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Study response of system

*At many stress levels
*With many applied stresses (multi-factor)

If system is only linear response

*Then increased stress rate
*Reduces time required for given net stress
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* Then sub-, supra-linear response observed
Cross-correlation of stress/response

* Defines the system’s response function

» Captures linear and non-linear phenomena
As a matrix transform of stress to response

*AM1.5 Yields Greater Yl Yellowing

*Spectral Differences AM1.5 vs UVA340
Produce different amounts of yellowing
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Degraaation of Acrylic Polymer and Acrylic Mirrors >
Roger H. French?, Laura S. Bruckman?, Myles P. Murray!, Samuel Richardson?!, Esther Deena?!, Scott A. Brown?, Mark A. Schuetz?
ICWRU, Cleveland, OH, United States, ?Replex, Mount Vernon, OH, United States
Solar Durability and Lifetime Extension (SDLE) Center Stress Response Framework for Lifetime & Degradation Science Compare MP Responses: For 3 Degradation Mechanisms
Determining Lifetime and Degradation Science for Photovoltaics ’ ’ Incremental absorbance to dose 0.008 0.008
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Degradation Mechanisms & Rates
* To Estimate Lifetime Performance
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Stressors: How to Quantify Damaging Conditions

Materials Science & Engineering Department, Roger H. French & 2010 Febrmeary 26, 2012, VoGraph 6
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Motivation: Llfetlme & Degradatlon Science for Photovoltalcs Comparlson of 2 D|fferent Types of Acrylic

Stress Intensity (o)
Graph of daily iradiance TMY3

o

2010 Science For Energy Technology Workshop
*Convened by U. S. DOE, Basic Energy Sciences
Science challenges across 9 areas of energy

PV prioritized research directions

* Photovoltaic module lifetime and degradation science
* Fundamental properties of photovoltaic interfaces
* Advanced photovoltaic analysis & computational modeling for scale-up

Perform stress tests with
|comparison of 1AD: MP in NS5 and in QUV|
Higher Net Stress \
AND Higher Stress intensity =

s |comparison of IAD: UVT in NSS and in QUV|
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Qualification testing of systems
* s not sufficient for reliability & lifetime

Science for
Energy Technology:
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» To avoid excessively high degradation rates . o Nl 10.2 Times Higher AM1 5 Irradiance . — o m h e m = e e om ow
.Dramati_cally reduced service lifetimes _ T PR e Real world exposures have more than AML5  618.3 MJ/m?
Determine degradation mechanisms and rates one stressor A, = o T370 - 20 6501 /2 IAD Results for Multipurpose Acrylic  IAD Results for Ultra-violet

Transmitting Acrylic

* Two different stress conditions
Newport Solar Simulator
QUYV Weathering Chamber

* QUV 206 MJ dose
*NSS 253 MJ dose

* Two different stress conditions
Newport Solar Simulator
QUV Weathering Chamber
*QUV 206 MJ dose

*NSS 253 MJ dose

 Scientific underpinning of reliability and qualification standards
Quantitative degradation rate modeling

* Connects materials, components, system
* To overall degradation rate, linearity, reciprocity
* And system lifetime performance

ZS' = J’(J,;tglaj ..®a,)dt

Graph is of daily Irradiance and Relative Humidity TMY 3 9.0 Times Higher AM1.5 Dose

A AM1.5 977.6M]J/m?
° ~ UVA340 IOB.TM]/mz
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Overview of the SDLE Methodology Responses: Materials change as a function of stressors

Acrylic Mirrors after Exposure to Corrosive Environment

Does Current Qualification Testing

*Provides no lifetime validation

Advance PV Reliability & Lifetime?

Structured approach: study protocols
* For exposures and evaluations

Various levels of stress

»Stress intensity o and integrated stress S
Such as solar irradiance and solar dose

Response a function of

» Stress level o
* Net stress S

Bidirectional Scatter Distribution
Function (BSDF)

Development of new study protocols
. For lifetime qualification standards

* Of reflected/transmitted light
Only pass/fail results

R=f(°S)=] f(o)odt

* Testing doesn't produce scientific insights s o g Measure responses Ps /O
i i AETM G154 Mirror 8 1 . . . BRDFz_
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* Reliability testing not founde st o e R NI B R .
|n the p:ﬁsics Df fgailure FL R C R IRt pafmehite paint l'STNG!‘ilﬂm:- By 1 -:hfmsmnleh 100 N pragEEss YI, haze — Materlals Shﬂw many r‘espﬂnses
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*Qual. testing doesn’t advance PV research e AL A P e o Mechanical: embrittiement, crazing, haze ... 1) Fundamental Absorption Edge CCBRDF =—
M e SNt e I SR . . - 2) Light Stabilizer Package
e L : ) simEm o e i it e s A Cross-correlation defines transferability g :
Lifetime and degradation science S B =T _ _ L _ 3) Visible Yellowing
o _ _ L e e e T e * Reciprocity between irradiance and time BSDE Slices
* A scientific foundation for advancing PV lifetime . e cmcsieni i & e — +Linearity over dose or time
*Quantitative degradation mechanisms & rates "L LTI o * Additivity over wavelength .
1 Rk L MF AHTH G154 o Budy 1 shalil op kft 100 N progEEss
*Real time and accelerated testing migal e A eaohne E ; ;
wima R o e st 3 e o xpansion to multiple stresses
+ Single and multi-factor studies e v ié’m"Z.::ZZs:ZZI;LEi?;‘:Z:""* m e i i . . ] - .
° T L T g Determine range of applicability of gives: o . —
Material, component & system approach =2 - E:m““; = materials, components, systems R(Sir Siy e Sn) L
. Causation of failure arises in T i s *Not just applicability to one set of stresses L Yo
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. - -
* Must study component and material degradation ngineering epidemiology | | . M = ftor 1000 h
To identify degradation mechanisms * For lifetime prediction . iy " B Tor mesponse atter ours

of salt fog corrosion in a Q-Fog

e.q. PV Power degradation rates
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Case Study: Mirror Augmented PV (MAPV) with Acrylic Mirrors

Materials Science & Enpinesring Diepartment, Roger H. French & 2010 Febmary 26, 2012, VoGraph 13

SDLE Exposure Capabilities Examples of Lifetime Prediction Metrics for MAPV

Outdoor Testing MAPV Value Proposition Lifetime Prediction: After 12 years Leading to 7% loss in transmitted
*SDLE SunFarm * Increased irradiance on PV module » Optical absorbance will increase like UVT flux
Irradiance *Decreases LCOE »Due to consumption of stabilizers

« after 76 MJ/m? flux

Temperature and Humidity
-8 years 1 sun exposure

Yang Hu et. al. in Silicon Poster Session

* Mirrors cost less than modules )
PV technologies rely on 25 year

Components in Acrylic: warranted lifetimes

Indoor Testing - 1) Base resin »Ignorance of degradation pathways is e Soter Flx
*Irradiance ) Residual monomer haz?ﬁgdous 1 "o —Transmitted Through
Newport Solar Simulator 1-50x Suns Z, @é’ *2) Light stabilizer package 1.4 MP acrylic
SpectroLab XT 30 CW 100-1200x Suns '%;., UV absorbers, radical scavenger .  Abs/om at 275nm o . —:;;.;T:tem After
. . — A bsfom at 500nm
Irradiance, Temperature, & Humidity ~ PV Module™ Acrylic BE‘_Ck Surffac? mirrors = g E !
. _ T ||‘ (i || I * Use acrylic transmission L5 G_Eg =
CLabs OUYSpra sthrngChamber Iy 32 £ £ 1.
*Q-Labs Q-Sun Weathe.rmg | | : ; £ £ I o
+CSZ ETC 100 cu. ft. with 1 Sun Light Rack Durability Questions -gzo 0-4%-
* Are acrylic mirrors durable for 25 years? < .
Temperature & Humidity * Do increased module stressors decrease 10 0.2 0.2
+«CSZ ETC 8 cu. ft. service life 0 | | |
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Stressors: Inducing Responses in Materials

_ CASE BCHOOL
OF EMGINEERING
| CASEVWESTERM RESERVE

UNIVERSITY

_ CASE BCHOOL
OF EMGINEERING
| CASEVWESTERM RESERVE

UNIVERSITY

Conclusions
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48.4 kW/m?2 Newport Solar Simulator

* Diverging Xenon Arc AM1.5
With 13X Concentrator
* Exposures at 48.4 kWW/m2

Lifetime and Degradation Science

* Furthers the understanding of PV reliability
* Determine degradation mechanisms and rates
* Beneficial for achieving 25 year lifetimes in PV modules

Current qualification testing
* Doesn’'t advance PV research
SDLE Center

+ Significant Outdoor and Indoor Testing Capabilities

* Optical, Light Scattering, Surface & Bulk, Mechanical
Evaluation Capabilities

Stress/Response Framework

» Cross-correlation of stress/response defines the system’s response function
Acrylic Case Study

* Compare 2 different types of acrylic in 2 different types of stresses

Compare 2 irradiance tools

* Full spectrum Xe AM1.5D
*Fluorescent UVA 340

Optical Properties
*Cary 6000i with DRA-1800
* Filmetrics PARTS-UV
* HunterLabs UltraScan Pro

*Woollam VUV-Vase
Spectroscopic Ellipsometer

QUV at 1.55W/m?2 at 340 nm

Fluorescent weathering chamber
Qutfitted with UVA 340 Lamps
Exposures at 1.55 W/m2 @ 340 nm

Light Scattering Properties

» ScatterMaster 3D
*Wyatt Dawn Helios Il

Lifetime
Performance

Surface and Bulk Properties

*Kruss DSA Surface Chemistry
* Olympus Confocal Microscope
* PHI VersaProbe XPS Microprobe
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Mechanical Properties

* Nanoindentation
*Peel Strength

Beam dump
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