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What Is DuraMAT?
ÅA national laboratory research consortium focused on precompetitive research 

needs in module packaging

ÅA Five Year Program

ÅFour Core National Laboratories

ÅUniversity and industry researchers partnering with national labs

Å14-20 member Industrial Advisory Board co-manages DuraMAT

ÅAn Energy Materials Network research consortium integrating national lab 
capabilities, industry led projects, and university research in module durability
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/ƘŀƭƭŜƴƎŜǎ ƻŦ рл ¸ŜŀǊ aƻŘǳƭŜǎΧ
Å5ŜŦƛƴƛƴƎ ǿƘŀǘ ǿŜ ƳŜŀƴ ōȅ έрл ȅŜŀǊ ƳƻŘǳƭŜέ
Å-0.2% Degradation rate?
ÅEconomically useful life?
ÅWarranty period?

ÅDeveloping predictive tests that would indicate the potential for 50 year service life
ÅbŜŜŘ ǘƻ ƎŜǘ ōŜǘǘŜǊ ŀǘ ƛŘŜƴǘƛŦȅƛƴƎ έƛƴŦŀƴǘέ ŦŀƛƭǳǊŜǎ ŀƴŘ ŜŀǊƭȅ ǿŜŀƪƴŜǎǎŜǎ
ÅThe industry is growing so fast that they can sell GW of new problems before we see those problems in 

the field
ÅOld problems come back

ÅBelieving you have a 50 year module
ÅTesting, modeling, data
ÅUnderstanding chemistry and physics (kinetics and thermo)of degradation mechanisms
ÅProcess control, quality control, certification

ÅConvincing buyers you have a 50 year module
ÅWarranty, insurance, testing, modeling, data
ÅOnly interesting to buyers focused on IRR/NPV rather than $/W 
ÅConfidence for Longer PPAs + merchant tail
ÅSustainability and Circularity
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Reliability and PV Waste Volume

Stolen from K. Wambach ςIRENA 2016

ά9ŀǊƭȅ ƭƻǎǎŜǎέ ŘǳŜ ǘƻ ǇƻƻǊ ǊŜƭƛŀōƛƭƛǘȅ ƻǊ ǊŜǎƛƭƛŜƴŎȅ

Do not distribute outside of NREL ςBusiness Sensitive
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Average Annual Degradation Rate (%/ year)

IRR as a Function of Average Annual Operation and 
Maintenance (O&M) Expenses and Degradation Rate

$1.0/W(DC) Capital Cost. 2,350 kWh(AC)/kW(DC) First-Year Production and $35/MWh(AC) PPA Price.

Average Annual O&M Expense ($/ kW(DC)-yr)

$0 $4 $6  $10 $12             $16

2019 Utility Baseline: $12/ kW-yr and 0.75%/ yr2010 SunShot Vision

Study: $20/ kW-yr and 1.0%

April 8, 2019

SunShot 2030 O&M and Degradation Rate Targets: $4/ kW-yr and 0.2%

Impact of Degradation Rate and O&M on Utility-Scale Project IRR

Module degradation rates are a 
subset of system degradation rates.

DuraMATfocuses on Module 
degradation.

Reducing degradation rates enables 
longer system lifetime AND higher 
returns throughout the life of the 
project.

Lower degradation rates can mean 
lower O&M expenses



Central Data 
Resource

ωHeterogeneous 
data ςsystem 
performance, 
materials, etc.

ωAccessibility

ωCentrality

ωSecurity

ωAdaptability

Multi -Scale, Multi-
Physics Model

ωPublicly Accessible

ωExperimentally 
Validated

ωBulk, Interfaces, 
Interconnects, and 
stressors modeled

Disruptive 
Acceleration Science

ωData-Driven

ωPredictive

ωValidated by 
outdoor tests

ωMaterials, modules, 
and systems

Fielded Module 
Forensics

ωIdentify module 
failure modes 
affecting field 
performance

ωMulti-scale

ωMulti-modal

ωPractical

ωValidated

DuraMATObjectives

Materials Solutions: Leverage the capabilities to design, develop, and de-risk materials that address reliability 
problems. ECAs, backsheets, anti-soiling coatings, flexible packaging, cell cracking, moisture barriers, etc.



Hacke
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Backsheet cracking:
UV, cyclic oxidative/hydrolytic 
stress, CTE stress, EVA acidity

Potential-Induced Degradation (PID):
System voltage, humidity, temperature, 
light, soiling

Grid finger corrosion & delamination:
System voltage, humidity, temperature, 
light, soiling

Field failures missed by current tests 

Light and elevated temperature 
induced degradation (LeTID):
Light, elevated temperature, current

Snail trails -> delamination:
Mechanical loading, UV, electric field, 
moisture, impurities

Q-cells

DuPont

 

AAA
New Mexico, 4 y

AAA
Nevada, 6 y

Combined stressors 
are required



Should We Turn It Up To Eleven?
Can I just increase stress levels or times during accelerated tests?

Maybe.  Possible issues:

ÅYou might apply the right stress, but accelerate an irrelevant process

ÅYour new material may have a failure mechanism that requires a new stress or 
combination of stresses

ÅThe results are still not quantitatively related to product lifetime



The DuraMAT DataHub https:// datahub.duramat.org

Data Hub Metric Current count Since 7/1/2019 (Q3) Since begin FY19

Registered Users 91 10.98% 193.55%

Projects 45 4.65% 73.08%

Datasets 92 64.2% 441.18%

Data Resources/Files 547/1358 60.43% 1016.33%

Å Google analytics now integrated and 
reporting US and global usage of site.

Å Active Time-
Series database 
with research 
access via 
Jupyter
Notebook Tools
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Time-Series Database ςPV Fleets (PV-DRDB)
Å Confidentially and 

securely pools 
performance data from 
medium and 
largePVplants to 
establish a benchmark of 
cumulative performance 
and degradation rates for 
the US solarfleet.

Å Launched early in 2019 
and has more than 1,062 
MW of systems from four 
asset owners already 
signed up.



PV Climate Zones vs. KoppenGeiger
KG zone places regions from Mexico 
to Canada into a single zone (Bk).

PVCZ puts these areas into 
3 different zones.

12



Global PV Climate Zones

ÅWe have developed a climate 
zone scheme specific to PV 
degradation. 

Å Use it!

Å Data freely available on datahub, 
open-source python package and 
web tool.

ÅFuture work will analyze how 
degradation modes and rates 
depend on climate zones.

This material is based upon work supported by the U.S. Department of Energy's Office of Energy Efficiency (DOE) 
and Renewable Energy (EERE) under Solar Energy Technologies Office (SETO) Agreement Number DE-EE0007137

13

pip install pvcz
https://pvtools.lbl.gov/pv-climate-stressors

https://pvtools.lbl.gov/pv-climate-stressors


Å Goal: A modeling capability to accurately inform module lifetime 
Å Applicable to multiple PV scales: From interconnects to full modules
Å Incorporating multiple degradation physics: Mechanical stress, thermal stress, materials effects, and more

Multi-scale, Multi-physics Modeling for PV Reliability

Interconnect damage [Bosco, 

NREL]

Mini-Modules [Hacke, Owen-

Bellini; NREL]

Full Modules [Hartley, SNL]

Material responses:
- Encapsulant viscoelasticity [Maes, SNL]
- Electrically Conductive Adhesive damage 

mechanisms [Bosco, NREL]
- Backsheet aging [Owen-Bellini, NREL; Moffit, 

SLAC]

testlabs.ca

Thermal stress
[Hartley, SNL; Bertoni, ASU] 

Mechanical stress
[Hartley, SNL] 

NREL
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External Loads - Wind

ÅModules are getting bigger and often 
mounted 1 or 2 up on trackers

ÅTorsional galloping at moderate windspeeds 
can be catastrophic

ÅIndustry standard moving to high stow angles 
(60o) rather than flat

ÅSignificant module deflection (+/- 1m) due to 
mechanical loading is possible



Sub-models: ECA Linear Viscoelastic Constitutive Model

Numerical simulations utilizing low and high-fidelity material models deliver 
significantly different results, highlighting the need for high-fidelity material 

models for simulations of PV applications.

Finite ElementSimulationsof a submodelof a genericshingledcell module
havebeenperformed. Differencesin the resultsbetweenhighand low fidelity
material modelsare highlighted. The results indicate a need for high-fidelity
material modelswhich are currently not availablefor most of the materials
employedin PVapplications. Low-fidelity materialmodelsasprovidedby ECA
or EVAmanufacturersseemto be insufficient for accuratepredictionsof the
stressandstrainstatesinsidea PVmodule.

A generic shingled cell model as application of the ECA constitutive model

High-fidelity material models combined with accurate loading 
conditions allow for predictive simulations of the PV modules 

thermal and mechanical response. 

First principal stress in the silicon cell Shear stress in the ECA interconnect

FEM simulation of a shingled cell module



Disruptive Accelerated Testing: C-AST of AAA and PVDF

Challenge: Current 
accelerated stress tests do 
not cause backsheetcracking 
seen in the field. 

Solution: Develop accelerated 
test that combines stresses 
(C-AST) as seen in the natural 
environment

Fielded C-AST

Similar 
cracking in C-

AST and 
fielded AAA 

samples

Identify cracking mechanism with a combination of cross 
sectional imaging and finite element analysis. 

Backsheet

EVA

Tabbing

C-Si Cell

Epoxy

Typical C-AST Cycle (~40 days)

vs



Detailed Analysis of C-AST and field-aged Backsheets

FTIR of pristine, C-AST and field-
aged AAA

SAXS of PVDF 

Increased long period spacing after weathering
Is this the same for field-aged PVDF?

Comparison of shaded and unshaded 
layers in C-AST

  
                       1mm                      300ɛm 

  
                     300ɛm                         300ɛm 

 

(a) (b) 

(d) 

Epoxy 

Outer Layer 

Core Layer 

Inner Layer 

Epoxy 

Cross-sectional microscope images for: (a)

unagedAAA backsheet,(b) C-AST parallel to the

macrocrack observed above cell tabbing (c)

Changshusampleabovecell tabbingand(d) Rome

sampleabovecell spacing. Purplearrowsindicate

possibleUV exposurepaths.

Correlation between FTIR signatures, UV

exposureand cracking. Supports idea that UV is

primarydriver for degradation.

DSC and DMA could indicate changes in

crystallinity and increasedbrittlenesswhich leadsto

crackingandsupportsUV-inducedchainbreakingof

amorphousregionsandrecrystallization
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(a) (b) (c) 

No micro-cracking on aged backsheet layers 
behind cell (UV shaded)
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(a) (b) 

(c) (d) 

(e) (f) 
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(a) (b) (c) 

Optical microscope 

images for the air surface 

of the backsheets: (a) over 

a cell and (b) macrocrack 

above cell tabbing for C-

AST sample; (c) over a 

cell and (d) above cell 

tabbing for Changshu 

sample; (e) above cell 

tabbing and (f) 

macrocrack between cells 

for Rome sample

C-AST

PA cracking

FTIR of PA



¢ǿƻ ƳȅǎǘŜǊƛŜǎ ƻŦ ǳƴŘŜǊǇŜǊŦƻǊƳƛƴƎ ǇƭŀƴǘǎΧ

ÅPV plants are contractually 
obligated to deliver set amounts 
of power

ÅWhat do you do when your 
plant is not generating enough 
power?
ÅCheck the inverter and string level 

data ςŦƛƴŘ ǘƘŜ έōŀŘ Ǝǳȅǎέ
ÅFly an IR camera ςconfirm bad 

strings or modules
ÅEL imaging ςwhat went wrong?
ÅWarranty Claim?
ÅRepair, Replace, Revamp, Repower

Inverter Production Data



Leveraging Lab Capabilities for Industry-led Research

Effect of Cell Cracks on Module Power Loss and Degradation
EPRI. NREL, LBL, Southern Co

TechnologySummary & Impact

Understanding crack impacts reduces 
lifetime PV plant performance risk
Å Set crack thresholds for large-scale 

PV plant commissioning, base O&M 
on knowledge of crack progression 
and effects on performance and 
safety

Å Reduce uncertainty in LCOE 
predictions through improved 
warranty and insurance contracts 
and better plant performance

Å Inform module designs that are less 
susceptible to cracking

Å Enable improved qualification test 
procedures

Å Improve simulation capabilities 
around module reliability and 
durability as it relates to cracks and 
metal fatigue

Predictive simulation 
using finite element 
modeling (full modules)

Field testing at 
bw9[Ωǎ ǎƳŀƭƭ-scale 
outdoor test array

Data management and analytics 
for crack detection and analysis

Accelerated aging 
(full modules)

Field testing at two 
large-scale PV plants

Temperature-dependent 
electroluminescence imaging

Cells can be cracked during installation

NREL image 21473



Degradation Characterization in Fielded Modules using Luminescence and Thermal Imaging. 
NREL, PVEL, Purdue

TechnologySummary & ImpactLeveraging Lab Capabilities for Industry-Driven Research

Industry Question: Can we develop a technique to identify an 
ƛƴǘŜǊŎƻƴƴŜŎǘ ƳŀƴǳŦŀŎǘǳǊƛƴƎ άŜȄŎǳǊǎƛƻƴέ ƛƴ ŦƛŜƭŘŜŘ ƳƻŘǳƭŜǎΚ
Module Forensics
ÅDeveloping spatially-resolved methodology for module forensics, using a case 

study of 23 modules that degraded in the field.

Advanced Characterization and Method Development
ÅCorrelate module images with current-voltage characteristics to determine the 

image combinations that can be used to identify failure mechanisms.

Set of 23 Fielded Modules with Varying Degrees of Degradation
Modules Show Fill Factor Loss Due to Increased Series Resistance

Loss 
Correlates 
with Fill 
Factor

1.Modules ranked by 
degradation 
severity using 
current-voltage 
curves.

2. Images recorded:
a)EL  (ISC)
b)EL (0.1 ISC)
c) PL
d)Dark Lock-in 

Thermography
e)UV-Fluorescence 

3. Images are 
qualitatively and 
quantitatively 
investigated to 
determine patterns 
that correlate with 
module power loss.

*Collaboration with Purdue University Device Modeling Group*
ÅAlam Group at Purdue is fitting quantitative models to the current-voltage 

results, which will be correlated with the PL, EL, DLIT, and UVF imaging. 

Increasing Series 
Resistance

Rseries

Problems 
Located by 

Imaging  

8-36% 
Power 

Loss over 
Two Years

Flash test data from the  23 field-degraded 
modules are being further analyzed by 
quantitative fitting to a physical model.

Correlating five different types of module images with power loss from series resistance.



Central Data 
Resource

ωHeterogeneous 
data resource 
established for 
performance, 
ƳŀǘŜǊƛŀƭǎΣ ŀƭōŜŘƻΧ

ωFedRampcloud, 
Secure SSO, 
analytics 

ωPV Fleet spun out

ωMulti-file upload

ωTwo public analysis 
tools ςPV climate 
and string sizer

Multi -Scale, Multi-
Physics Model

ωExperimentally 
validated models of 
trackers, modules, 
and submodules

ωFEM for mechanics 
of GG and G/BS 
modules 

ωModel for torsional 
galloping

ωModel for thermo-
mechanics of ECAs 
in shingled modules

Disruptive 
Acceleration Science

ωField validation of 
CAST for AAA and 
PVDF  backsheet
failures.

ωIn-situ I-V and EL in 
CAST

ωOutdoor 
accelerated test 
prototype

ωChemistry of EVA 
discoloration due to 
UV ionization

Fielded Module 
Forensics

ωDetailed backsheet
cracking 
mechanism

ωField module library 
deployed

ωSVM for backsheet
identification by 
FTIR

ωEL/PL screening of 
fielded modules 
and failure ID

ωXRT Measured cell 
stress in GG and 
G/BS

DuraMATObjectives and Key Results FY19

Materials Solutions: flexible packaging development and characterization (3), antisoilingcoating, ECA development and 
characterization (2), crack tolerant metalization, roof attachment for flexible modules
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PVRW

ÅDuraMAT program review 
with talks Tues and Weds 
and posters from all 
funded projects

ÅLunch meeting to discuss 
DuraMAT projects

ÅKickoff DuraMAT 2 
planning and proposal 
process
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PV in the Circular Economy

ÅReliability to maximize economic useful life

ÅwŜǎƛƭƛŜƴŎȅ ǘƻ ƳƛƴƛƳƛȊŜ άŜŀǊƭȅέ ǿŀǎǘŜ ƎŜƴŜǊŀǘƛƻƴ

ÅRefuselow quality product

ÅResistcutting corners on installation, quality control, acceptance testing

ÅReducematerial and energy intensity (higher yield systems?)

ÅRepairdevelop safe materials, procedures, and tests to avoid waste

ÅReuseyour components wisely in 2nd life applications or as spares

ÅRevampand Repowersystems to extend EUL when needed

ÅRecyclewhen environmentally and economically beneficial
ÅHow do we make sure this is always true? 

Do not distribute outside of NREL ςBusiness Sensitive



Degradation Mechanisms Missed By Qualification Tests

Backsheet cracking Ą temperature, UV, cyclic oxidative/hydrolytic stress, CTE stress, EVA acidity 

PID  Ą System voltage, rain/humidity/condensation, temperature, light, soiling (light required to get an accurate picture of sensitivity)

Grid finger corrosion ςdelamination Ą System voltage, humidity, temperature, light, soiling

Edge seal failure Ą Mech. load, CTE stress, UV, moisture, impurities

Light and elevated temperature induced  degradation Ą Light, elevated temperature, current

Snail trailsĄ delamination ĄMech. load, UV, electric field, moisture, impurities

DelaminationĄ CTE stress, UV, moisture, impurities, system voltage

Multiple factors working in combination leading to the degradation

Q-Cells
Polyamide
backsheet

PID Corrosion Snail trailsLeTIDEdge seal failure Delam.


