditions

Severity



service life

Lifetime

The three “"easy” steps

* Define the use conditions

0 - environment: stresses and magnitude

- duty cycle

» Find material response to conditions
- degradation kinetics
- interaction of factors

 Establish valid test conditions
- high acceleration without
changing the mechanism
- might need multiple tests

Test conditions should be
valid for some range of
variations of composition
and design.

>
use conditions test conditions
Severity



' v

\\ |

’7}? N Step #0: Before you start
|\

q

* How badly do you need to know?
- what is the risk if the system fails?
- what type of resources can be committed?
- are you trying to meet some arbitrary specification?

» What is failure?
- consequences of failure — design for 95% or 150% of worst case?
- soft or hard?
- can you measure changes that occur before failure?

» What has been the experience so far?
- have there been field failures?
- what is known about similar systems?
- are there samples or retains?



N
’%Qf%w Step #1: Define use conditions

Benchmark to a defined environment, e.g. Miami or Phoenix?

Determine relevant environmental stresses and their magnitude
- temperature, moisture, chemical, mechanical, electrical, sunlight, biological, ...

- literature, measure, model

Must know duty cycle, not just the most extreme conditions
- must survive the extremes but endure the means
- measure or model the actual conditions on the part

- need time-parsed (e.g. hourly) or binned data
- essential for applying a cumulative damage model using kinetics

Retrieve and analyze aged and failed parts from the field
- helps to know what degradation looks like
- provides validation for test conditions

10



SN,
=10
< ‘\’\{Step #2: Find material response to stresses

» Apply stresses at several levels alone and in combination, if possible

» This is a science project
- simple DoE’s may not give enough information
- really need to understand what is happening physically and chemically
- must understand where acceleration is coming from

 Look for underlying processes that can be monitored
- rates of change, not just time to failure
- rates can predict failure time

» Develop rational model that fits the data
- beware of “free” acceleration
- understand the assumptions

11



Nl
"%Qf%w Step #3: Establish valid test conditions
W

£

« Step 2 actually will lead to a prediction, but a test is useful for material
variations and modifications assuming validity of underlying assumptions

- never lose sight of the assumptions
- once the original designer is gone, tests become sacred

 Acceleration requires taking at least one factor outside of its natural range
- e.g. reducing down time decreases effects of diffusion
- use lessons from Step 2 to understand risk
- avoid going through a phase transition
- verify that the failure mechanism is the same as field samples

» Acceleration must be rational
- it should follow from lessons from Step 2
- avoid or understand sources of “free” acceleration
- don’t be too greedy: ADT s very hard HADT can be just silly

« May not be able to get the full story from one set of conditions

12



Hydrolytic stability
Plastic PV front sheet application
« 7-10 mil films of polycarbonate, Melinex PET, and resorcinol polyarylate

» Test by bend around V4" diameter rod

« Constant humidity jars at 95, 83, 75, 50, (23) %RH

* Inovens at 95, 85, and 75 °C

temp RH PC PET-A PET-B PET-C PET-D RPA-A RPA-B RPA-C
(°C) (%) (days) (days) (days) (days) (days) (days) (days) (days)
95 95 182 21 25 21 19 11 21 32
83 206 25 28 25 25 14 28 35
75 245 32 28 32 28 19 35 42
65 357 56 49 49 49 25 63 70
50 560 70 63 63 63 28 77 88
23 - 119 112 112 102 102 140 168
85 95 399 84 84 84 77 28 63 -
85 483 98 98 98 70 42 77 -
83 469 98 105 98 98 42 98 -
75 591 126 133 126 105 49 112 -
65 907 207 207 207 175 84 178 -
50 1301 266 266 266 231 105 259 -
75 95 907 231 221 231 207 84 154 -
83 - 294 287 294 252 112 210 -
75 - 357 343 357 280 112 - -
65 95 - - - - - 189 - -

Polymer Degradation and Stability, 98, 1311-1320 (2013);

Service Life Prediction of Exterior Plastics. Vision for the Future, C.C. White et al., Eds., Springer (2015)
Kempe and Wohlgemuth, NREL PV Module Reliability Workshop, Golden Colorado, February 26-27, 2013.
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::-%‘%’; Hydrolytic stability

_Ea o
1/tray = Aexp (ﬁ) [RH]

* Found 1-hour parsed climatic data (Typical Meteorological Year)

« Used models for to calculate PV module temperature & RH for each hour
» Calculate progress toward failure for each hour of year
« Add it up to find progress toward failure for each year

» Calculate # of years to get to failure

PC PET
E_ (kcal/mol) 221 30.5
Ln(A) 25.2 38.7
n 2 2

predicted life (years) 837 1023

14



Folly of the qualification test

« 85 °C and 85% RH (1000 hours) carved into stone

« But... need two more pieces of information to be useful
- slope (E,, assuming Arrhenius extrapolation is valid)
- effective use temperature and other conditions

 PC hydrolysis slower than PET at 85 °C, but faster <43 °C

90 80 70 60 50 40 30 °C
15 } } } } } } }
x PC _—
+ PET 4/
£°07 30years | Use
o)
(/2]
>
(1}
T
[
-
5 _
Test
0 . i . i . : . : . : . : .
27 28 2.9 3.0 3.1 3.2 33 34

1000/T



! it = zlogm

Other examples

» Coatings on polycarbonate
- lifetime limited by UV absorber stability
- find loss rate in 1-2 months testing, predict max. lifetime

k is UVA loss rate
T, is initial transmission
Dy, is transmitted UV dose to cause failure

1 1077 4 T, - 1
1

- Journal of Testing and Evaluation, 32, 240-245 (2004).

Predictive accelerated weathering of engineering thermoplastics
- examined effects of UV source, temperature, moisture
- critical to get lamp spectrum right
- critical to get “rain” right
- found conditions that will predict Miami weathering + 20% at 95%
confidence for certain classes of engineering thermoplastics

- no guarantee it works outside of these classes of materials
- in Service Life Prediction: Challenging the Status Quo,
Federation of Societies for Coatings Technology (2005) pp. 93-10
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A\ 14 .
:3@ =t Technical needs and challenges

« Characterization of use environments
- measurements, sensors, and modeling of harsh environments
- characterization of actual duty cycles
- data sets useful for cumulative damage models (like meteorological data sets)

* Methods for multi-variable testing
- “combinatorial” testing
- apply multiple stresses simultaneously at several levels with high throughput

- Define useful mechanical data that can be obtained non-destructively or
on very small samples

- Define measurable changes that underlie failure mechanisms
- enables kinetic models for predicting failure
- e.g. what are the measurable chemical and physical changes that lead to adhesion
failure?
- can sensors be developed to measure these changes early and easily?

« Characterization of changes observed in field-aged or failed samples



Conclusions

We should abandon quest for the holy grail of tests
- has not worked for > 50 years

- cannot work across multiple materials
must separate qualification testing from lifetime testing

Recognize lifetime prediction as a science problem

- multiple variables under multiple levels
- develop models that make chemical and physical sense

- know where acceleration is coming from
- never lose sight of the assumptions
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Initial analysis of a 22-year old PV system in Quebec, Canada

Poster Presentation By: Alex Bradley, Dupont MCMaSter @IJDNT
Tanya Dhir, McMaster University University H
Yves Poissant, CanmetENERGY \*@)

The miracles of science™

Introduction

Installed in 1992, the 23.5 kW PV array near Montreal, Quebec is possibly the oldest continually monitored PV system in Canada. The climate is temperate, with low temperatures, significant snow
falls and freeze-thaw events in winter, and high temperatures in summer. With a growing PV industry, it is important to have data to support 20 year+ estimated lifetimes for both PV modules and the
entire system. A basic visual inspection of all modules was completed, and seven modules representing various observations were removed for further analysis. This poster presents these
observations. Further inspections of the 22 year old modules are underway, including analysis of monitored performance data.

CanmetENERGY PV System, Varennes, QC, Canada System degradation over years

« Visual inspection after 20 years revealed 21% of modules had
backsheet delamination and 10% had visible cell corrosion and
encapsulant delamination (without encapsulant discoloration).
Snow (load or freeze-thaw) may have contributed to minor frame
loosening or bowing allowing moisture to penetrate the module
laminate.

Upon inspection of the system, seven modules were selected for
further study. Two modules were in good conditions, two had
junction boxes hanging, one was heavily corroded, and two had
delaminated backsheets.

Relative change from original IV measurement, for six modules:
B Pax Range: -10% (-0.5%/yr) to -26% (-1.3%/yr)
Initial year of operation: 1992 Encapsulant: EVA Average P, : -18% (-0.9%/yr)

Location: Montreal, Canada Backsheet: PVF/PET/Tie Layer

# of modules: 552 inspected Poax: 426 W Average lgc : -11%

System size: 23.5 kW Cell Efficiency: 10% Average V. : -3%

Mounting configuration: Roof Open Rack Date of inspection: December, 2011 verage Voc: =57

Cell type: Monocrystalline Silicon (some poly) Max. System Voltage:600 V ) ‘ Average FF: -5%

Module Manufacturer: Astropower Canada Fixed tilt or tracking: 45 degrees, fixed tilt Power loss is mainly a function of I,

Results Summary

a. Modules with low to moderate power loss exhibit uniform degradation and diode hot spots. Inhomogeneous cell corrosion  Inhomogeneous backsheet delamination

b. Modules with high power loss exhibit visible encapsulant delamination, cell corrosion, and diode hot spots. ¢ B= ﬁ:

C. Module manufacturing inconsistencies are borne out over time as observed through inhomogeneous degradation in Ei? f—
side-by-side outdoor exposure. ]

d. Inter-related module subcomponents undergo concurrent phenomena, which can make the lifetime of any one ! '

component limited by a different component’s failure mechanism or stress, such as edge seal, frame, and adhesive.

e. Framing (screws) and edge seal gaskets may have loosened, initiating cell corrosion and backsheet delamination
EL  Photo

Prac o Voo FF d
80-1 18% 15% 1% 3%
80-3 Not functional
80-4 24% 15% 4% 8%
80-6 26% 12% 2% 14%

Prax lsc Voo FF b
80-2 11% 9% 2% 1%
80-5 17% 12% 4% 2%
80-7 10% 6% 3% 1%

« Diodes exhibiting hot spots

« Four modules visible encapsulant
delamination and cell corrosion correlate
with highest power loss (a function of Isc
and FF).

+ No encapsulant discoloration
or cracked cells

« Diodes exhibiting hot spots.

The information contained here does not include confidential information and is suitable for public release. * No encapsulant discoloration or cracked Ca n m et E N E RGY

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources 2015. cells observed. 2015.041 (PP-PPR) 411-PVUSCL g0 5
Leadership in ecolnnovation

Canadi
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Solar panel design factors to reduce the impact of cracked cells and
the tendency for crack propagation

Andrew M. Gabor', Rob Janoch', Andrew Anselmo', and Halden Field”
! BrightSpot Automation LLC, Westford, MA USA
2 PV Measurements Inc., Boulder, CO USA

ABSTRACT — Cracked cells represent a danger for high
degradation rates of solar panels in the field. They also
increase the sensitivity of system performance to shading
events. This paper provides background on the origins of
microcrack and crack generation, and outlines several
approaches that can be taken at the wafer, cell, module
and system levels to both reduce the occurrence of cracked
cells in the first place, and to reduce their impact when
they do occur. Outdoor IV testing under a variety of
module shading conditions was performed to explore some
of these approaches and to verify modeled results.

1. Introduction

Most cracked cells within modules have their
origin at the soldering (stringing) operation. The
copper wires contract much more during post-
soldering cooldown than the silicon, and the
thermo-mechanical stress causes microcracks in the
silicon beneath and adjacent to the silver busbars. It
also causes cracks and discontinuities in the
metallization. Softer copper wires with lower yield
strength can yield more during cooling to reduce the
stress, and such wires have been widely adopted.
Solder with a lower melting temperature can reduce
the stress, but the properties of such solder may be
unattractive for other reasons such as brittleness,
cost, and toxicity. Thinner wires will reduce the
stress for multiple reasons, but this can increase
resistive power losses. Stresses introduced during
the lamination process can compound the problem.'
2

Crack propagation within modules frequently has
its origin in the asymmetric construction of most
modules where a thick and stiff glass coversheet is
present on the top side, and a thin and more pliant
polymer backsheet is located behind the cells.
When a module is bent concave down (e.g. — wind
or snow pressing on the glass side), the cells are
placed into tensile stress, and microcracks can
propagate into full cracks." The continuity of the
metallization across these cracks is usually
sufficient at first, but aging and mechanical load
studies have shown accelerated degradation rates

for modules with cracked cells as the continuity
deteriorates and portions of the cells drop out of the
circuit, as is shown in the Figure below from ISFH 3

v A

Fig. 1: Electroluminescence (EL) image of a cell with a
crack a) before, and b) after humidity-freeze cycling.
from ISFH”.

2 .
e T

Cells with such “open” cracks have reduced I
and I, values which puts them into a state similar
to that of a partially shaded cell, where cell-to-cell
mismatch losses occur and the cell can even be
forced into reverse bias and dissipate power or force
a bypass diode to engage with the loss of the entire
string’s power. Cells dissipating power in reverse
bias represent dangers of hot spot heating and
accelerated module degradation rates. Shading of
these already hotspot-prone cells can significantly
compound the problem. Bypass diodes have also
been known to fail in the field, and thus, relying on
them increases the risks for safety and module
damage.

Much of the PV industry at the present appears to
be accepting of the status quo. The literature is full
of module EL images showing cracked cells, and
justification of such defects by examples of
relatively low efficiency degradation as these cracks
propagate and open up, as is shown in the Figure
below. Products across all industries tolerate some
level of “defects” of various natures, and “over-
engineering” the solar panels can result in a product
that actually offers a higher levelized cost of
electricity. The danger is in the statistics where
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some percentage of modules have significantly
worse degradation and have increased sensitivity to
module shading. A small number of well-
publicized performance and safety problems could
have a negative impact on the growth of the
industry.  Fortunately, a wide variety of cost-
effective solutions exist for the cracking problem.
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Fig. 2: . Electroluminescence image and efficiency vs.
irradiance of a module after environmental testing -
from Yingli.!

2. Solutions

Solutions to reduce the tendency for crack
propagation and/or the impact of open cracks on
module performance are found at the wafer, cell,
module, and system levels. While some solutions
are found with advanced cell architectures (e.g. —
back contacted cells), we mainly restrict ourselves
here to the commonly used architectures with
busbars on both the front and back sides.

2.1.  Wafer-level solutions
2.1.1. Thicker wafers

Microcracks are less likely to propagate in thicker
wafers.” However, the path toward lower costs
involves a further reduction in wafer thickness, so
this is a poor solution. In fact, it is precisely the cell
cracking problem that has stalled the industry in its

efforts to reduce wafer thicknesses below 180
microns for the last several years. Thus, even
though some of the solutions listed below may
entail increased cost, these may be balanced by
potential savings achieved by enabling future wafer
thickness reductions.

2.2.  Cell-level solutions
2.2.1. More busbars/interconnect-wires

The most common scenario in which an open
crack causes a loss in effective cell area is one
where the crack occurs beyond one of the outer
busbars and the edge of the cell. In contrast, if a
single open crack forms between two busbars, the
redundancy in the wiring allows the current to still
be collected, although at the expense of increased
resistive power losses in the fingers. It is less likely
to have 2 open cracks between busbars to allow the
loss of effective area in these regions. The larger
the number of wires/busbars, the smaller the area
that can be completely lost at the edges of the cells,
and the lower the resistive power losses when open
cracks form between busbars. This solution has the
potential downside of creating a larger number of
open cracks per module due to the increase in the
number of wires.

This solution is well underway within the industry
with the past trend from 2 to 3 busbars and the
present trend toward 4 or 5 busbars. The various
wire array solutions using a larger number of round
wires (SmartWire™ - Meyer Burger, MultiBusbar™
- Schmid, and Merlin™ GT Advanced
Technologies) offer a particularly elegant solution
from a technical perspective, although their cost-
performance benefits are less clear.

2.2.2. Wires placed closer to the cell edges

The most common approach in determining the
positions of the busbars/wires is one where the
resistive power losses in the fingers is minimized.
This occurs where the finger length f between one
of the outer busbars and the edge of the cell is
roughly

f=W—N-D)/(2N), ey
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where w is the cell width, N is the number of
busbars, and b is the busbar width. The distance
between any two busbars is roughly 2f. Often, as
the number of busbars increases, the width of each
busbar (and wire) is reduced, so that we can assume
the product Ne<b is roughly constant at ~ 4.5mm.
With this assumption, we can calculate the
maximum percentage of lost active area if an open
crack occurs along the edge of one of the outer
busbars as is shown below.

For a design with just 2 wires on a 156mm-wide
cell, fis ~ % of the cell width, and an open crack
along this wire could result in a loss of ~25% of the
cell current. For 5 wires, the loss is only ~ 10%, but
the value of adding additional wires quickly
diminishes regarding this concern.

50%

40% +
30% T
20%
10%

0%
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16

# of wires

% of cell beyond outer wire

Fig. 3: Calculation of the worst-case scenario for cell
area or current loss if an open crack occurs just outside
one of the outermost wires as a function of the number
of wires.

With the number of busbars now increasing
within the industry beyond 3, we recommend
placing the outer two busbars much closer to the
cell edges (see Figure 4), since this will have a
relatively small impact on resistive power losses in
the fingers and could have a significant impact on
module sensitivity to cracked cells. Should a crack
occur outside the outer busbars, much less area will
be lost.

Fig. 4:  4-busbar cell with the conventional (left) and
recommended (right) designs.

2.2.3. Rectangular cells

The wire thickness is generally chosen to
minimize resistive power losses which are
proportional to the third power of the busbar length.
A recent trend in module design is to use half-size
cells so that the length of the wires is cut roughly in
half. With the peak current along the wires cut in
two, one can significantly reduce the wire thickness
without incurring significant resistive power losses.
These thinner wires cause less stress in the silicon,
and thus reduce the density of microcracks and the
chances for crack propagation. Rectangular cells
have the additional benefits of enabling more light
harvesting from light reflected off regions around
the perimeter of the cells, and a slight reduction in
NOCT values. They have the downside of an
additional processing step to cut the cell, a
potentially weak edge where the cut occurs, lower
throughput of the soldering equipment, and a
slightly larger module size due to the increased
number of gaps between cells and an associated
increase in the related materials costs such as
encapsulant, glass, and backsheet.

Fig.5: Square cell and half-size cell designs.

2.2.4. Optimized metallization pastes and
metallization patterns
As is often the case in the solar cell industry, the
paste vendors are responsible for much of the
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progress in performance and costs. Improvements
to the Ag and Al paste compositions, and to the
geometries of the busbars®, fingers, and rear Al/Ag

overlap regions ' have potential to reduce the
severity of the cracking problem.

2.2.5. Cells with reverse “breakdown” at low
voltages and uniform power dissipation

As was mentioned above, a shaded and/or cracked
cell that is forced to operate at the current level of
the rest of the string may be forced into reverse bias
to “find” this current level. Rather than dissipating
this power uniformly, most cells usually have
localized shunts which means that the reverse
current flows through small localized areas which
heat up and can cause module damage (hot spots).
Thus manufacturers often limit the cell current at a
given reverse voltage (e.g. - <3A at -12V), and rely
on bypass diodes to protect the cell, module, and
array should the cell be forced far into reverse bias.

Reverse bias I-V characteristics vary widely
among various wafer types, cell architectures, and
even from cell to cell for a given technology. A
variety of physical mechanisms are responsible for
recombination that leads to increased currents in
reverse bias.® A cell which enters “breakdown”
mode at a relatively low reverse bias voltage would
“fail” the common test at -12V, but actually may be
superior in terms of module safety and
performance. If the breakdown occurs at a low
enough voltage, the product of current and voltage
at the operating point may be low enough that only
a fraction of the string’s power is dissipated across
the cell, and if this power is dissipated in a uniform
fashion across the area of the cell, no damage may
be done to the module. Examples of cell
architectures that can exhibit such reverse bias
characteristics include variations of the IBC design
where there is a long length of abutted p-n regions
such as the classic Sunpower design,’ and the
Zebra' and Mercury'' designs. Figure 6 shows an
example of the reverse bias characteristics of the
Zebra cell.

T T T T T
2k ; | —e—reverse current | |

current (A)
o
T
Il

T T T T T

reverse bias (V)

Fig. 6: Dark, reverse bias I-V curve of a Zebra IBC cell
- from ISC-Konstanz'.

In testing some old Evergreen Solar String
Ribbon cells, we found a wide range of reverse
breakdown characteristics, some of which occurred
at quite low voltage (see Figure 7). In this case,
thermal camera images showed the heating under
reverse bias to be non-uniform but over generally
larger areas than was seen for monocrystalline cells.
This raises the question of whether non-standard
wafer types could be engineered to possess
favorable reverse bias characteristics in a more
consistent and uniform manner.

Monol Mono2

—e—String Ribbonl ~ —@—String Ribbon2
—&—String Ribbon3 String Ribbon4

\

-30 -25 -20 -15 -10 -5 0

Amps

-0.5
Volts

Fig. 7: Dark reverse bias characteristics of different cell
types.

2.3.  Module-level solutions
2.3.1. Optimized soldering materials, equipment
and quality control

Most manufacturers have already migrated to very
soft interconnect wires to reduce damage to the
silicon, yet the industry uses a wide array of
stringing equipment to solder these wires to the
cells. Some equipment is more gentle than others,
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and proper setup and maintenance of the equipment
is critical. Some companies still use operators to
hand-solder wires, and acceptable quality control
for this critical operation is near impossible when
using hundreds of operators. Additionally, hand
soldering involves a sequential operation of first
soldering the front wires and then the back wires.
Such an operation is inherently more damaging than
the simultaneous soldering operation performed by
stringing equipment.

While the emergence of electroluminescence (EL)
testing has provided an incredibly valuable tool to
aid in detecting open cracks following the stringing
operation and during subsequent module
processing, the reality is that cells can be heavily
damaged by the soldering process, yet not develop
visible cracks until after the module EL and IV
testing. It is after the modules leave the factory and
experience vibrations during shipment, and flexing
during installation and snow/wind loads in the field
that the majority of cracks will form. For this
reason, the development of new measurement tools
is needed to aid in process optimization and quality
control. For example, in earlier work in soldering
process and materials development at Evergreen
Solar,' a breakage strength tester was used to
quantify the soldering induced damage. Such a
tester may provide complementary information
beyond that given by more common wire pull
strength tests.

Fig. 8: Breakage strength tester utilized at Evergreen
Solar for production quality control.'

Furthermore, one might consider it misleading for
module manufacturers to proudly display module
EL data to its customers showing crackfree

modules, when modest bending of the modules of
the type certainly seen in the field will cause cells to
crack. A more forthcoming approach may be to
subject the modules to some of these stresses in the
factory prior to final EL and IV testing. The
challenge here is that the initially closed cracks will
usually have little impact on IV test results until
they undergo long-term field exposure. In the
future, it may be possible to develop factory tests to
predict how the module will perform once these
cracks open up.

2.3.2. Glass/glass module construction

Another recent industry trend is the adoption of
glass backsheets. Such modules reduce crack
propagation for two reasons. First, with a similar
thickness and stiffness of material in front of and
behind the cells, they are now located near the
neutral plane such that bending the module in either
direction is unlikely to place the cells under
significant tensile stress, and thus the microcracks
are unlikely to propagate. Secondly, depending on
whether or not a frame is implemented, such
modules may be stiffer overall and show less
deflection for a given load. This design is not new,
and old glass/glass modules built by Mobil-
Solar/ASE/Schott and installed in challenging
environments have shown extremely low
degradation rates. Such modules also incorporated
advanced ionomer encapsulant. Modern glass/glass
modules using EVA encapsulant, while largely
solving the crack propagation problem, must
carefully address concerns related to acetic acid
formation in this non-breathable design. If no water
gets into the module, then acetic acid should not
form, but 30 years is a long time, and some water
may be present during module construction or find
its way in through edges and wiring access points.

Similarly, other materials that add stiffness behind
the cells (e.g. — Al foil/sheets), can also contribute
toward increasing the symmetry of the panel
construction. Such materials may also impart other
benefits to the module as discussed next.
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2.3.3. Backsheet materials that build compressive
stress into the cells

If a backsheet material with a suitable CTE,
stiffness, and thickness is chosen, the differential
contraction during cooling from the lamination
process may cause the cells to be “pre-loaded” into
compressive stress. In this way, any subsequent
bending of the modules that may otherwise have put
the cells into tensile stress and caused crack
propagation, will instead either just reduce the level
of compressive stress or bring the cells to tensile
stress levels that are lower than what would have
occurred with conventional module designs. The
Al backsheet utilized in TenKsolar modules is an
example of such an approach.

While glass is close to an ideal coversheet
material, one could also imagine a combination of
coversheet and backsheet materials such that the
usual asymmetry of stiffness is reversed and that
snow or wind loads placed on the front side of the
module actually place the cells into compressive
stress. Since front side loads are more common
than backside loads in the field, this approach may
have some advantages.

2.3.4. Cells wired in parallel

If each cell in a module has a certain probability
of developing a “problematic™ crack, let us imagine
that we divide each cell into two or more smaller
cells that we wire in parallel. This can be
accomplished by soldering wires from the top
busbars of one cell to the top busbars of the
adjacent cells in parallel before the wires extend to
the backside of the next group of cells. In order to
have the same lost area due to open cracks in the
parallel-connected group, multiple problematic
cracks would need to occur in the group. Since this
is much less likely to occur than a single
problematic crack in a full-size cell, the parallel-
wired cell approach is much less likely to push cells
into reverse bias power dissipation mode.

il

Fig. 9: A full cell with a crack, and two rectangular cells
wired in parallel with one cracked cell.

An extreme example of such a design is the low-
concentration architecture developed by Solaria
where specially engineered glass focuses light on
narrow slices of cells wired in parallel.'”” Parallel
wiring of full-size cells has been adopted by
TenKsolar to enable non-uniform illumination from
its light harvesting system architecture as is shown
below."

All Cells Connected in Series and Parallel

Integrated Module
[Electronics (Redundant)

/ All Modules in Parallel

Fig. 10:
TenKsolar."

Parallel cell wiring approach used by

2.3.5. Strings wired in parallel

The same logic that justifies cells wired in parallel
applies to strings wired in parallel, although today’s
standard 60-cell or 72-cell modules generally place
all cells in series.

To compare parallel vs series wiring we
performed outdoor testing of an old Evergreen Solar
panel (circa 1998) with 2 strings of 20 cells each.
The panel allowed an easy change from series to
parallel configuration of the strings with the change
of jumper elements in the junction box. No bypass
diodes were present in the junction box.

We performed IV measurements using a new,
low-cost but high-accuracy, portable IV testing unit
from PV Measurements. The module was
measured outdoors under roughly 800 W/m® while
one cell was shaded at varying levels in both
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parallel and series configurations. Shading of the
cell roughly simulates the condition of having open
cracks that cause the same percentage of lost area.
All current values were normalized to the change in
current of a separate reference cell, although the
reference cell varied little under the blue-sky
conditions. As can be seen in Figure 11, the
parallel configuration performs better under
shading. These old-generation String Ribbon cells
have FF’s that are far worse than those of modern
day cells, and we would expect the difference
between series and parallel configurations to be
even greater for modules using cells with high FF’s.

The same robustness of the parallel-wired design
to cell shading applies similarly to robustness for
cracked cells with lost area. @ The potential
disadvantages of the parallel wiring approach are 1)
more complicated wiring within the modules, and
2) higher resistive power losses and/or thicker and
more expensive wires at both the module and
system levels.
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Fig. 11: Outdoor measured IV curves for a String
Ribbon module at variable shading with strings in series
and parallel wired modes.
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We also examined the series/parallel vs cell
shading/breakage issue by simulating module IV
curves using the summation of individual cell IV
curves with Microsoft Excel. We chose all cells to
have identical IV curves except for the one
shaded/broken cell. We used interpolation
algorithms to enable the summing of IV curves at
the same voltage values. A single diode model was
used with an additional term to represent the reverse

bias term, similar to the approach followed by PI-
Berlin.'"* We examined two cases for the reverse
bias characteristics since the power dissipation in
the shaded/broken cell depends strongly on these
characteristics. Figure 12 shows the IV curves for
illuminated cells with both a high “breakdown”
voltage and a low breakdown voltage that matches
the IBC cell characteristics.
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Fig. 12: Simulated IV curves for cells with high and
low breakdown voltages that were used in the module

simulations below.

Figure 13 shows the IV curves for a 60-cell
module with no bypass diodes using 156mm cells
where either all cells are connected in series or
where two 30-cell strings are connected in parallel.
The shading/lost-area of one cell in each module is
varied from O to 100%. As can be seen, the low-
breakdown condition helps tremendously when a
large % of the cell is shaded or broken away. For
more standard cells with high breakdown voltages,
the parallel wired configuration is beneficial.
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Fig. 13: Effect of broken-cell lost-area or shading of
one cell in a 60-cell module with either all cells wired in
series, or for 2 parallel strings.

100%
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2.3.6. Stiffer modules

Increasing the stiffness of modules will reduce the
amount of deflection for a given front-side load,
thus reducing the tensile stress levels and cracking
within the modules. A wide variety of approaches
can be pursued to make stiffer modules:

* Thicker front glass.

* Glass backsheets instead of polymer. See
section 2.3.2.

* Alternative encapsulants with higher modulus
values (e.g. — Ionomer). Such encapsulants
may be more expensive, and the impact of
alternative  encapsulants  with  different
modulus values and glass transition points on
interconnect wire fatigue must be considered.
Also, there is some concern that stiffer
encapsulants or encapsulants with higher
glass transition temperatures may contribute
to increased cracking in the field."

e Sturdier frames and/or frames with additional
stiffening elements such as crossbars. This
increases materials and shipping costs.
However, the costs should be examined at a
system level since clever engineering can
increase  module  costs  but  reduce
racking/installation costs and vice versa.

2.3.7. Electrically conductive adhesives,
composites, and films

Since the primary formation mechanism for
microcrack formation is related to the soldering
operation, replacing solder with more flexible
materials that “harden” at lower temperatures and
that impart less stress on the silicon should largely
solve the problem. However the PV industry is
justifiable conservative when it comes to changing a
design that has served it well for many decades.
The primary materials being considered as
replacements include silver-filled conductive
adhesives, composite materials containing a mixture
of a polymer based and particles of solder, and tape
materials with conductive particles embedded in an
adhesive coating.

2.3.7.1. Silver-filled conductive adhesives

While these materials cost more than the solder
coating on standard interconnect wires, one can
potentially eliminate the busbar silver in the cell,
and contact the fingers directly with this approach
to offset these costs. The main risk with this
approach is degradation (increase) of the contact
resistance over time between the conductive
adhesive and the wire. Multiple industries have
shown excellent stability when contacting silver
surfaces with these conductive adhesives, and thus
good prospects exist for contacting interconnect
wire with a thin coating of silver. Unfortunately, a
silver coating adds cost to the wire, and the more
desirable approach would be to contact a low-cost
tin-coated wire surface. However, galvanic
corrosion over time at a Sn-Ag interface, even with
advanced stabilization packages, makes this a
highly risky approach. A better approach may be to
skip metal coatings entirely, and to contact the Cu
wire surface directly although some organic
protection layers may be desired to reduce
discoloration, depending on the encapsulant used.
Recent work at ISC-Konstanz looks quite promising
on Ag-coated or bare Cu wires."

Finally, while many industries deal successfully
with such dispensed materials, the maintenance and
downtime at the stringer associated with these
“messy” materials could be a barrier for some
companies. Screen printing is also a possibility for
application of these materials.

2.3.7.2. Composite polymer/solder materials

These interesting materials contain a mixture of
low-temperature solder particles in a thermoset
resin. For example, Hitachi Chemical sells the
products CP-300 and CP-450. The polymer
component will presumably deform during cooling
from the solder melting point to take up the
differential contraction between the copper wires
and the silicon, and thus eliminate microcracking
within the silicon. The differential contraction
between the wire and the silicon is less when
solders are used with lower melting points, and
while such solders are often brittle, the polymer
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component may reduce concerns related to
fracturing of such solders. The resin base can also
help ensure good adhesion strengths.
Unfortunately, there is very little in the literature
concerning the performance of these materials.

2.3.7.3. Films with conductive particles
These materials are sold by companies such as
Dexerials and Hitachi Chemicals. Their primary
application is within the flat panel display industry,
although it appears likely that Panasonic has used
this approach for connecting its HIT cells. These
tapes have a release liner that requires disposal, and
the materials costs are likely higher than those for
conductive adhesives. However, these materials are
inherently “non-messy” and so stringer uptime
should be high. Most importantly, their possible
track record at Panasonic/Sanyo adds to the
confidence concerning module durability. Recent
work again at ISC Konstanz'’ looks promising in
terms of module stability, at least for designs with
front busbars, and potentially for lower-cost designs
where the conductive films contact the fingers
directly.

2.3.8. Increased number of bypass diodes

Some groups are looking at increasing the number
of bypass diodes in the modules to protect against
shading and damaged cells."® In this way, one
doesn’t lose a third or more of the panel output
when a problem occurs.

2.4.  System-level solutions
2.4.1. Module level electronics

Implementing maximum power point trackers,
microinverters, and charge controllers at the module
level is another industry trend that may help when it
comes to low performing modules with cracked
cells. In this way, the low performing modules may
have less of an impact on the performance of the
whole string of modules.

2.4.2. Racking that reduces module bending
This is related to the stiffening of modules topic,
and as mentioned above, the module laminate,

module frame, and racking need to be considered
together as a unified system. Most designs merely
support the modules at 4 points near the edges.
Cost effective designs to reduce module bending
may be best implemented during module
installation in the field.

3. Conclusions

We have outlined a wide variety of solutions to
the cracked cell problem. The table below
summarizes these solutions into categories of
whether they act as a cure to fundamentally reduce
the formation/propagation of cracks or whether they
act more as a bandaid to reduce the impact of the
cracks. We have also subjectively ranked them
according to their desirability taking into account
various risk, cost, and factory disruption factors.

Table 1. Ranking of solutions discussed in this paper.

Method Cure/ Desir-
Bandaid | ability
Optimize soldering and QC Cure High
Improved metallization Cure High
Racking to reduce bending Cure High
Glass/glass construction Cure High
Stiffer modules Cure High
Compressive stress from Cure High
backsheets
Conductive adhesives Cure High
More wires Bandaid | High
Wires closer to edges Bandaid | High
Low reverse breakdown Bandaid | High
Strings wired in parallel Bandaid | Med
Cells wired in parallel Bandaid | Med
Rectangular cells + thin wires | Cure Med
Module level electronics Bandaid | Med
Increased bypass diodes Bandaid | Med
Thicker wafers Cure |Low

It is our assumption that a growing number of
manufacturers will fundamentally solve the
cracking problem, giving them a marketing
advantage over their competitors who ignore the
problem. A few years from now, we may look back
in disbelief at the fractured EL images that are
presently considered acceptable.

We have also demonstrated the usefulness of an
outdoor module IV measurement system with high
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accuracy that is an order of magnitude less
expensive than an indoor system with a light source.
Enabling more researchers to perform experiments
on module performance will benefit the industry.
Also, since crack propagation and crack opening
generally happens after the modules leave the
factory, field testing of individual modules with
such equipment can provide valuable information
on module degradation rates.
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INTRODUCTION

RESULTS

An increasing number of PV module start-up
companies have developed glass-less silicon
modules during recent years.

By replacing the glass front sheet with a thin
transparent polymer sheet and using a back panel
Instead of an aluminum frame, the module weight
can be reduced by as much as 85 % compared to a
conventional PV modaule.

R~ =, L]

Glass-less modules attached

Glass-less lightweight modules have a number of using an adhesive approach

advantages including:

B Enable PV on weight constrained buildings.

B Reduced transportation costs.

B Reduced installation time due to easier handling and new mounting methods.
B Attractive to military and transportation related applications.

® Lower glare allows the application around high traffic areas and airports.

B Innovative mounting approaches such as adhesives instead of a rack.

MOTIVATION

Before glass-less modules can be broadly adopted commercially, the market needs
certainty about the long-term reliability.

One of the more challenging reliability requirements for modules without a glass
superstrate is the ability to withstand hail storms.

In accordance with the IEC 61215 standards, the hall resistance test is mandatory
for the qualification of PV modules.

Hail impact

Hail impact
Ice ball ce ball
Solar glass Flexible front sheet
_____ Solar cell | Solar cell
4 4
= EVA = EVA

Impact deformation of conventional
PV module during hail impact

Impact deformation of glass-less
PV module during hail impact

APPROACH

® Hail tests were performed on three glass-less modules of the same design.
During the halil test modules were mounted according to the manufacturer’s
guidelines using an adhesives tape to attach the modules on a asphalt shingled
test roof.

¥ In order to evaluate If the hall damage leads to further power decrease a
subsequent thermal cycling sequence TC200 was carried out.

B Crack analysis using electroluminescence imaging after each test.
¥ |-V measurements under STC after each test.

. Hail impact locations in accordance with
EC 61215.

. Hail impact locations which go beyond
EC 61215.
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Module 2:
After halil test

Module 2:
After halil test & TC200

Module 2:
Before hall test

Module 2 Module 3

Module 1

=

2 _ m After hail test: AP,,,= 1.1 0.7 %

3 4 | (5 % pass/fall criterion in IEC 61215).
e M Post Hail o _ .

f s | o Poct Hail and TC200 B Cracks visible in the hail impact areas.
= | m After hail & TC200 AP,..= 2.9 £ 3.1 %.
: B Due to the small sample size and the
< 7 brittle nature of silicon there is a high

8 73 statistical scatter in the results.
Change in P, after hall test and

after hail &TC200 relative to
P..ax (INitial value).

CONCLUSION

B The additional power loss after thermal cycling shows that thermal cycling after
halil testing should be incorporated into a glass-less module durabllity test
protocol.

B This work Is part of a larger effort to establish an appropriate durability standard
for glass-less modules which considers stresses during both degradation and
damage caused by potential stresses during installation as well as operation.

This work was supported by the US Department of Energy SunShot Initiative.
The experiments were carried out at the CFV Solar Test Laboratory.
This presentation contains no confidential information.
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Requirements on accelerated testing to ensure 25 years

without moisture ingression problems

Introduction

The aim of this study was to find out the correlation between moisture stress in the field and accelerated tests. To do this a model for the equivalent
moisture load in different climates was generated. The model is based on the moisture barrier behavior of standard PV edge sealants (e.g. butyl). In the
model a number of different climate sites around the world were implemented, with different installation alternatives. The model calculations were used to
determine the necessary test times and conditions corresponding to 25 years of moisture load in the field. Three different installation options were
simulated for every climate; “standard modeling” based on NOCT tests according to standards, “free field installation” and “bad backside ventilation”.

Method

1. &Setup of moisture acceleration model based on previous work on
moisture transmission in polymers with and without desiccants

3. &Setup of module environment model based on ambient temperature,
ambient humidity, in-plane irradiance and type of installation

4. &mplementation of hourly climates from different sites around the world
2. &Accelerated testing in different environments, with different edge seal P Y

widths and with different edge seal materials to validate model 5. Calculation of test times corresponding to 25 years in the field

Schematic view of moisture load model

Hourly climate data:
Y;mb' Mambl Gota']t
Module climate
model

Hourly module conditions:
Mmoa’

Results

Effective moisture load in different climates

T': temperature [°C] :
: M: moisture [g/m?]

T

mod’

Temperature

Bremen 256 340 518 dependence of
i edge seal
Munich 247 340 239 Effective yearly average g
Temperate Bern 293 393 604 AR CIRRG
climate Moscow 192 256 387
Camb 268 352 529 Lo Mor
amborne Effective stress in
Stockholm 190 254 387 accelerated test

Acceleration factor:
field €= test

Alice Springs 793 1175 1983

Desert Tamanrasset 511 749 1250
Riyadh 960 1352 2137 .
Johannesburg 53 Y 1361 Module overtemperature modeling

oL, = 0.035°Cm?/W

- Bad backside ventilation .

(@)
)

* Free field +

D
)

Module temp measured [°C]

Zaragoza 504 706 1121 -
Mediterranean |San Francisco 431 611 997 0& gt
climate Perth 730 1061 1769
Athens 736 1044 1691 0
~ig. 1: Table with required test times in DH 85 °C & 85 % RH corresponding to 0
25 years in the field with different installation types in different climates. 0 10 20 30 40 >0 60 70

Module temp modeled [°C]

Fig. 4: Measured module temperature vs. modeled module temperature for different
installation types. Best fit model parameters are indicated by the dashed lines

Summary & conclusions

* In non-tropical climates the DH1000 in the IEC standards is a good test to quantify the moisture resilience over a module lifetime in the field

* |n tropical climates the equivalent moisture load over 25 years is much worse than in the DH1000 test. Considerably longer test times are
needed to prove the moisture resilience in such climates.

* The type of installation is very important for the environmental stress that a module will experience over 25 years in the field. The difference in
moisture stress between free field installations and installations with bad backside ventilation (e.g. residential roof top) is roughly a factor of 2.

This presentation contains no confidential information
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Introduction

Reliable methods to understand and predict the

Lifetime
Performance

Under the lifetime and degradation science
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Fluorescence Spectroscopy

lifetime performance of product components are
essential to development and commercialization.

framework systems are separated into components

Adhesive
A TPT Backsheet

« Sample excitation by light source followed by detection of emission radiation
*+ Probes molecular structure

*+ (Can be used to monitor chemical changes in materials
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» Decrease in PET fluorescence intensity — Loss of distinctive PET peaks
* Redshift in fluorescence emission in all grades
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Future Work: Three-Dimensional Matrix Fluorescence Spectra

Intensity
>0.00 962.85
45.00 888.55
40.00 814.25
739.95
39.00 665.65
30.00 591.35
25 00 517.05
442.76
20.00 268,46
15.00 294.16
10.00 - 21986
145.56
3.00 71.26
-3.04

300,00 350,00 400,00 450,00 500.00 550,00 600,00 650,00 700,00 750,00 800,00
Wavelength (nm)

Objectives:

Measure and plot three-dimensional * Identify PET Degradation mechanism
excitation and emission matrix spectra to pathways for various exposure types.
maximize data collection and information.

Poly(ethylene terephthalate)

 Condensation polymer of terephthalic acid and ethylene glycol

« Useful as core layer in PV backsheets because of its high dielectric breakdown
strength and low cost

» Degrades under exposure to environmental stressors

« Stabilizers added to mitigate or prolong degradation processes
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Fluorescence Spectroscopy of PET

* Instrumentation Agilent Cary Eclipse Fluorescence Spectrophotometer
« Allows characterization of PET and degradation products
« Performed with 300 nm and 320 nm excitation wavelength

* Note the differences in spectra

« However, both demonstrate same trends with exposure steps

Fluorescence Spectra of Unstabilized PET

™
I

NN Excitation_Wavelength

300nm

~ \ ~ 320nm
/ \
.l'r \

N
H‘“‘“«R
350 400 450 500 550

Wavelength [nm]

ASTM-G154 Exposure Results

* Increase in PET fluorescence intensity - Loss of distinctive PET peaks
* Redshift in fluorescence emission in all grades
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Accelerated Weathering

« Exposure protocols in Q-Lab QUV Accelerated Weathering Testers and Cincinnati
Sub-Zero Environmental Test Chamber

*+ Administered combinations of heat, humidity and UV irradiance
Room Air Coaling

N\

UV Lamps

Spray Nozzle

(U spray ondy) Test Specimen

Test Specimen

Q Swing-Up Door
@ O
O e
Ceygenation Vent
it o A
Base Cabinet Water Heater

______ Exposure Description

8 hours of UVA exposure of 1.55 W/m?at 340 nm and 70 °C
followed by 4 hours of condensing humidity at 50 °C in the
dark

Continuous UVA exposure of 1.55 W/m?at 340 nm at 70 °C

Continuous exposure at 85 °C and 85% relative humidity

ASTM G-154

Modified ASTM G-154
Damp Heat

Damp Heat Exposure Results

» Decrease in PET fluorescence intensity - Loss of distinct PET peaks in UV
Stabilized grade
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Conclusions and Work in Progress

Conclusions:

 Fluorescence properties of unstabilized and stabilized grades of PET were
characterized

Changes in fluorescence spectra were observed after accelerated weathering

* Provide insight into the molecular structure changes of PET as a result of
degradation

Observed different fluorescence responses as a function of weathering exposure type
* Provide insight into degradation mechanism and synergistic effects of exposures

Observed function and effect of UV and hydrolytic stabilizer additives

Of the exposure types, the cyclic combination of heat, humidity, and UV irradiance
exposure proved most damaging

Work in Progress
* Full fluorescence spectrum measurements for luminescence intensity mapping
 FTIR measurements to correlate results with specific structural changes
+ Larger study of transparent and opaque samples
+ Nanoindentation to correlate degradation with loss of mechanical properties
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Reliability of Luminescent Solar Concentrators for Greenhouse Application

Soliculture

Grow ‘ Generate

Ingrid Anderson*, Melissa Osborn, Glenn Alers
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How it works:

Increased power to
solar cell

e
SSBEISEE AAEEEEEN

+

20% increase red
- light on plants

Chlorophyll absorption

chlorophyll b

chlorophyll a

Absorbance

Move light
Green > Red

Green light: High solar intensity but
low photosynthetic efficiency

Shift green light - red light
improve plant growth, generate
power

400 500 600 700
Wavelength [nm]

Generate power AND help plant growth

The market:

Greenhouses are big
Example: 300 acre glass greenhouse
>500 million ft2 in North America

Greenhouses use a lot of electricity
Cooling, pumping, lighting,
refrigeration

$150,000/year bill typical

Greenhouses are just the beginning
Open-field agricultural crops have same
results as greenhouse crops

Potential is large for co-location

Electricity revenue DOUBLES net profit for farmer

Clear backsheet reliability:

Current clear backsheets are not
made for full sun exposure

Absorption of encapsulants

Encapsliant 1 ——
Encapsulant2 ——

28

Backsheet must be protected by UV-
absorbing encapsulants

Absorption (%)

Soliculture is exploring appropriate
UV cutoff of EVA

W,

350 400 0 650 700

0 S0 s 6o
Wavelength (nm)

Clear backsheet, different encapsulants
Encapsulant 2, 6xsun/85C

Encapsulant 1, 6xsun/85C
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Absorption (%)
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S0 600

0 00

550 600 as0

w0 50 0 40 50
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UV-absorbing encapsulants improve reliability

LSC backsheet reliability:

Dye-impregnated plastic is protected .,

High-UV testing

by UV absorbers in film and "
encapsulant z°

Dye lasts for over 20 years with 36x

sun at 60C “ss0 w00 450 mv:.ls:“gmn(":‘ﬁ)u 700 750 800
. . 85C,85%RH testi
Slight yellowing after 15 years < ::g:
e\ A\ =
Spectrum does not change after over . AN
1000 hrs in 85C/85%RH testing For -
. /-
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Dye is stable in plastic for 20 years equivalent




PV Module Hotspot Detection
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Abstract
Hotspot defects are known to cause reliability problems in both thin-film and conventional c-Si
modules. Detection of hotspots in completed modules can identify potential failures before the
module is installed in the field. We describe several root causes for hotspot failures in PV modules,
and demonstrate an infrared measurement technique, IRIS™, to quickly identify and characterize the

severity of module hotspots.

Background
Hotspots are, in general, most noticeable when a
cell is placed in reverse bias. As an example,
consider the ¢-Si module shown below.

Assume that one cell (outlined in red) is shaded
while all other cells are fully illuminated.

Causes of shading might include:
» Bird or Leaf
» Dirt or Snow
* Building Shadow... etc.

A shaded cell with minor defects will readily
withstand the high reverse bias (~10-12 Volts,
typical) that persists until the shadow is removed,
but a cell with significant shunts will leak reverse
current and exhibit extremely localized heating at
each defect.

The temperature rise near a defect can vary from
mild (1-80°C) to extreme (>200°C), but
equilibrium is reached within 10’s of seconds.

Shaded = Reverse Bias

lluminated= Forward Bias

EE-EE%EE

Hotspots: Common Causes
Cell Manufacture
 Incomplete edge isolation
« Crystalline defects intersecting junction
* Metal-decorated cracks
+ Overfiring: pn junction “punchthrough”
« Scribeline shunts- incomplete removal
or redeposition
» Metal particles & bridges on backside
« Print alignment errors

Module Manufacture
» High resistance or “cold” solder points
» Current mismatch between cells

Typical Damage (x-’Sj,\\\
Mild (<80°C rise) e
« Low damage probability %

Nttern.

%

Moderate (~80-200°C rise)
» Backsheet bubbles
» Coverglass cracking
* loss of quasi-hermetic, seal
Extreme (>200°C rise)
» Cell damage
Long term effect
Moisture Intrusion
- Corrosion & Power Loss
- Warranty failure.

Manufacturing Requirement
* Reduce Warranty Exposure by
identifying hotspot modules with high
reliability (>99.9% accurate) inspection.

Module Measurement Method
Method: Lock-in & Time-resolved
Thermography
Camera: LWIR (8-12 micron)

a) Inline: ~20 seconds / module
b) R&D: 30ms- 5 min.

Patents Pending

Speed:

Complete Module Inspection

Analysis of Module Regions

Module Line- Hotspot Detection Module QC

I
|

Using this technique, hotspots may be
conclusively identified before or during field
installation with IRIS inspection machines
capable of >25 modules per hour. The technique
works in ambient light and directly measures the
local heating due to defects.

Incommg QC

**String Inspection

. Rework
String

Scrap
Module

Process Control for PV
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Emerging Issues for Photovoltaic (PV) Modules:
Surface Soiling and Fundamental Photon Coupling

Lawrence L. Kazmerski,* Antonla Sénia A.C. Diniz," Cristiana M. Brasil,” Marcelo Machado Viana,”
Lauro V. Machado Neto," Leila de Oliveira Cruz,* and Govindaswami TalizhMani**

*Renewable and Sustainable Energy Institute (RASEI), University of Colorado Boulder and
National Renewable Energy Laboratory, Golden, Colorado

"Pontificia Universidade Catdlica de Minas Gerais (PUC Minas), Belo Horizonte, Brasil

*Instituto Militar de Engenharia (IME), Rio de Janeiro, Brasil ** Arizona State University, Arizona

/ Activities and Objectives \ /

This new, collaborative research program has been commissioned by the
government of Brasil (through the Coordenacao de Aperfeicoamento de
Pessoal de Nivel Superior—CAPES, under “Pesquisador Visitante
Especial” and “Ciéncia sem Frontieras” programs). The mission is to
enhance ongoing research in solar-technology reliability, linking worldwide
efforts with those important for the now-growing solar investments in the
Brasil markets. The objectives encompass three interrelated areas
important to module surface reliability and performance—at the very first W A ey
point of interaction for the incoming solar photons: -

* Soiling Science and Technology (Creating and validating protocols and
procedures, establishing joint test fields in representative climate zones,

A
PVReliability.org

~

Initial Soiling Investigations:
Chemical & Physical Analyses

A &
HV | Mag| WD SpotSig HF 10.0pm
10.0 kV|6160x/10.4 mm 4.0 SE 21.95 ym CENTRO DE MICROSCOPIA UFMG
(d) EDS Analysis

Field: Montes Claros
Minas Gerais, Brasil

developing and deploying dust-monitoring stations in key locations, “ IR i Ca
collecting samples and monitoring dust-performance relationships, =
comprehensive dust/soling chemical and physical analysis, fundamental 21¢ A

adhesive-property characterization [from the nanoscale], and developing
a framework for dust testing standards based on Brasil’s specific climatic
conditions)

* Coatings and Films for Performance Enhancement (Nanotechnology-
based antireflection and dust mitigation coatings, including novel dual-
purpose designs)

* Next-Generation Materials Science: Materials by Design (Design and
realization of next-generation (nanoscale) coatings by revolutionary
materials science and discovery) /

Fe

K Ca

Ti-? Fe

7.2

0.8

1.6 24 3.2 4.0 4.8

Energy (KeV)

5.6 6.4

Figur 2 Preliminary characterization of dust sample from PV module (a) in test
field a Montes Claros (Mina Gerais). (b an (c are secondary electron images of
dus particles, with the light particles (seeni (c)) likely being glass from the
broken module surface. (d ED compositional analysis o dus soiling sample,
with the Si-O from the glass. These analyses wer performed to validate the

procedures for dus characterizationi Brasil. Other characterization includes:
AFM, STM, HREM, SAM, SIMS, XPS, PES, XAFS, EDS, ICP-MS, FTIR, and XRD.

/

/ Brasil Partner and Test Locations \

¥ R&D Lead partner (test site)

..} Collaborating partner &
(Test / monitoring site) S

-

Standard (Secondary) Pyranometer

Global horizontal irradiance
Plane-of-array irradiance

Monitoring Station Design

.} Pending test / monitoring site

WBelém - Sao Luis
vi:"'/'.)':"h o x ¥

Rotating Shadow-Band Radiometer

Fortaleza
. . . tori ' Partner Responsibilities = »
Global horizontal irradiance (GHI) Data Handling Module Monitoring Pairs [P , i , Nota
Direct normal irradiance (DNI) ’ Calibrated Module pair (Technologv | PUC-Minas and RASEI: ‘ o
! , : , Control, and allprate odule pair (Technology e Research management { A . o 3 | . <20
Diffuse horizontal irradiance (DHI) Communications Calibrated Module pair (Technology i) * Monitoring stations (design, po,tow 2 D TRecite
/ PR siting, siting, deployment, data S o k et e
System Control module (cleaned periodically) acquisition and interpretation) | Res B(Cnco i «. | _,{,ﬁk Tt
. ¢ F( S Aracaju
Reference Solar Cells / Modules / Data logger, storage Module (dust accumulation) e Dust / coatings ch/aracterization S b e
: : ’ e Materials design / evaluation {_ . ' ™ Salvador
Plane-of-array global irradiance System controls . . e Reliability testing / monitoring 4 \—\{ T . ol
Module surface temperature (TC) Remote data transfer \ Airborne-Dust Station e Industry points-of-contact { . aMontes Claros
Power and control Aerosol-dust monitoring (comparison) "\{':a d for coatings development , |
Calibrated Weather Station 3—  above module reference pairs an deposition
Temperature, Humidity * Soiling monitoring / testing ﬁ,—/— -
Barometric pressure efga:d for standards c e
Ra.m gauge (moisture level) . e Soiling monitoring / reliability ; :
Wind speed (3-meter elevation) UFMG: CNPEM I R
e Dust, thin-film characterization tf,/ {:;P %
. . : ;WAL orto Alegre
N )\ J L Y, PUC-RS; USP; UF-Bahia | Y
N Y Y f

Solar / Environmental Monitoring

\_

Acquisition / Control

Figure 1. Functional description of components of “Dust / Soiling Monitoring Station,”
interactions and equipment / system capabilities.

Dust / Soiling Monitoring

indicating

/

Qield testing; dust monitoring 6

/

Contacts: solarpvkaz@gmail.com; kaz@nrel.gov [U.S.]
asacd2012@gmail.com; asacd@pucminas.br [Brasil]

This poster contains no proprietary information.

PRASEl &% @

RENEWABLE AND SUSTAINABLE ENERGY INSTITUTE U
*NREL PUC Minas CREEN

Unl i
Boulder

lorado



mailto:informa@on.	�
mailto:asacd@pucminas.br	�

Water Cooking for Backsheet and PV Module Endurance

Maoyi Chang, Haomin Chen, Chienyu Chen, C. H. Hsueh and W. J. Hsieh

AU Optronics
No.1 JhongKe Rd, Taichung, 40763, Taiwan

Introduction & Objectives Peeling Test & FT-IR Analysis

O Water cooking is applied as an efficient screening tool to evaluate
various structures of PV module backsheet from three suppliers against
thermal and humidity stressing. Visual check, adhesion, yellowing, water
vapor transmission rate (WVTR) and FT-IR spectral are inspected. De-

(o))
o

101.2 _

(3
o

NN
o

90 ]

Peeling Strength (N)
w
o

] _ ] Peeling between 2k
lamination among layers and PET hydrolysis occur after 600 ~800 hours. 2° inner Layer / PET
. . . e . . 10 C-Initial C o6
O Comparing with extended damp heat reliability in P-mono modules, it 0 - | C600hrs =
has well correlation between water cooking to damp heat result. The o2 mm W
Distance (mm wave numbersi-1 )

acceleration factor is around 6 to 8 times faster than damp heat test.

YT Yellowing Effect & Water Vapor Transmission Rate

For water cooking test, de-ionized water (the resistivity > 18 M(2-cm, at s
25°C) in 6-liter beaker is heated on a temperature programmable hot plate. et e ) PN .
Water temperature is controlled within 100 Cx2C. : 0s / B ~
Backsheet Type A B C g ZZ e Y E’ s
=
PET(50um) PVDF(20um) PET(50um) o ——— o— - ‘T' .
. Water Cooking Time (hr) | 0 200 4_(|)_(iJme ) 600 800
(In';"&f:t'ii:"?_‘;e;er) PET(125um) PET(125um) PET(125um) [ _
Reliability Evaluation by Extended Damp Heat Test
Adhesive .
Inner Layer
(Cell side) _ EVA(100um) .
Layer structure of backsheets Setup for water cooking test ***** Type-l Cell A | R
Visual Appearance after Water Cooking and Damp Heat :35:32111 ******** I U 0 |
Type- A Type-B Type- C | | ’ > we Tlr:cseo((:\rs) " TlmeO(t:"s)
| ' 4,.750Hr | E [ DH T Type A _Type:B Type-C DH Type-A Type-B
& \ SR = = -
a Initial(§ SSEESEss nitial (BEe T =
First Crack NEE==; === === = = S =
et 2000 | || s=5==88 = 3000Hr Sns B S5=
““ | Hr = = = === = —=E ===
age - - - T M— ’
soon (= —CHIE T 4000Hr = ESEE=
He B || s===si 1 Seemmams || - SSS=EE=
I wissmspes (| resssiest
3500 | || ====s 4500Hr [ T S
Type-A backsheet module after ware- el il | Rt

The endurance for water cooking : out damp heat test The endurance performance for those backsheets is type-A > type-B > type-C.

type-A > type-B > type-C. The result from damp heat follows the tendency as water cooking.

Conclusion

[0 Water cooking test is applied as a fast screening tool to investigate various types of backsheets. Physical and chemical properties such as
visual appearance, layer to layer adhesion, PET hydrolysis, yellowing effect and WVTR are distinguished among those backsheets.
Comparing the timing for first cracking formation, the accelerated factor for water cooking is around 6 to 8 times higher than damp heat.

[0 The tendency from water cooking corresponds to the result of long-tern damp heat with 2 different types of P-mono cells. We confirm water
cooking is efficient and reliable method to evaluate backsheet endurance and predict the influence of backsheet on PV module reliability.
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Accurately Measuring PV Soiling Losses
Using Module Power Measurements

M. Gostein and B. Stueve, Atonometrics, Inc.

Non-uniform PV soiling can’t be measured by short-circuit current alone.’

Non-Uniform PV Soiling

Example of edge soiling Examples on ground and

* In some conditions, soiling N |
on utility-scale tracking system: roof-mount systems:

may accumulate non-
uniformly on PV modules

* Wind, rain, condensation,
temperature, and gravity all
affect soiling distribution

* Often, soiling is
- concentrated at module

Setedgeshy, i, LA
K s AP . ".‘0 S T \' ‘ y ., . Lhe \” e . - i
ol 4 i Al | From: F. Brill, “EnviroPolitics Blog: PSEG building solar farms--and not just in From: E. Lorenzo, R. Moreton, and I. Luque, “Dust effects on PV array
.- _-'.. “ »." L 4y 4" Y7 74 4 /) New Jersey,” 16-Nov-2012. [Online]. performance: in-field observations with non-uniform patterns,”
K ) y ' P A M 245 Progress in Photovoltaics: Research and Applications, 2013.

Pmax

-

vs. Isc as Soiling Metric

o‘.-,,‘-'.;-.—'--‘\ . ° ° ° oge
~« “Soiling Ratio” (SR Experiment with Simulated Soiling Results
- canbebasedon 72-cell c-Si module, two orientations 1.000 W — — - _2'Lgglncerestimated o :
g Pt SRIsc (12 cells)
| - : } } 0.950 o /
EEEEEEEEEEEE | 5SS 4 )
EEEEEEEEEEEE EREEEN s, o ”
EEREEERRER | [T 0.900 2 RR-"2(6.cells)
EEEEEEEEEEEE EREERE o L, o,
EEEEEEEEEE NN = % %, O
L L e 0.850 <’°o H
T 2 @,
Shading Iinnmnm = @\,}}. SRPmax (12 cells)
Long Edge Shading_ |00 % 0.800 £
12 Cells  ShortEdge )| FRERERENET S
6 Cells
0.750
SR's¢ (6 cells)
Soiling Ratio Metrics 0.700
0% 5% 10% 15% 20% 25% 30% 35%
Measured Isc Soiled ** Edge Cells Soiling Level ‘
SRIsc — Current :

Predicted Isc Clean Explanation: Module has 3 internal bypass diodes. Shaded 12-cell

- ok string on long edge is bypassed by internal diode, so Isc is not
Measured Pmax Soiled & s €dg yp y

SRPmax: Power limited by shading; but shading 6 cells across all strings results in b
Predicted Pmax Clean the shaded cells controlling and limiting Isc. A

4

**[f}’ﬂdj}}ﬂce- é?ﬂd temperafa}’e-c()r}‘ecfed From: Gostein, Littmann, Caron, Dunn, Proceedings of the 39th IEEE Photovoltaic .

Specialists Conference (PVSC), Tampa, FL, June 2013.
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Measurement Systm
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™ —

Soilingr

-
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P y ‘J VL _'I'l'- 5 . - ..-‘.' F g = < - ~ 'v";' a5 _'J (v 3 ‘J.‘/ J B . : ' £ -
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-

Stand-alone system ‘plant monitoring system

_____

~ reference ce

- * For“soiled module” use B/ | Measurement  Wash
- actual PV module : “Ref Cellms. | SR Ref Cell fEyponic oo

representative of site, to
capture module-specific
effects and non-uniformities -

* Should measure both
module current and power

This poster contains no confidential information. '
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solar test laboratory

on Silicon, CIGS and HIT Modules

Nicholas Riedel*, Larry Pratt*, Erica Moss and Michael Yamasaki
CFV Solar Test Laboratory, Inc., Albuquerque, NM

Introduction rotential induced degradation (PID) tests are Procedures The PID tests were performed in an Espec environmental
performed on Silicon, CIGS and HIT modules in accordance with the IEC chamber. The PID test conditions were set as outlined in IEC 62804 DTS : 60° C air
62804 DTS, with slight modifications. Four PV modules from six manufactures temperature, 85% relative humidity, voltage biases of +1000 V, -1000 V, +1500 V or
are tested (24 test samples) under biases of -1000 VDC, +1000 VDC, -1500 -1500 V for a total test duration of 600 hours. The temperature and humidity were
VDC or +1500 VDC for a total stress duration of 600 hours. The electrical applied according to First Solar’s guidelines for PID testing. The intention of this
bias represents a potential to ground. Module performance is characterized at profile is to prevent condensation from forming on the module. The electrical bias
STC in a h.a.l.m. class A*A*A* flash solar simulator before PID testing, after was turned off at the end of the stress dwell (i.e. before temperature and humidity

96 hours of PID tests, after 192 hours tests and after 600 hours of PID tests. were ramped down). Leakage current was monitored throughout the test.

Module

Results The silicon modules from manufacturers 4 and 5, when placed in
negative bias, are the only samples that show greater than 5% Pmp
degradation. Both of these modules are framed multi-crystalline (mc-Si) with
glass/polymeric backsheet construction. The final degradations of manufacturer J
4 and 5 are nearly the same regardless of whether the bias is set to -1000V or Wiring diagram of a test module in negative bias (left) and the temperature/humidity profile prescribed
-1500V. The degradations in Pmp are mostly due to degradation of Vmp rather by First Solar’s Testing Guidelines (Rev 4) used in this study (right)
than Imp, as is illustrated by the I-V curves. |

1

PR
veitage )

I-V curves of manufacturer 4 at -1000V bias (left) and -1500V bias (right)

o 5 W 5

£ Test Sequence

238

+1500VDC 52

9 Q
=} g g 8 8 8 =} =} g 8 8 8 =} g g 8
H 3 g 3 3 3 H H g 3 3 3 H g 3 3

-1500VDX

=} g g 8 g
g g 3 3 3

1 2 3 4 s 6 Manufacturer = -
€168 (ramed) HIT (ramed) ntype Si (ramed) meSi (framed) me-Si (rameless) Type EL images of manufacturer 4 at -1000V bias (left) and -1500V bias (right).

The initial, post 96 hour, post 192 hour, and final images are shown.

* The mc-Si modules with significant PID show dissimilar patterns in EL images. ]

« CIGS module ‘Manufacturer 1’ shows final Pmp losses of 0.8 and 1.6% at +1000V and +1500V bias, .
respectively. Note: These modules were only preconditioned before the initial and final characterizations.

« HIT module ‘Manufacturer 2’ shows 0.6% final Pmp loss, on average, regardless of bias or polarity.

« Manufacturer 3 shows 1.6% Pmp loss after 600 hours at +1500V. No losses observed at other test biases.

» Frameless mc-Si ‘Manufacturer 6" shows 1% final Pmp loss at -1000V and +1000V.

. ) a - « All modules passed dry insulation (per IEC 61215 § T N ' Vo
A . = 10.3) and wet leakage (per IEC 61215 § 10.15) before I-V curves of manufacturer 5 at -1000V bias (left) and -1500V bias (right)
g, X " 85 et and after the 600 hour PID tests.
Fao & * S « The average leakage current of the test samples is 65%
" - N higher at 1500V than at 1000V bias.
» "9 M ° » The leakage current density of Manufacturers 1, 4 and
B T S [ 6 is higher by two to three orders of magnitude than
oo o pias that of Manufacturers 2 and 3. EL images of manufacturer 5 at -1000V bias (left) and -1500V bias (right).
Leakage current density (Coulombs/m?) measured during The initial, post 96 hour, post 192 hour, and final images are shown.
the initial 96 hour PID tests.
. References
COI1C| usions « First Solar, “Testing Specifications and Guidelines for CdTe Modules
» Two of the six manufacturers show critical power loss from PID, but only when in negative bias. Both of (Rev 4)", 2014, ) )
these modules are framed mc-Si with glass/polymeric backsheet construction. R e oltage PotentialInduced Degradation
« The range of final Pmp measured on the four samples of each manufacturer is less than 2% regardless of PVSC, 2011
which electrical potential (1000 V vs 1500 V) was applied. + IEC 61215, Edition 2.0, 2005
+  Two manufacturers (no. 1 and 6) show considerable leakage current, but Pmp loss was less than 2%. G et e e ey Porte 110
JOINTLY OWNED BY: @ A ZZ Fraunhofer Z Fraunhofer VDE
CSA INTERNATIONAL ISE usA INSTITUTE
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Photovoltaic Power Generation
| Technology Research Association
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'Photovoltaic Power Generation Technology Research Association (PVTEC), Japan
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|
Background : Han et al. reported that the ribbon cracks Table 1. Specifications of materials used in PV module. | |

occupy about 8 % of all failure modes of photovoltaic (PV) | . .
; : X Material Specification Supplier
modules 1n the field by the literature survey in 2012. The Multicrystalline-Si el T —— |
ribbon cracks mean that the current path 1s cut off and the el (156 mm X 156 mm) $oehs Figure 3. Photograph of PV module
power generation of PV modules 1s lost. However, thermal | sample.
. : : Glass Semi-tempered glass AGC
cycling (TC) test specified in IEC 61215 evaluates the Table 2. Test conditions
failure of .the soldering or the cell cracks, and cannot S EVA Nondiscloene | | Sires p—
reproduce ribbon cracks. . .
Purpose : In this study, we tried to evaluate the sorting test et aBks (Leaded, A3) Hitachi Cable | | Bending Jumbending | #5745
1 ) > ;
! » 3 . Bending cycle 10,000 times each test
for the breakage of ribbon for extracting the weak point or Back sheet PVF / PET / PVF Nondisclosure e
the defect inherent in the modules. Size 540 mm X 200 mm X 4 mm - ECOE kil ol g

Figure 2. Images of 4 point stress.

Fz=0.125kN Fz=0.125kN

back sheet side 5 f,’f?;";’;’ =
PET .
. | - | ! 1 T
Table 3. Materials properties used in simulation at 23°C. Xj A A ~ lass W s
Unit Glass Silicon EVA PET Copper Solder Ag Z X-axis =0, Z-axis = 0 Z-axis =0 gfggi;
Young’s | Pa | 7.31E+10 | 1.31E+11 | 1.68E+07 | 1.60E+06 | 1.30E+11 | 2.20E+10 | 8.27E+10 oRM z
modulus Figure 4. Boundary condition of simulation. | LX
Poisson’s | - 0.22 0.27 0.45 0.33 0.34 0.37 0.37 m..* A /\
ratio — 19212 ', '~ nab
Thermal | 1/°C | 9.03E-06 | 4.15E-06 | 2.70E-04 | 2.50E-05 | 1.70E-05 | 2.40E-05 | 1.93E-05 L E -
expans.ion =t Si i ;ggggs
coefficient Glass ———— 0.54892
density | g/em® | 2.5 233 0.95 1.4 8.96 10.49 " YA I i
m" N € >
Table 4. Young’s modulus of EVA. : _ » e Cell Space
Temperature (°C) 220 93 30 Figure 5. Cross section of model. Figure 6. Results of FEM simulation _of thermal stress and pendlng load frqm
Y, ; dulus (Pa) | 1.40E+08 | 1.68E+07 | 1.03E+06 , , , back sheet side at -20°C. Displacement was dominated by bending load.
oung’s modulus (Pa) | 1. : : Cell space was modified from 1 mm to 5 mm at each simulation.
a) 6.00 b) 6.0 C) 6.00
5.00 5.00 = 5.00
EL I-V Ribbon §_4.oo §_4.00 ! /6 E4.oo
initial after test Break E 3.00 S E’ 3.00 *i’“m zls E 3.00 | :2: slsass ,
3 —+-2mm Glass 3 PESTal R [T} —+2mm Glass
Cell imm_no2 Initial # 10000 '—QB_ D HS %’_ ——2mm BS E —2mm
IODOOO CyCIeS i — E - - 3 00 ~=5mm Glass é’ #00 ~omm Glass §2 00 / _zmm Z'Sass
; v : | - a-BmmiBe -»-5mm BS , -
: M, 1 | L0 fiOmm Glass =08 10mm Glass 1.00 ~ i iOmmBZIass
O i 0.00 10mm BS 0.00 10mm BS 10mm BS
' 100 200 300 400 500 100 200 300 400 500 £.00 |
ol Loading (N) Loading (N) 100 200 300 400 500
i " Loading (N)
5 Figure 10. Results of displacement of module with each cell space.
SO RGN a) -20°C, b) 23°C and c) 80°C .
i a 0.40 o Triiin GlageH 0.40 + Imm Glass-BS
O i ) Uil + Imm Glass-BS b)—g 0.35 = 2mm giass-Bi C)—g 0.35 limm g:ass:iz
P = 2mm Glass-BS 5mm Glass-BS mm Glass
E 22(5) ir;:mGlGa\lzsssB;S g— 0.30 10mm Glass-BS ::-;0,30 10mm Glass-BS
B 0'25 @ 0.25 g e
Cell 5Smm no3 Initial / 10000 / 20000 % 0.20 :?;: e é:O.ZO
0 st g 015 ¢ ous $0.15
% 0.10 ?:; 0.10 : %0'10
O £ 0.05 g 0.05 * go.os
£ 0.00 £ 0.00 £0.00 . .
= 0.05 100 200 300 400 500 ° 100 200 300 400 500 D-o 05 100 200 300 400 500
' Loading (N) =43 Loading (N) ‘ Loading (N)
Figure 11. Results of difference between displacements by glass-side load and back-sheet-side load for each cell space.
e a) -20°C, b) 23°C and c) 80°C.
10 mm ” Il Ty O
i =1 A o T Table 5. Results of measurement at cell space.
. 1 mm (mm) 2 mm (mm) 5 mm (mm)
= | e No bending | Bending |No bending|Bending|No bending |Bending
Figure 7. Results of 4 point load cycle bending test. s # £id8 2 1.07 1.04 1.83 1.79 503 4 98
105.0% l - i - | difference | 0.03 0.04 0.05
| odules |
100.0% | with the Microscope Cross-section i ] ] ]
space ; Figure 12. View of ribbon after test.
o PR — a) no bending and b) S00N.
= 90.0% * | 1mm 3N i . : : .
?Eé s 0 - | T — g Table 6. Comparison of displacement of modules Table 7. Results of the maximum stress level of ribbon.
Ay O-EA0 i between simulation and measurement.
= 80.0% =
2 o1 Simulation Measurement Only thermal stress (MPa) Bending load (MPa)
s 75.0% 4 e — (mm) (mm) Cell space
s SO 2 mm Cell :
& 70.0% — 1 mm 2 mm 5 mm ]l mm|2 mm5 mm | Temperature(°C) | lmm | 2mm | Smm | Ilmm | 2mm | 5mm
space
65.0% | | ~—10mm . e | Oy Bending Only Bending Only Bending 20| 1231.9| 1231.1| 920.4 | 1236.2 | 1199.8 | 1445.8
60.0% Figure 9. Microscopic view and e e I L I il T R R 23| 891.7| 809.2| 668.9| 891.4| 805.3| 1188.5
0 10000 20000 30000 . i SLIoEs SLIGHS BI85 80| 493.8| 476.0| 365.5| 1041.0| 924.4| 881.6
cycles Cross section image. 20 0.40 2.50 0.4 2.47 0.32 2.25 |4.69|4.64 |4.63
Figure 8. Retention of P | 23 0.48 2.40 0.47 2.40 0.29 240 |4.9714.9515.03
9 ' max- 80 0.15 2.70 0.15 2.67 0.15 2.28 |5.81]5.65(5.86

1. As a result of the bending load test using the test modules with various spaces between the cells, the maximum power (P,,.) was decreased by about 25% for the module with the space of 1 mm.
P .. was decreased by about 10% for the modules with the space of 2 mm, 5 mm and 10 mm and complete breakage of ribbon was observed (Figures 6, 7 and 8).

2. As a result of the displacement of module with each cell space, the displacement was proportionally increased with an increase in bending load and temperature. The highest displacement was about
6 mm by 500 N at 80°C. As a result of the difference between displacements by glass-side load and back-sheet-side load, displacement by glass-side load was larger than that from back-sheet-side load
(Figures 10 and 11).

3. Cell space was contracted by bending load of 500 N (Figure 12 and Table 5).

4. FEM simulation underestimated the displacement of modules. Especially difference between displacements from simulation and measurement was larger over by 2 times. It was also found that
displacement strongly depends on temperature only in the case of measurement (Table 6).
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