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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 PVMRW is unique in its requirement that all participating companies share at least one presentation (either oral or poster).  In most cases, participation from each company is 
limited to two people.  These requirements greatly increase information sharing:  If everyone shares a little information, everyone takes home a lot of information. 

In 2013, the PVMRW was designed to be a regional meeting of the International PV Module Quality Assurance Task Force, first of its kind for the Americas.  This regional meeting also 
had substantial international participation.  The workshop agenda mirrored the organization of the Task Force, with a session for each of Task Groups 2 through 5.  Each Task Group 
presented a status report of their discussions and highlighted a small number of technical presentations describing studies related to that Task Group.  In addition, the participants 
presented about 65 posters on topics directly or indirectly related to the work of the four Task Groups.  Most of the participants shared their presentations for public posting; this 
document is a compilation of these.  The success of the workshop is a direct result of the participants’ willingness to share their results. 

We gratefully recognize the excellent contributions that the community has made and thank all of the participants for the time and information they have shared. 

In the two days following the PVMRW, a kick-off meeting was held for Task Group 8 of the International PV Module Quality Assurance Task Force.  Task Group 8 was organized to address 
the needs for testing of thin-film modules.  The discussions at the kick-off meeting identified reliability issues that thin-film modules experience, prioritized these, assigned some of 
these to Task Groups 2 through 5, and created subcommittees within Task Group 8 to address the rest.  A compilation of the presentations and notes from this kick-off meeting can be 
found here: www.nrel.gov/ce/ipvmqa_task_force/proceedings.cfm. 

The workshop was chaired by John Wohlgemuth.  Members of the organizing committee included: 

Jasbir Bath Jean Posbic 

Nick Bosco Ralph Romero 

Neelkanth Dhere Tony Sample 

Chris Flueckiger Kurt Scott 

Vivek Gade Golnas Tassos 

Charlie Hasselbrink Kent Whitfield 

Mike Kempe Masaaki Yamamichi 

Sarah Kurtz 

www.nrel.gov/ce/ipvmqa_task_force/proceedings.cfm
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2013 PV Module Reliability Workshop 
Feb 26- 27, 2013, Golden, CO 



•  The SunShot Initiative 
•  Systems Integration / Technology 

Validation Activities 
•  2013 PV Module Reliability Workshop 

Overview 



•  DOE’s SunShot Initiative aims to make solar electricity cost-competitive 
with conventional forms of energy before 2020.  

•  What is SunShot? 
  Subsidy-free solar electricity  
  75% cost reduction by end of the decade 
  5-6 cents/kWh at utility-scale 
  Global Competitiveness 

•  Coordination among DOE Solar Program, Office of Science, and ARPA-E. 

  

“The SunShot Initiative will spur  
 American innovations to reduce  
 life costs of solar energy and 
 re-establish U.S. global leadership  
 in this growing industry.”  
 U.S. Energy Secretary Steven 
Chu 

SunShot Initiative 



Basic Energy Sciences

MURI

Next Gen PV

Program to Advance 
Cell Efficiency (PACE)

SunShot Fellowships

SunShot Program Framework 

SunShot Incubator

PV Supply Chain

Balance of Systems-Hardware

PV Manufacturing Initiative I

Solar ADEPT

SEGIS

CSP SunShot FOA

Thermal Storage: HEATS 

High 
Penetration

Incubator – 

Soft Costs

PVMI II: SUNPATH

Rooftop Solar 
Challenge

Non-Hardware 
BOS

Large Scale 
Production 

Market 
Adoption 

Technology 
Validation 

Systems 
Development 
& Integration 

Component   
Prototype & 
Pilot Scale 
Production 

Device & 
Process 
 Proof of 
Concept 

Material 
& Device 
Concepts 

1 Technology Readiness Level 91 ll 9
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Plug-and-Play Vision  

5 

Future (Smart) Home

•  Smart outlet 
•  Smart circuit 
•  Smart breaker panel 
•  Smart appliances 
•  Home area network (HAN) 

Future (Smart) Grid

•  Distributed generation 
•  Two-way power flow 
•  Communication and 

control 
•  Rich energy information 

and transactions 
•  Microgrid 

Future (Smart) City

•  Integrated grid and city 
planning 

Utility Control Center

Vision: PV as an Appliance
•  No permitting required 
•  Easy installation  
•  Seamless grid integration 



  Solar Manufacturing Technology (SolarMat) - $15M 
  Diversity in Science and Technology Advances National Clean Energy in Solar 

(DISTANCE-Solar) - $3M 
  Grid Engineering for Accelerated Renewable Energy Deployment (GEARED) - 

$12M 
  Solar Utility Networks: Replicable Innovations in Solar Energy (SUNRISE) - $10M 
  Physics of Reliability: Evaluating Design Insights for Component Technologies in 

Solar (PREDICTS) - $5M 
  Foundational Program to Advance Cell Efficiency II (FPACE II) - $12M 
  SunShot Incubator Program (Round 8) - $12M 
  Rooftop Solar Challenge II (RSC II) - $12M 
  CSP Heat Integration for Baseload Renewable Energy Development - $20M 
  Notice of Opportunity for Technical Assistance: Regional Test Centers 

  http://www1.eere.energy.gov/solar/sunshot/financial.html 

Active Funding Solicitations 
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SunShot - Systems Integration 

7 7

Goals
•  BOS Costs: Reducing the costs of power 

electronics and balance of system hardware 
 

•  Bankability: Reducing the risk associated 
with the use of new technologies 

 

•  Grid Integration: Establishing a timely 
process for integrating high penetrations of 
solar technologies into the grid in a safe, 
reliable, and cost-effective manner while 
providing value to the system owner and the 
utility grid.  

•  Solar Resource: Dramatically reduce the 
uncertainty in solar system performance due 
to solar radiation measurements, and provide 
grid operators and others the information 
necessary to cost-effectively and reliably 
integrate solar technologies into the grid. 



Mission / Vision:  
  To reduce the cost of PV by improving confidence in the 

expected performance, reliability, and safety of PV components 
and systems. 

  Understanding of performance and reliability leads to 
reduction of risk and will lead to a greater investment in the 
technology. 

Activities: 
  Test & Evaluation 
  Reliability & Safety 
  Regional Test Centers (RTC’s) 

SunShot – Technology Validation 
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  Modeling & Analysis 
  Codes & Standards 



  Reliability engineer: How do I test to determine the number 
of years for the warranty?  

  PV customer: How do I choose the PV module that will last 
longer?  

  PV investor: How do I know that I’m making a safe investment 
of $1 billion (if the modules fail after 10 yr, the warranty will 
be worthless because the company will be gone)?  

  Insurance company: How do I determine rates for insuring PV 
installations?  

  PV Manufacturer: How do I differentiate my product from 
other products? 

Lifetime Prediction of PV Modules 

Reliability engineer: How do I test to determine the number of years for the warranty?  
PV customer: How do I choose the PV module that will last longer?  
PV investor: How do I know that I’m making a safe investment of $1 billion (if the modules fail after 10 yr, the warranty will be worthless because the company will be gone)?  
Insurance company: How do I determine rates for insuring PV installations?  
PV Manufacturer: How do I differentiate my product from other products?  
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  Background / Vision: 
–  Accelerate adoption of renewable 

energy generation sources by 
helping U.S. PV manufacturers 
overcome the commercialization 
Valley of Death  

–  Provide technical basis for 
bankability of PV systems 

•  Test beds for large-scale 
systems in multiple climates, 
using a comprehensive 
validation approach to 
compare performance and 
initial reliability against 
predictions 

 
  Locations:   

–  Albuquerque (Sandia) 
–  Denver (SolarTAC – NREL) 
–  Orlando (UCF – FSEC) 

PV Regional Test Centers 
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  Objective:  Share information among participants 
leading to the improvement of PV module reliability 
which:  
–  Reduces the cost of solar electricity  
–  Promotes investor confidence in the technology 
–  Critical goals for moving PV technologies deeper into the 

electricity marketplace. 

  Active participation provides benefit to all: everyone 
shares a little and takes home a lot.  

2013 PV Module Reliability Workshop 
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Sessions: 
  Monday 

–  US Technical Advisory Group meeting, IEC TC 82 
  Tuesday 

–  Group 2: Thermal and Mechanical Fatigue 
–  Group 4: Diodes, Shading, and Reverse Bias 

  Wednesday 
–  Group 3: Humidity, Temperature, and Voltage 
–  Group 5: UV,  Temperature, and Humidity 

  Thursday and Friday 
–  International PV Module QA Task Force, Thin Film Task Group, Kick Off 

Meeting 

 
Special Thanks to: 
  Sarah Kurtz, Chair 

2012 PVMRW Agenda 
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PREDICTS 
Physics of Reliability: Evaluating Design Insights for Component Technologies in Solar  

Topic 1: CSP and PV Components Reliability Models  
  Physics-Based Predictive Models for the 

Degradation and Failure of CSP and PV 
Components or Sub-systems 

Topic 2: Microinverter and Microconverter Reliability 
Standards 
  Creation and Implementation of Industry 

Standard Tests for Microinverter and 
Microconverter Reliability 

 
 
 

To View the FOA go to EERE Exchange 
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Program Manager, Systems Integration
Kevin.Lynn@ee.doe.gov

February 26, 2013

Kevin Lynn 



Linkage to Previous International PV Module 
QA Task Force Workshops;  
Proposal for Rating System 

NREL PV Module Reliability 
Workshop 

Feb. 26, 2013 

Sarah Kurtz, NREL 

John Wohlgemuth, NREL 

Tony Sample, EU – JRC 

Masaaki Yamamichi, AIST 

Michio Kondo, AIST 

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. 



Outline 

• History of International PV Module QA Task 
Force 

• How do we do something useful without 
doing something harmful? 

• Opportunity for Rating System to provide 
value over current qualification tests  

• Technical basis for Rating System 
• Next steps for creating Rating System 

2  
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Motivation: the question on the street  
“How do I predict lifetime of PV modules?”  
• Reliability engineer: How do I test to

determine the number of years for the
warranty? 

• PV customer: How do I choose the PV 
module that will last longer? 

• PV investor: How do I know that I’m making
a safe investment of $1 billion (if the modules 
fail after 10 yr, the warranty may be
worthless if the company is gone)? 

• Insurance company: How do I determine
rates for insuring PV installations? 

3  

NATIONAL RENEWABLE ENERGY LABORATORY



A little history 

International PV Module Quality 
Assurance Forum 
San Francisco, July, 2011 

Goals: 
1. Create a QA Rating System to differentiate the relative durability of 

module designs 
1) Compare module designs 
2) Provide a basis for manufacturers’ warranties 
3) Provide investors with confidence in their investments 
4) Provide data for setting insurance rates 

2. Create a guideline for factory inspections of the QA system used 
during manufacturing. 

Supported by 
Hosted by METI 

NREL JRC 
AIST US DOE 

PVTEC SEMI PV Group 



A little history 

The PV QA Task Force was formed at the conclusion of the Forum and 
consisted of five Task Groups: 

Task Group 1: PV QA Guideline for Manufacturing Consistency 
(leaders Ivan Sinicco, Alex Mikonowicz, Yoshihito Eguchi, 
Wei Zhou, G. Breggemann) 

Task Group 2: PV QA Testing for Thermal and mechanical fatigue including 
vibration (leader Chris Flueckiger, Tadanori Tanahashi) 

Task Group 3: PV QA Testing for Humidity, temperature, and voltage 
(leaders John Wohlgemuth, Neelkanth Dhere, Takuya Doi) 

Task Group 4: PV QA Testing for Diodes, shading and reverse bias 
(leaders Vivek Gade, Paul Robusto, Yasunori Uchida) 

Task Group 5: PV QA Testing for UV, temperature and humidity 
(leader Michael Köhl, Kusato Hirota, Jasbir Bath) 

These groups began meeting by teleconference in summer of 2011. 
Since then, four other task groups have been added. 



The PV QA Task Force was formed at the conclusion of the Forum and 
consisted of five Task Groups: 

Task Group 1: PV QA Guideline for Manufacturing Consistency 
International meeting in parallel with main sessions 
during next two days 

Task Group 2: PV QA Testing for Thermal and mechanical fatigue including 
vibration (leader Chris Flueckiger, Tadanori Tanahashi) 

Task Group 3: PV QA Testing for Humidity, temperature, and voltage 
(leaders John Wohlgemuth, Neelkanth Dhere, Takuya Doi) 

Task Group 4: PV QA Testing for Diodes, shading and reverse bias 
(leaders Vivek Gade, Paul Robusto, Yasunori Uchida) 

Task Group 5: PV QA Testing for UV, temperature and humidity 
(leader Michael Köhl, Kusato Hirota, Jasbir Bath) 

These groups began meeting by teleconference in summer of 2011. 
Since then, four other task groups have been added. 



A little history 

The PV QA Task Force was formed at the conclusion of the Forum and 
consisted of five Task Groups: 

Task Group 1: PV QA Guideline for Manufacturing Consistency 
(leaders Ivan Sinicco, Alex Mikonowicz, Yoshihito Eguchi, 
Wei Zhou, G. Breggemann) 

Task Group 2: 

Task Group 3: 

Task Group 4: 

Task Group 5: 

These groups began meeting by teleconference in summer of 2011. 

These four groups are meeting today and tomorrow as a 
face-to-face regional meeting, with some international 
participation 

Goal: Share technical studies that will guide definition of the 
most useful tests. Where appropriate: propose useful test 
structure 

, gg )

Task Group 2: 

Task Group 3: 

Task Group 4: 

Task Group 5: 

These groups began meeting by teleconference in summer of 2011

These four groups are meeting today and tomorrow as a 
face-to-face regional meeting, with some international 
participation 

Goal: Share technical studies that will guide definition of the 
most useful tests. Where appropriate: propose useful test 
structure 

Since then, four other task groups have been added. 



Additional Task Groups: 

Task Group 6: Communication of PV QA Ratings to the Community 
(leaders David Williams, Sarah Kurtz) 

Rest of this talk 

Task Group 7: PV QA Testing for Wind and Snow Loads 
(leader Joerg Althaus) 

Task Group 8: Thin Film Testing 
(leaders: Neelkanth Dhere, Veronica Bermudez, Tobias Roschek, Shuuji Tokuda)  

Kick off Feb. 28 – March 1, Golden, CO 

Task Group 9: CPV Testing 
(leaders: Itai Suez, Nick Bosco) 



Need for Rating System 
Task Groups develop accelerated tests to predict experience in the field 

How do we communicate the results? 

Rating System  
9NATIONAL RENEWABLE ENERGY LABORATORY



Principles for creating tests/rating system 

• Must be predictive & relevant 
• (correlate with decades of field experience, not 1 y or 300 y) 

• Must be communicated in useful ways 
• (both simple and detailed for different audiences) 

• Must be cost and time effective 
• (manufacturers must bring the product to market) 

• Must be beneficial to PV community 
• (use wisdom of community to identify good choices) 

NATIONAL RENEWABLE ENERGY LABORATORY 10 



To Define the Rating System, First ask:  
When are failures slipping past  

Qualification testing? 

What are we missing? 

NATIONAL RENEWABLE ENERGY LABORATORY 11 



Rating System – What are we missing with 
current qualification tests? 

Prioritize two types of wear-out mechanisms that are being 
reported: 
• Broken interconnections, solder bonds, diodes 
• Encapsulant discoloration and/or delamination 

We choose to focus first on these; later we’ll address the 
longer list of wear-out mechanisms. 

NATIONAL RENEWABLE ENERGY LABORATORY 12 



Rating System – First address wear out that 
is slipping past the qualification tests 

1. In response to: 
• Broken interconnections, solder bonds, diodes 
Add: 
- Additional thermal cycling or mechanical stress, plus 

bypass diode/shading testing 

2. In response to: 
• Encapsulant discoloration and/or delamination 
Add: 
- Additional UV stress  

NATIONAL RENEWABLE ENERGY LABORATORY 13 



Need to apply additional stress to detect early wear out 

Level Humidity High 
Temperature 

Thermal 
cycling and 

diode testing 
UV 

Qualification 
test No new No new No new No new 

Wear out 
comparative No new No new New New 
test 

To gain confidence in long-term performance in almost all climates, we need to 
add tests related to thermal cycling, diodes, and UV exposure 

NATIONAL RENEWABLE ENERGY LABORATORY



Need to apply additional stress to detect early wear out 

Level Humidity High 
Temperature 

Thermal 
cycling and 

diode testing 
UV 

Qualification 
test No new No new No new No new 

Wear out 
comparative No new No new New New 
test 

To gain confidence in long-term performance in almost all climates, we need to 
add tests related to thermal cycling, diodes, and UV exposure 

What about for extreme climates? 
Marine (salt spray) 

Snow loads (mechanical loads) 
Hail (hail impact) 
Heat 

Humidity 
Note: We already have comparative tests for marine, hail, and snow, so we 

can include these test results in the rating 
NATIONAL RENEWABLE ENERGY LABORATORY



- - 

Additional stress may be needed for extreme climates. 

New Tests Will Require Additional Stress Targeted Meaning of Rating 

Thermal 
cycling & 

diode 
testing 

Failure types, High High ProposedUVloosely grouped Temperature humidity labels 
or “C” or “A” 

Infant Qualification- - - - testmortality 

Interconnects, 
Hot-cold 

Hot-humid 

Better thandiscoloration, - - qualification testdelamination 

30 y in location/appl. w 
worst thermal cycling 

30 y in location/appl. wHeat-induced Better than worst heat-induced- Hot-dryfailures qualification test degradation 

Humidity- Better thaninduced - qualification testfailures 

30 y for location/appl. 
w worst humidity-

induced degradation 

The two primary extremes that have not yet been addressed are: 
Heat  

Humidity  
So add additional stress for these, indicated by  

NATIONAL RENEWABLE ENERGY LABORATORY



- - 

Rating System – Targets for defining the min/max meanings for tests 

New Tests Will Require Additional Stress Targeted Meaning of Rating 

Thermal 
cycling & 

diode 
testing 

Failure types, High High ProposedUVloosely grouped Temperature humidity labels 
or “C” or “A” 

Infant Qualification- - - - testmortality 

Interconnects, 
Hot-cold 

Hot-humid 

Better thandiscoloration, - - qualification testdelamination 

30 y in location/appl. w 
worst thermal cycling 

30 y in location/appl. wHeat-induced Better than worst heat-induced- Hot-dryfailures qualification test degradation 

Humidity- Better thaninduced - qualification testfailures 

30 y for location/appl. 
w worst humidity-

induced degradation 

With these ranges, we can address the full range from today’s qual test to the 
harshest environments on earth 

A few climate zones may not be well represented; can we postpone addressing these? 

NATIONAL RENEWABLE ENERGY LABORATORY



Test results 
By Test Lab X 

Rating System Proposal – Communicate four ways: 
1. Nameplate: 

Pmax 205 W A high level summary on the nameplate will allow 
Durability rating: researchers to correlate tested rating with field 
Hot-cold experience 20 y from now. 
Hot-dry 
Hot-humid not rated 
Snow/wind 2400 Pa 
Salt spray 
etc. 

2. Report: 

3. Interpretive maps: 
Publications/Guides 

4. Climate charts that link climates with 
stresses (not shown): 

Standards 

A detailed report 
can be used by  
engineers to more 
closely compare 
specific products  

NATIONAL RENEWABLE ENERGY LABORATORY



Next Steps 
• A New Work Item Proposal has been 

submitted to IEC Technical Committee 82, 
Working Group 2 as a starting point for 
discussion 

• Some countries will identify individuals to 
participate in rewriting this draft 

• Each Task Group will create tests that will be 
connected by this proposal 

• International discussion and voting will 
determine details. 

19  
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Summary 

• The International PV Module QA Task Force is 
developing comparative accelerated test
standards 

• A Rating System is necessary for the success of
the QA Task Force 

• The Rating System must be developed in
parallel with the Test Protocols 

• The New Work Item Proposal will serve as a 
starting point for discussion within WG2 

• All of you are welcome to join ongoing
international discussion (~ once per month) 

Sarah.Kurtz@nrel.gov 

Thank you for your attention! 
20 
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Goals of International PV QA Task Force: 
1.To develop a QA rating system that provides 

comparative information about the relative durability 
of PV modules to a variety of stresses as a useful 
tool to PV customers and as a starting point for 
improving the accuracy of quantitative PV lifetime 
predictions.
1) Compare module designs 
2) Provide a basis for manufacturers’ warranties 
3) Provide investors with confidence in their investments 
4) Provide data for setting insurance rates 

2. Create a guideline for factory inspections of the QA 
system used during manufacturing. 



PV QA Task Force 
Task Group 1: Guideline for Manufacturing 

Consistency 
Task Group 2: Thermal and mechanical fatigue 

including vibration 
Task Group 3: Humidity, temperature, and voltage 
Task Group 4: Diodes, shading and reverse bias 
Task Group 5: UV, temperature and humidity 
Task Group 6: Communication of PV QA ratings to the 

community 
Task Group 7: Wind and Snow Loading (New group)  
Task Group 8: Thin Film PV (New group)  
Task Group 9: CPV (New group) 
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Module level 

Destructive analyses 



© Mitsui Chemicals, Inc. 
Manufacturer A 

Module “A” 
Manufacturer B 

Module “B” 

(EL image) (EL image) (photo) (photo) 
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Analysis items 
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 We can not see mechanical degradation of both these 
EVA samples.

We have obtained viscoelastic curves with a rheometer. 
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We have observed transmittance spectra of glass side EVA for delamination and no 
delamination portions and confirmed high transmission over 90%.  

μ

These transmittance changes lead to 
~5% of decrease in Isc, according to our 
simulation with c-Si cell’s spectrum 
response.  
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PV QA Task Group #2: 
Thermal and Mechanical 
Fatigue including vibration 
Christopher Flueckiger 
NREL PVMRW 
February, 2013 



Task Group #2: Scope of Work 

Task Group 2: Thermal and Mechanical Fatigue including Vibration 
(leaders: Chris Flueckiger and Tadanori Tanahashi) 

Scope: 

Failures of cell interconnects and solder bonds have been identified as a 
key cause of long-term failure of PV modules. The primary stresses 
affecting the failure rates have been shown to be thermal and 
mechanical. There is evidence that vibration during transportation and/or 
caused by wind can contribute. This task group will study how to best
induce stress and quantify PV module quality. 
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PV QA TG #2: Accelerated Stress Tests for PV  

3 



PV QA TG #2: Accelerated Stress Tests for PV  
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PV QA TG #2: Accelerated Stress Tests for PV  
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PV QA TG #2: New Work Item Proposal (NWIP)  
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PV QA TG #2: New Work Item Proposal (NWIP)  

1 Scope and object 

The purpose of this International Standard is to define a test or test 
sequence that will quickly uncover failures that have been associated with 
exposure to thermal cycling after many years. IEC 61215 already includes 
200 thermal cycles in one leg of the testing and 50 thermal cycles combined 
in sequence with other stresses. However, field data imply that solder-bond 
and/or metal-interconnect failures can dominate the failures that are seen in 
the field, implying that the IEC 61215 test procedure is not adequate to gain 
confidence in the design in all cases. This test procedure (IEC 62XXX – 2) 
applies more stress, and, as a part of the rating system described in IEC 
62XXX – 1, provides comparative testing to differentiate modules with 
improved durability to thermal cycling and the associated mechanical 
stresses. 
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PV QA TG #2: New Work Item Proposal (NWIP)  

1 Scope and object (continued) 

Solder-bond and metal-interconnect failures can arise for a number of 
reasons. Interconnect design that reduces the mechanical stress 
experienced during thermal cycling can greatly reduce the rate of damage 
associated with thermal fatigue. Failures have also been associated with 
cracked silicon cells that then cause increased stress on the metal 
interconnects that span the cracks. This test method applies thermal-
cycling and mechanical stress in a way that will quickly uncover thermal-
cycling induced failure after even 10 or 25 years in the field. 
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PV QA TG #2: Proposed Test Sequence 

1. Visual Inspection 
2. EL image 
3. Power Measurements 
4. IR image 
5. Insulation Resistance Testing 
6. Wet Leakage Current Testing 
7. Dynamic Mechanical Load (based on NP 62782 Ed 1.0) 
8. Temperature Cycling TC/Humidity Freeze Cycling 

Consideration shall be given to the number of cycles, temperature ranges, 
rates of temperature change, and dwell times, etc. 

9. Visual Inspection 
10.EL image 
11. Power Measurements 
12. IR image 
13. Insulation Resistance Testing 
14.Wet Leakage Current Testing 
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PV QA Task Group #2: Current Activities 

Dynamic Mechanical Load / Temperature Cycling 
Sequential Testing 

Comparison with long-term Temperature Cycling Tests (TC 600) 
. 
Nov. – 
Dec. 
2012 

DML Testing IEC 62782 Ed. 1.0 +/- 1,000 Pa, 2-3 
cycle/ min, 1,000 cycles 

Jan. – 
Feb. 
2013 

TC Testing IEC 61215 -40~+85oC, 200 cycles, + Imp 

F e b .  
2013 

Interim Report at NREL PVMRW 

Feb. – 
April 

Further development of draft proposal in preparation 
for WG2 meeting in May 

2013 10 



International PV Module Quality Assurance 
Task Group #2 

Want to Volunteer!  

To volunteer for Task Group 2, individuals may contact 
the Chris Flueckiger directly or request access to the 

website at 

http://pvqataskforceqarating.pbworks.com/ 
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THANK YOU. 

Christopher Flueckiger 
Underwriters Laboratories 

Email: christopher.flueckiger@ul.com 
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Task-2 Region: JP 
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Task-2    Region: JP
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  What are the issues which need to be addressed before we can submit the NWIP? 
 

1.  Availability of Extended TC 
 - Problems: Become effective testing on the Today’s PV modules? 
            (in the most recent technologies, components, and manufacturing techniques) 
       Become the rejection test for immature manufacturing? 
 - Massive survey for commercial modules is needed to recognize the current status. 
 - To solve this issue, METI Project is ongoing. 

 

2.  Availability of DML 
 - Problem: Differences / Similarities with the thermal fatigue. 
      Does the intense strain by DML induce a large number of cell crack? 
 - The experimental evidences are needed. 

    - To solve this issue, NREL-AIST collaboration is carrying out. 
 

3. Availability of Sequential Testing 
 - Problem: To establish the effective test, can the deficit of TC be complemented by 
     DML? 
   ribbon crack: induced by DML? 
   solder crack/delamination: induced by TC? 
 - The experimental evidences are needed. 
 - To solve this issue, PV-QA TG-2 [JP] Trial is ongoing. 

 

4. Is there any other issues? 5 
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Task-2    Region: JP
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http://www.npcgroup.net/eng/ 12 
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The multiplication of asymmetrical dark 
area along bus-bar was not observed in the 
modules after DML & TC. 
 
After DML & TC, the cell crack was 
observed in EL image. 

(A-1 Module)
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The multiplication of asymmetrical dark 
area along bus-bar was not observed in the 
modules after DML & TC. 

(A-3 Module)
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The multiplication of asymmetrical dark 
area along bus-bar was not observed in the 
modules after DML & TC. 

(B-2 Module)
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(B-3 Module)
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(A-1 Module)



  

(B-3 Module)



  

23 



  

24 



  

25 



  



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. 

Accelerating Fatigue Testing 
for Cu Ribbon Interconnects 

Nick Bosco, Tim Silverman, John Wohlgemuth and 
Sarah Kurtz 

 National Renewable Energy Laboratory 
Masanao Inoue and Keiichiro Sakurai 
 National Institute of Advanced Industrial Science and 

Technology 
Tsuyoshi Shioda and Hirofumi Zenkoh 

 Mitsui Chemical  
Masanori Miyashita 
 Toray  
Tanahashi Tadanori and Satoshi Suzuki 
 Espec  
 
 
 

2013 Photovoltaic Module Reliability Workshop 
February 26-27, 2013 

NREL/PR-5200-58369 



2 

Motivation 

Thermal cycling a module take a long time 
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2012 NREL PVMRWS: fatigue experiments 
mechanism: fatigue experiment 

load “cool” cycle 
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mode 
2012 NREL PVMRWS: fatigue experiments 
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fatigue experiment: off-set 
2012 NREL PVMRWS: fatigue experiments 
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Dynamic Mechanical Loading 

 Can we mechanically load a module to induce 
ribbon strain? 
 

 If so, how is the ribbon strain distributed across 
the module? 
 

 Can DML cause ribbon failure similar to thermal 
cycling? 
 

 If so, what is the acceleration factor between DML 
and thermal cycling? 
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Dynamic Mechanical Loading 

Modules fabricated by AIST 
and collaborators 
 

DML set up fabricated and 
employed by NREL 
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strain measurements 

 Measuring cell-to-cell spacing 
 

 Calculating ribbon strain 
 

+ strain - strain 

du 
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strain measurements 

Increasing module 
temperature allows more 
strain for similar loads 
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strain measurements 
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strain with cycling 

Effects of the encapsulant’s 
viscoelasticity are not observed 
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test plan 

characteriz
e 

measur
e test 

En
d 
of 
life
? 

DPA 
yes 

no initial 
measureme

nts 

EL 

IR 

LIV 

DIV 
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differential conductance (dG) 

 Forward bias with short circuit current 
 Apply a small sinusoidal voltage superimposed on the 

DC bias 
 Monitor the AC voltage across and AC current through 

the module 
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DML +/-3000 Pa Isc 

dG declines with increasing module 
temperature as it heats under fwd 
bias. 
 
dG becomes periodic with cycling 
(mechanical connections). 
 
dG’s low side drops with ribbon failure 
as negative pressure causes positive 
strain pulling the ribbons open. 
 
Steps are seen with every 
subsequent failure. 
 
Following cycling, dG becomes some 
intermediate value. 
 

M1212_0003 
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EL image following 1000 
DML cycles.  Roughly 7 
ribbon failures obvious 
 

Initial as-received EL 
image 
 

0 Pa + Pa 

Under positive pressure, 
failed ribbons close.  Under 
negative pressure, the 
module becomes open 
suggesting at least one 
more failure. 
 

DML +/-3000 Pa Isc 

M1212_0003 

1 2 4 5 3 

6 
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Module shows higher series resistance 
under zero pressure, and is open under 
negative pressure. 
 
Consistent with monitoring and EL 
images. 
 
 

DML +/-3000 Pa Isc 

M1212_0003 
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DML +/-3000 Pa Isc 
dG captures 
ribbon 
failures 
through first 
1000 cycles 
 

M1212_0003 

Shortly after 1000 
cycles, module 
becomes open.  
Those cells are 
bypassed to 
continue 
experiment 
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M1212_0012 

2000 DML cycles 
3 ribbon failures obvious 
 

1000 cycles 
 

DML +/-3000 Pa no bias 

3000 DML cycles 
6 ribbon failures obvious 
 

10 mm offset 

1 

2 

3 

1 2 3 4 

5 

6 
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DML and fatigue measurements 

Half of the module’s ribbons should fail within 6000 cycles 
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Dynamic Mechanical Loading 

 Module ribbon strain with DML has been 
characterized 
 

 Fatigue failures are realized first for those with the 
highest strain amplitude 
 

 dG monitoring captures failures 
 

 Stay tuned for: 
 Acceleration factor with TC 
 FEM for strain amplitudes with module size 



Co-Leaders US Team 
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Three types of J-boxes were used for the thermal reliability testing: 
Test 1--- High temperature endurance testing with forward biased current. 

• Objective: To assess diodes operating performance under long-term hot spot condition (50C/60C/70C),10A, 
1000 hrs 

• Result: No diode failed. The diode temperature rises and forward voltages of J-box 1 and 3 increased after 
testing. Diodes in J-box 2 were very stable 

Test 2 ---Thermal cycle plus forward bias/reverse bias. 
• Objective: To assess diodes reliability under thermal cycling (-40 to 85C) caused by ambient temperature 

change combined with hot spot current flow (10 A above 25C) for first 100 cycles, -12V for above 25C for 
second 100 cycles.  

• Result: After the testing, diodes of Box-1 totally failed (middle diode); diodes forward bias voltage of Box-3 
increased by 0.5V; diodes forward bias voltage of Box-2 were stable. 

Test3 --- Thermal cycle plus reverse bias. 
• Objective: To assess diodes reliability under thermal cycling caused by ambient temperature change without hot 

spot. 
• Result: There is no abnormal appearance of diode were found and no appreciable changes in terms of reverse 

diode characteristics were detected. 

Next step: 
 Design experiment to simulate the field 
condition of momentary shading on the PV 
modules caused by cloud or bird, etc. 
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1. The Thermal Reliability Study of Bypass Diodes in Photovoltaic
Modules 

by Zhang, Zhen., Wohlgemuth J. 1, Kurtz, 
National Renewable Energy Laboratory, Golden, Colorado, USA 
State Key Lab of Photovoltaic Science and Technology, Trinasolar Co. Ltd., 
Changzhou, China 

. If the heat dissipation is not good enough, there is still some
possibility of diodes degradation or failure in PV modules under hot 
spot condition. Thermal cycle condition with forward biased current 
to diode, are representative of hot spot conditions, can impose a
strong thermal fatigue stress to diode, and may cause failure for
bypass diodes of some PV module that may be able to pass present 
criteria of IEC 61215 

2. High Temperature Reverse By-Pass Diodes Bias and Failures 

by Jean Posbic, Eugene Rhee and Dinesh Amin (MEMC/
SunEdison) 

They developed a very simple method to test diodes in a j-box or individually
in the lab without the need for a sophisticated thermal chamber. 
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Testing with 
leads already 
formed for jbox 
believed to be 
important. 
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20A, 40V 

10:1 into GHz oscilloscope 

1kV Surge Voltage 

Tektronix CT-1 



Key Consideration – This model 
diode is fully recoverable in the 
breakdown region regardless of 
current.  Actual diodes are also 
fully recoverable in breakdown 
below a specific current 
threshold at a specific 
temperature. 

Simple Schottky diode model. 

ESD Source 
Impedance 
Circuit 

Empirical fit but represents 
ground path inductance, contact 
and conductor resistance. 

Peak reverse current ~ 15A, Ringwave pattern around 0A 



One model matches 
real current waveform 
quite well! 



Numerically integrated  
surge energy ~0.4 mJ 

Numerically integrated  
surge energy ~7 μJ 

Numerically integrated  
surge energy ~4 μJ 
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Group A, 56 samples tested, 
2800 ppm expected fails at a 
2.5kV peak ESD voltage.  
 

Group C, 10 samples,  
0-100ppb expected fails at a  
2.5kV ESD peak voltage. 
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A-DC1: IEC --- 
A-DC1: MM --- 

B-DC1: IEC --- 
B-DC1: MM --- 

C-DC1: IEC --- 
C-DC1: MM --- 
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Test -1 ; J-box-A / with potting (Test sequence : center right left) 



Test -2 ; J-box-B-1 / without potting



Test -2 ; J-box-B-2 3 / without potting (Test sequence : center right left) 



Test -3 ; J-box-C / without potting







 





 Chamber temp. ; 75  

Tlead, Vf-Tj, Tlead, Vf-Tj, Tlead, Vf-Tj, 
9A 158.1 160.1 165.0 173.3 143.1 158.7
11A 175.2 178.7 183.4 192.7 156.9 176.8
12A 183.5 187.5 192.4 201.5 164.0 184.5
13A 192.0 195.5 201.2 212.1 170.7 193.7

 Chamber temp. ; 90  

Tlead, Vf-Tj, Tlead, Vf-Tj, Tlead, Vf-Tj, 
9A 168.8 171 175.2 182.6 154.2 169.8
11A 185.4 189.2 192.8 201.4 168.1 186.4
12A 193.7 197.2 201.9 211.3 174.7 194.3
13A 201.7 205.3 210.4 220.1 181.3 203.7

Note 1. : Tlead ; Tj by "Tlead method"  
Tj = Tlead + (Rth Vf If ),  Rth= 2.5 /W  provided by diode maker

Note 2. : Vf-Tj ;  Tj by "Vf-Tj method"
in accordance with "IEC61646 Ed.2  10.18 Btpass diode thermal test / Procedure 2"

If

Test sample  ;  J-box-B-2

Left diode Center diode Right diode

If

Left diode Center diode Right diode
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1. Establishment of  a method of thermal design verification test for  
     J-box, and preparation of a draft standard 

 
2.  Development and manufacturing of thermal runaway test equipment  
      
3.  Suggestions for improvement of Diode Tj  measurement method 
       
4. In order to discuss the rating system, we have to confirm the 

changes of the characteristics of reverse bias after long term 
reliability test. 
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The thermal reliability study of bypass diodes in photovoltaic modules 
 

Zhang, Z.1, 2,  Wohlgemuth J. 1, Kurtz, S.1 
National Renewable Energy Laboratory, Golden, Colorado, USA 

State Key Lab of Photovoltaic Science and Technology, Trinasolar Co. Ltd., Changzhou, China 

Bypass diodes are a standard addition to PV (photovoltaic) modules. The bypass diodes’ 
function is to eliminate the reverse bias hot-spot phenomena which can damage PV cells 
and even cause fire if the light hitting the surface of the PV cells in a module is not 
uniform. The design and qualification of a reliable bypass diode device is of primary 
importance for the solar module. To study the detail of the thermal design and relative long-
term reliability of the bypass diodes used to limit the detrimental effects of module hot-spot 
susceptibility; this paper presents the result of high temperature durability and thermal 
cycling testing and analysis for the selected diodes. During both the high temperature 
durability and the thermal cycle testing, there were some diodes with obvious performance 
degradation or failure in J-box 1 with bad thermal design. Restricted heat dissipation causes 
the diode to operate at elevated temperatures which could lower its current handling 
capability and cause premature failure. Thermal cycle with forward biased current to the 
diode, is representative of hot spot conditions, can impose a strong thermal stress to diode, 
and may cause failure for bypass diodes in some PV module that may be able to pass the 
present criteria of IEC 61215. 

Test samples(shown in fig.1 and fig.2) : 
  3 types of junction boxes for testing 
  J-boxes were attached on mini laminate modules 
  3 diodes per j-box 
  Diode rated current > 10A 
  Thermocouples were bonded to diode cases 

Data monitoring 
  Measure forward and reverse characteristics of diodes before  each thermal 

durability test 
  Monitor current and voltage data of diodes and/or power supply  
  Monitor case temperature of each diode 

Test Procedure 
  Test 1 
•  Put the samples in chamber with controlled temperature of 50, 60, 75°C 
•  Add forward current of 10A to bypass diodes 
•  Monitor the bypass diode case temperature and forward voltage drop and current 
•  1000 hours 

  Test 2 
•  Chamber temperature cycled from -40°C to 85°C  
•  3 hours per cycle 
•  Dwell time at both 85°C & -40°C are 10~30 minutes 
•  Add forward bias current of 10A to diodes when the chamber temperature  is 

higher than 25°C  
•  One power supply is used for one J-box (3 power supplies).  
•  100 cycles 

  Test3 
•  Chamber temperature cycled from -40°C to 85°C  
•  3 hours per cycle 
•  Dwell time at both 85°C & -40°C are 10~30 minutes 
•  Add reverse bias voltage of 12V to diodes when the chamber temperature  is 

higher than 25°C.   
•  One power supply is used for one diode(9 power supplies).  
•  100 cycles 

  Next step 
•  Chamber temperature at 75°C 
•  One hour of reversed bias (12 V ) plus one hour of forward bias(10A) per cycle 
•  20 cycles 

 

Thermal cycle plus reverse bias endurance testing was applied to bypass diodes to assess 
diodes reliability under thermal cycling caused by ambient temperature change  without 
hot spot. 
 
Diodes case temperature are very close to chamber temperature during  the testing  
 
Diodes performance after the testing: 
 12V reverse biased voltage was applied to diodes when the chamber temperature is higher 

than 25°C. 
 Diode case temperature was close to chamber temperature. 
 No failure or obvious degradation of diodes were observed during or after the test. 

Bypass diodesB di d
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Thermocouples 

Thermal cycle plus forward bias endurance testing was applied to bypass diodes to assess 
diodes reliability under thermal cycling caused by ambient temperature change combined 
with hot spot current flow. 
 
Diodes case temperature during  the testing : 

 Box - 1: - 40 ~ 214°C  
 Box - 2: - 40 ~ 158°C  
 Box - 3:  - 40 ~ 157°C  

Diodes performance after the testing: 
 Diodes forwards bias voltage of Box-1 increase dramatically after 40 cycles. Diodes of 
Box-1 totally failed after this testing.  
 Reverse current(at reverse voltage of 10 - 16V)  of diodes 3-2 (middle diode of box-3) and 
2-2 increased by 10~20%. 
 Diodes forward bias voltage of Box-2 remained steady 
 Diodes forward bias voltage of Box-3 increased by 0.5V 

Fig. 1. Junction box sample for testing 

Fig. 2. Assembled testing samples in the chamber   

High temperature endurance testing with forward biased current was applied to bypass diodes to 
assess diodes operating performance under long-term hot spot condition. 
 
  Diodes temperature rise of 3 J-box during the testing(shown in fig.3 and fig.4) : 

•  Box 1: Temperature  rises of diodes 1-1 and 1-2  increased by 20 C . The highest diode case 
temperature reached 220 C when the chamber temperature was 60 C 

•  Box  2: Temperature  rises of diodes were very stable. 
•  Box  3: Temperature rises of diodes 3-1, 3-2 and 3-3 increased slightly 
•  Temperature rises of diodes decreased when ambient temperature increased. 
•  Diode temperature rises of J-box 1 and 3 went up after restart testing. 

 
  Diodes forward voltage of 3 J-box during the testing: 

•  J-box 1: Voltages varied with testing time. Forward voltage of diodes 1-2 increased dramatically 
after restarted testing(Oct. 6), while voltage of diodes1-1, 1-3 decreased. 

•  J-box 2: Voltages were stable 
•  J-box 3: Voltages were stable 

 
  No diode failed after the high temperature testing.  

 
Note:  

1. Temperature rise is the temperature difference between diode case and chamber 
2. Diode 1-2, 2-2, 3-2 is the middle diodes of box 1, box 2 and box 3.  
3. The temperature of middle one is highest in the box. 

Fig. 3. Diode case temperature rise for 3 J-box during high temperature testing 

Test 1 

Fig. 4 Diodes forward voltage of 3 J-box during the high temperature testing 

Test 2 

Conclusions 

Based on the test result above, we can find if the heat dissipation is not good, there is still some 
possibility of diodes degradation or failure in PV modules under hot spot condition. Thermal 
cycle condition with forward biased current to diode, really representative of hot spot 
conditions, can impose a strong thermal fatigue stress to diode, and may cause failure for 
bypass diodes of some PV module that may be able to pass present criteria of IEC 61215.

Test 3 

Fig. 5. Chamber temperature and diode case temperature of box 3 during diodes thermal 
cycle plus forward bias testing 

Fig. 6. Reverse characteristics of  diodes 2-2(Q2) and diode 3-2(Z2) before and after diodes 
thermal cycle plus reverse bias testing 

Fig. 7. Chamber temperature and diode case temperature of box 3 during diodes 
thermal cycle plus reverse bias testing 

Bias voltage /
current 

Monitor diode 
temperature 

Monitor   
Voltage /current 

J-box 

    To assess diodes thermal reliability of PV modules, three indoor tests were designed to 
simulate 3 types of diodes operating condition. The related test results were shown in above 
section.  
    High temperature endurance testing with forward biased current was applied to bypass diodes 
to assess diodes operating performance under hot spot condition. Mini modules with three types 
of junction boxes were put in chamber with controlled temperature. Forward biased current of 
10A was added to bypass diodes; and the bypass diode case temperature and forward voltage 
drop and current were monitored during the testing. After 1000 hours’ testing, though there is no 
abnormal appearance of diode were found and no appreciable changes in terms of reverse diode 
characteristics were detected, the temperature  rise of worst diodes in one J-box increased by 
25°C. The temperature rises of diodes in J-box 1 and 3 went up by 2-15°C and their forward 
voltage increased dramatically  after cool down the diodes and restart testing, while that of  J-
box 2 was stable. Based on the test result above, we can find if the heat dissipation is not good, 
there is still some possibility of diodes degradation in PV modules in hot spot condition. When 
the diodes is forward biased with hot spot current flow, the forward current may make the diode 
hot enough for the dopants that create the N- and P-type areas in the diode to diffuse across the 
junction, wrecking the semi-conducting behavior that we rely on, and cause performance 
degradation.  
    Two types of thermal cycle testing were processed to assess the diodes’ durability of thermal 
cycling stress caused by ambient temperature change with or without hot spot in PV modules. 
Three types of J-boxes were tested in chamber with cycling temperature range from -40°C to 
85°C. For the first 100 cycles, forward biased current of 10A was applied to diodes when the 
chamber temperature is higher than 25°C. One of diodes totally failed with open circuit after the 
first 100 thermal cycles testing. The high temperature combined with thermal cycling will cause 
the diodes resistance increase and damage the PN junctions. For the second 100 cycles, -12V 
reverse biased voltage was added to diodes during the chamber temperature is higher than 25°C. 
The diodes case and junction temperatures were close to ambient temperature during the second 
100 cycles test. And there was no failure or obvious degradation of diodes were observed during 
or after the test. The diodes performance of PV module is stable if there is no hot spot issue. 
    The diode performance is stable if the diode is reverse-biased with low diode temperature. 
However, the leakage currents doubles every 10 C as the temperature increase, and eventually 
the current may reach a level where the heat dissipation within the junction is high enough for 
the junction temperature to run away.  For the field  operating  condition, the PV modules may 
encounter momentary shading caused by cloud or bird, etc. The diodes in the modules will work 
under the condition of high temperature with hot spot current flow firstly when the shading is on 
the modules. Then the diodes will be reverse-biased in high temperature condition after the 
shading is gone. For next step, the experiments need be designed to access the diode thermal 
reliability under simulated the field condition of momentary shading .     
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Key Consideration – This model 
diode is fully recoverable in the 
breakdown region regardless of 
current.  Actual diodes are also 
fully recoverable in breakdown 
below a specific current 
threshold at a specific 
temperature. 

Simple Schottky diode model. 

ESD Source 
Impedance 
Circuit 

Empirical fit but represents 
ground path inductance, contact 
and conductor resistance. 

Peak reverse current ~ 15A, Ringwave pattern around 0A 



One model matches 
real current waveform 
quite well! 



Numerically integrated  
surge energy ~0.4 mJ 

Numerically integrated  
surge energy ~7 μJ 

Numerically integrated  
surge energy ~4 μJ 
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Group A, 56 samples tested, 
2800 ppm expected fails at a 
2.5kV peak ESD voltage.  
 

Group C, 10 samples,  
0-100ppb expected fails at a  
2.5kV ESD peak voltage. 
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A-DC1: IEC --- 
A-DC1: MM --- 

B-DC1: IEC --- 
B-DC1: MM --- 

C-DC1: IEC --- 
C-DC1: MM --- 
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Test -1 ; J-box-A / with potting (Test sequence : center right left) 



Test -2 ; J-box-B-1 / without potting



Test -2 ; J-box-B-2 3 / without potting (Test sequence : center right left) 



Test -3 ; J-box-C / without potting







 





 Chamber temp. ; 75  

Tlead, Vf-Tj, Tlead, Vf-Tj, Tlead, Vf-Tj, 
9A 158.1 160.1 165.0 173.3 143.1 158.7
11A 175.2 178.7 183.4 192.7 156.9 176.8
12A 183.5 187.5 192.4 201.5 164.0 184.5
13A 192.0 195.5 201.2 212.1 170.7 193.7

 Chamber temp. ; 90  

Tlead, Vf-Tj, Tlead, Vf-Tj, Tlead, Vf-Tj, 
9A 168.8 171 175.2 182.6 154.2 169.8
11A 185.4 189.2 192.8 201.4 168.1 186.4
12A 193.7 197.2 201.9 211.3 174.7 194.3
13A 201.7 205.3 210.4 220.1 181.3 203.7

Note 1. : Tlead ; Tj by "Tlead method"  
Tj = Tlead + (Rth Vf If ),  Rth= 2.5 /W  provided by diode maker

Note 2. : Vf-Tj ;  Tj by "Vf-Tj method"
in accordance with "IEC61646 Ed.2  10.18 Btpass diode thermal test / Procedure 2"

If

Test sample  ;  J-box-B-2

Left diode Center diode Right diode

If

Left diode Center diode Right diode
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1. Establishment of  a method of thermal design verification test for  
     J-box, and preparation of a draft standard 

 
2.  Development and manufacturing of thermal runaway test equipment  
      
3.  Suggestions for improvement of Diode Tj  measurement method 
       
4. In order to discuss the rating system, we have to confirm the 

changes of the characteristics of reverse bias after long term 
reliability test. 
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The thermal reliability study of bypass diodes in photovoltaic modules 
 

Zhang, Z.1, 2,  Wohlgemuth J. 1, Kurtz, S.1 
National Renewable Energy Laboratory, Golden, Colorado, USA 

State Key Lab of Photovoltaic Science and Technology, Trinasolar Co. Ltd., Changzhou, China 

Bypass diodes are a standard addition to PV (photovoltaic) modules. The bypass diodes’ 
function is to eliminate the reverse bias hot-spot phenomena which can damage PV cells 
and even cause fire if the light hitting the surface of the PV cells in a module is not 
uniform. The design and qualification of a reliable bypass diode device is of primary 
importance for the solar module. To study the detail of the thermal design and relative long-
term reliability of the bypass diodes used to limit the detrimental effects of module hot-spot 
susceptibility; this paper presents the result of high temperature durability and thermal 
cycling testing and analysis for the selected diodes. During both the high temperature 
durability and the thermal cycle testing, there were some diodes with obvious performance 
degradation or failure in J-box 1 with bad thermal design. Restricted heat dissipation causes 
the diode to operate at elevated temperatures which could lower its current handling 
capability and cause premature failure. Thermal cycle with forward biased current to the 
diode, is representative of hot spot conditions, can impose a strong thermal stress to diode, 
and may cause failure for bypass diodes in some PV module that may be able to pass the 
present criteria of IEC 61215. 

Test samples(shown in fig.1 and fig.2) : 
  3 types of junction boxes for testing 
  J-boxes were attached on mini laminate modules 
  3 diodes per j-box 
  Diode rated current > 10A 
  Thermocouples were bonded to diode cases 

Data monitoring 
  Measure forward and reverse characteristics of diodes before  each thermal 

durability test 
  Monitor current and voltage data of diodes and/or power supply  
  Monitor case temperature of each diode 

Test Procedure 
  Test 1 
•  Put the samples in chamber with controlled temperature of 50, 60, 75°C 
•  Add forward current of 10A to bypass diodes 
•  Monitor the bypass diode case temperature and forward voltage drop and current 
•  1000 hours 

  Test 2 
•  Chamber temperature cycled from -40°C to 85°C  
•  3 hours per cycle 
•  Dwell time at both 85°C & -40°C are 10~30 minutes 
•  Add forward bias current of 10A to diodes when the chamber temperature  is 

higher than 25°C  
•  One power supply is used for one J-box (3 power supplies).  
•  100 cycles 

  Test3 
•  Chamber temperature cycled from -40°C to 85°C  
•  3 hours per cycle 
•  Dwell time at both 85°C & -40°C are 10~30 minutes 
•  Add reverse bias voltage of 12V to diodes when the chamber temperature  is 

higher than 25°C.   
•  One power supply is used for one diode(9 power supplies).  
•  100 cycles 

  Next step 
•  Chamber temperature at 75°C 
•  One hour of reversed bias (12 V ) plus one hour of forward bias(10A) per cycle 
•  20 cycles 

 

Thermal cycle plus reverse bias endurance testing was applied to bypass diodes to assess 
diodes reliability under thermal cycling caused by ambient temperature change  without 
hot spot. 
 
Diodes case temperature are very close to chamber temperature during  the testing  
 
Diodes performance after the testing: 
 12V reverse biased voltage was applied to diodes when the chamber temperature is higher 

than 25°C. 
 Diode case temperature was close to chamber temperature. 
 No failure or obvious degradation of diodes were observed during or after the test. 
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Thermocouples 

Thermal cycle plus forward bias endurance testing was applied to bypass diodes to assess 
diodes reliability under thermal cycling caused by ambient temperature change combined 
with hot spot current flow. 
 
Diodes case temperature during  the testing : 

 Box - 1: - 40 ~ 214°C  
 Box - 2: - 40 ~ 158°C  
 Box - 3:  - 40 ~ 157°C  

Diodes performance after the testing: 
 Diodes forwards bias voltage of Box-1 increase dramatically after 40 cycles. Diodes of 
Box-1 totally failed after this testing.  
 Reverse current(at reverse voltage of 10 - 16V)  of diodes 3-2 (middle diode of box-3) and 
2-2 increased by 10~20%. 
 Diodes forward bias voltage of Box-2 remained steady 
 Diodes forward bias voltage of Box-3 increased by 0.5V 

Fig. 1. Junction box sample for testing 

Fig. 2. Assembled testing samples in the chamber   

High temperature endurance testing with forward biased current was applied to bypass diodes to 
assess diodes operating performance under long-term hot spot condition. 
 
  Diodes temperature rise of 3 J-box during the testing(shown in fig.3 and fig.4) : 

•  Box 1: Temperature  rises of diodes 1-1 and 1-2  increased by 20 C . The highest diode case 
temperature reached 220 C when the chamber temperature was 60 C 

•  Box  2: Temperature  rises of diodes were very stable. 
•  Box  3: Temperature rises of diodes 3-1, 3-2 and 3-3 increased slightly 
•  Temperature rises of diodes decreased when ambient temperature increased. 
•  Diode temperature rises of J-box 1 and 3 went up after restart testing. 

 
  Diodes forward voltage of 3 J-box during the testing: 

•  J-box 1: Voltages varied with testing time. Forward voltage of diodes 1-2 increased dramatically 
after restarted testing(Oct. 6), while voltage of diodes1-1, 1-3 decreased. 

•  J-box 2: Voltages were stable 
•  J-box 3: Voltages were stable 

 
  No diode failed after the high temperature testing.  

 
Note:  

1. Temperature rise is the temperature difference between diode case and chamber 
2. Diode 1-2, 2-2, 3-2 is the middle diodes of box 1, box 2 and box 3.  
3. The temperature of middle one is highest in the box. 

Fig. 3. Diode case temperature rise for 3 J-box during high temperature testing 

Test 1 

Fig. 4 Diodes forward voltage of 3 J-box during the high temperature testing 

Test 2 

Conclusions 

Based on the test result above, we can find if the heat dissipation is not good, there is still some 
possibility of diodes degradation or failure in PV modules under hot spot condition. Thermal 
cycle condition with forward biased current to diode, really representative of hot spot 
conditions, can impose a strong thermal fatigue stress to diode, and may cause failure for 
bypass diodes of some PV module that may be able to pass present criteria of IEC 61215.

Test 3 

Fig. 5. Chamber temperature and diode case temperature of box 3 during diodes thermal 
cycle plus forward bias testing 

Fig. 6. Reverse characteristics of  diodes 2-2(Q2) and diode 3-2(Z2) before and after diodes 
thermal cycle plus reverse bias testing 

Fig. 7. Chamber temperature and diode case temperature of box 3 during diodes 
thermal cycle plus reverse bias testing 

Bias voltage /
current 

Monitor diode 
temperature 

Monitor   
Voltage /current 

J-box 

    To assess diodes thermal reliability of PV modules, three indoor tests were designed to 
simulate 3 types of diodes operating condition. The related test results were shown in above 
section.  
    High temperature endurance testing with forward biased current was applied to bypass diodes 
to assess diodes operating performance under hot spot condition. Mini modules with three types 
of junction boxes were put in chamber with controlled temperature. Forward biased current of 
10A was added to bypass diodes; and the bypass diode case temperature and forward voltage 
drop and current were monitored during the testing. After 1000 hours’ testing, though there is no 
abnormal appearance of diode were found and no appreciable changes in terms of reverse diode 
characteristics were detected, the temperature  rise of worst diodes in one J-box increased by 
25°C. The temperature rises of diodes in J-box 1 and 3 went up by 2-15°C and their forward 
voltage increased dramatically  after cool down the diodes and restart testing, while that of  J-
box 2 was stable. Based on the test result above, we can find if the heat dissipation is not good, 
there is still some possibility of diodes degradation in PV modules in hot spot condition. When 
the diodes is forward biased with hot spot current flow, the forward current may make the diode 
hot enough for the dopants that create the N- and P-type areas in the diode to diffuse across the 
junction, wrecking the semi-conducting behavior that we rely on, and cause performance 
degradation.  
    Two types of thermal cycle testing were processed to assess the diodes’ durability of thermal 
cycling stress caused by ambient temperature change with or without hot spot in PV modules. 
Three types of J-boxes were tested in chamber with cycling temperature range from -40°C to 
85°C. For the first 100 cycles, forward biased current of 10A was applied to diodes when the 
chamber temperature is higher than 25°C. One of diodes totally failed with open circuit after the 
first 100 thermal cycles testing. The high temperature combined with thermal cycling will cause 
the diodes resistance increase and damage the PN junctions. For the second 100 cycles, -12V 
reverse biased voltage was added to diodes during the chamber temperature is higher than 25°C. 
The diodes case and junction temperatures were close to ambient temperature during the second 
100 cycles test. And there was no failure or obvious degradation of diodes were observed during 
or after the test. The diodes performance of PV module is stable if there is no hot spot issue. 
    The diode performance is stable if the diode is reverse-biased with low diode temperature. 
However, the leakage currents doubles every 10 C as the temperature increase, and eventually 
the current may reach a level where the heat dissipation within the junction is high enough for 
the junction temperature to run away.  For the field  operating  condition, the PV modules may 
encounter momentary shading caused by cloud or bird, etc. The diodes in the modules will work 
under the condition of high temperature with hot spot current flow firstly when the shading is on 
the modules. Then the diodes will be reverse-biased in high temperature condition after the 
shading is gone. For next step, the experiments need be designed to access the diode thermal 
reliability under simulated the field condition of momentary shading .     
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Introduction 

• Many degradation processes within a PV 
module are driven by moisture.  

• The concentration of moisture in a module is a 
complex function of the use environment and 
the module construction. 

• In accelerated stress testing one must know how 
water affects degradation to determine what 
temperature and humidity conditions to use.  

• Here we show that by choosing humidity 
conditions that more closely match the use 
environment, one can minimize the uncertainty 
associated with moisture induced degradation 
modes. 
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Outline 

• Describe moisture on the backside of a module. 
• Look at the hydrolysis of a typical back-sheet 

made of PET as a case study for comparing 85 
⁰C/85% RH to outdoor exposure.  

• Examine the moisture and temperature 
environment on the front of a module as a worst 
case scenario. 

• Show how good choices for RH testing will 
minimize uncertainty. 
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Representative Module Environment 

• Use either IWEC or 
TMY-3 data for select 
environments. 

• Use the model of 
King et al.* for 
module temperature. 
 

• This produces 
“representative” data 
intended to generally 
duplicate a use 
environment 
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Moisture in the Back-EVA Layer 

• Assume diffusivity in EVA is much greater 
than in the back-sheet. 

• Also assume transient moisture gradient in 
the back-sheet is unimportant. 

 𝑑𝐶𝐸
𝑑𝑑

= 𝑊𝑉𝑉𝑉𝐵,𝑆𝑆𝑆
𝐶𝐸,𝑆𝑆𝑆𝑙𝐸
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Back-Sheet Exposure 

• A PET based back-sheet will be exposed to humidity 
between that outside and inside the module. 
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Pet Hydrolysis Kinetics 

 𝑙𝑙𝑙 𝐶
𝐶−𝑥

= 𝐴 ∙ 𝑡 ∙ 𝑅𝑅2 ∙ 𝑒
−𝐸𝑆
𝑘𝑘   

Ea=129.4 kJ/mol (1.340 eV), A=2.84·1010 1/day, RH expressed as a percentage. 
  
*PET becomes brittle (1/3 initial tensile strength) and “failed” when log(C/C-x)=~0.0024, 
or about 0.55% hydrolysis of ester bonds.  
 
**Pickett et. al saw the activation energy vary between 125 and 151 kJ/mol with an 
average of 136±13 kJ/mol for four different PET grades.  

O

O O

O

PolyEthylene Terepthalate (PET)
n

HH
O+ O

O O

O H

n-x

HO O

O O

O

x

+

*W. McMahon, H. A. Birdsall, G. R. Johnson, and C. T. Camilli, "Degradation Studies of Polyethylene Terephthalate," Journal of Chemical & Engineering Data, vol. 4, pp. 57-79, 1959. 
**J. E. Pickett and D. J. Coyle, "Hydrolysis Kinetics of Condensation Polymers Under Humidity Aging Conditions," Submitted to the Journal of Polymer Degradation and Stability, 2013. 
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PET Hydrolysis Results 

 𝑙𝑙𝑙 𝐶
𝐶−𝑥

= 𝐴 ∙ 𝑡 ∙ 𝑅𝑅2 ∙ 𝑒
−𝐸𝑆
𝑘𝑘   

Open 
Rack

Insulated 
Back

Open 
Rack

Insulated 
Back

Open 
Rack

Insulated 
Back

Open 
Rack

Insulated 
Back

Denver, Colorado 13,000 4,900 6,500 2,400 5.3 8.7 45 49
Munich, Germany 11,000 4,400 5,100 2,100 6.0 9.2 47 50
Albuquerque, New Mexico 9,000 3,200 4,400 1,500 6.4 11 48 52
Riyadh, Saudi Arabia 8,200 3,000 4,000 1,500 6.7 11 48 52
Phoenix, Arizona 3,400 1,300 1,700 630 10 17 54 58
Miami, Florida 1,100 510 530 250 19 27 62 65
Bangkok, Thailand 700 310 320 150 24 34 66 69

Relative Humidity 
at 85⁰C so that 

1000 h equals 25 
years exposure 

(%)

Temperature at 
85% RH so that 

1000 h equals 25 
years exposure 

(⁰C)

         

Years to 0.55% 
degradation (i.e. 

Hydrolysis Service 
Life) (y)

1000 Hours 
85⁰C/85% RH 

Years equivalent 
(y)

PET is predicted to “fail” after 2064 h of 85 ⁰C and 85% RH. 
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Site Specific Equivalent T and RH 

𝑅 = 𝐴 ∙ 𝑅𝑅𝑛𝑒 −𝐸𝐸𝑘𝑉  

𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑑𝑤𝑑 𝐸𝑎𝑤𝑎𝐸𝑤𝑤 = 𝑅𝑅𝑊𝑊 =
∑𝑅𝑅𝑛𝑒 −𝐸𝐸𝑘𝑉

∑ 𝑒 −𝐸𝐸𝑘𝑉

1
𝑛

 

This tells you what the relative humidity is at the temperatures where the most damage is done. 

𝑅𝑅𝑊𝑊
𝑛𝑒

− 𝐸𝐸
𝑘𝑉𝑒𝑒 =

∑𝑅𝑅𝑛𝑒 −𝐸𝐸𝑘𝑉

𝑁  

∴  
∑𝑒 −𝐸𝐸𝑘𝑉

𝑁 = 𝑒
− 𝐸𝐸
𝑘𝑉𝑒𝑒  

The equivalent temperature (Teq) gives the temperature at RHWA for which constant 
conditions will produce a degradation rate equivalent to the yearly average.  

These terms cancel out 

=
∑𝑅𝑅𝑛𝑒 −𝐸𝐸𝑘𝑉

∑ 𝑒 −𝐸𝐸𝑘𝑉

1
𝑛

𝑛

𝑒
− 𝐸𝐸
𝑘𝑉𝑒𝑒  

∴   𝑇𝑤𝐸 = −
𝐾
𝐸𝐸

𝑙𝑙
∑ 𝑒 −𝐸𝐸𝑘𝑉

𝑁
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PET Hydrolysis Equivalent T and RH 

Open 
Rack

Insulated 
Back

Open 
Rack

Insulated 
Back

Open 
Rack

Insulated 
Back

Open 
Rack

Insulated 
Back

Denver, Colorado 13,000 4,900 6,500 2,400 33 54 14 4.6
Munich, Germany 11,000 4,400 5,100 2,100 28 46 25 8.4
Albuquerque, New Mexico 9,000 3,200 4,400 1,500 37 58 13 4.2
Riyadh, Saudi Arabia 8,200 3,000 4,000 1,500 48 70 5.6 2.0
Phoenix, Arizona 3,400 1,300 1,700 630 46 68 9.8 3.3
Miami, Florida 1,100 510 530 250 37 54 36 14
Bangkok, Thailand 700 310 320 150 41 59 33 12

         

Years to 0.55% 
degradation (i.e. 

Hydrolysis Service 
Life) (y)

1000 Hours 
85⁰C/85% RH 

Years equivalent 
(y)

Teq for Ea=129.3 
kJ/mol  (⁰C)

RH, at Teq for 2nd 
order Kinetics of 

PET (%)

 𝑙𝑙𝑙 𝐶
𝐶−𝑥

= 𝐴 ∙ 𝑡 ∙ 𝑅𝑅2 ∙ 𝑒
−𝐸𝑆
𝑘𝑘   
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What Are Relevant Activation Energies 

*R. R. Dixon, "Thermal Aging Predictions from an Arrhenus Plot with Only One Data Point," Electrical Insulation, IEEE Transactions on, vol. EI-15, pp. 331-334, 1980. 

Degradation 
activation energy 
from Dixon*. Based 
on RTI testing for 
properties such as: 
 
Elongation at Break 
Flexural strength 
Tensile Strength 
Shear Strength 
Burst Strength 
Weight Loss 
Dielectric Strength 
Imp. Strength 
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For Diffusion Controlled Processes 
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Thermal Stress by Location and Mounting 
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Modeling Moisture in the Front-EVA 

Back-Sheet   

 
                     

 
                                                        Glass 

H2O 

Back-EVA 
Front-EVA   PV 

Cell 

The Back-EVA equilibrates with a characteristic time of about a day. 
 
The Front-EVA equilibrates with halftimes of between a day and several years depending on 
the mounting configuration, location, and the position in front of the cell. 
 
Uses the backside water concentration at the perimeter in a 2-D diffusion finite element 
algorithm. The cell size is 156+2 mm to account for water diffusing from the back to the front. 
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× 

Front Encapsulant Water Content 

The front encapsulant traps in moisture seasonally making the center of the cell front the most 
hydrolytically damaging area.  
 
The remainder of this presentation focuses on the center of the front side to evaluate the most 
stressful position in the module. 

Rack mounted, Glass/Polymer modules 
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RH Not Very Dependent Kinetics or Ea 

 

0

10

20

30

40

50

60

0 25 50 75 100 125 150 175 200

W
ei

gh
te

d 
RH

 (%
)

Activation Energy (kJ/mol)

Bangkok, Thailand

1
2
3
4
5

n

Insulated Back

Rack Mounted



17 

Small RH Dependence in All Climates 
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85 ⁰C/85% RH Equivalent Time-Bangkok 
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85 ⁰C/85% RH Equivalent Time-Riyadh 

 

The unknown humidity dependence results in a 1000× uncertainty in the acceleration 
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Good RH Choice Reduces Uncertainty 
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Testing using a chamber humidity of 5% vs. 85% significantly reduces the variability in the 
acceleration factor. 



21 

The Highest RH You Might Want is ~25% 
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Damp Heat vs. Low RH Stress Test 

Without knowing the moisture induced degradation kinetics, it is better to use a low RH and 
accelerate processes principally by thermal acceleration. 
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Conclusions 

• With respect to PET hydrolysis, 85 ⁰C/85% RH, 
may be equivalent to hundreds or thousands of 
years. 

• For thermal and/or moisture induced failure, the 
mounting configuration can be as important as 
the location. 

• Care must be taken in accelerated stress testing 
to account for the variable relative acceleration 
of the different degradation modes. 

• Choosing the right humidity level for accelerated 
stress testing can dramatically decrease the 
uncertainty in the results. 
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FAQs:  

Source: Fraunhofer CSP, 2012 

• Relation between different PID lab-tests and PID in the field? 

• Is transferred charge a degradation indicator 
=> time-to-failure estimation? 

• Role of reversible effects? 

• Thin-film tests to be based on the IEC Draft 62804 for c-Si? 



Outline 

• PID failure of c-Si and thin film 

• Power degradation 

• Evaluation of leakage currents from lab and field 

• Does PID match with charge? 

• Recovery effects 
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PID failure of c-Si and thin film modules 

c-Si Si-TF CIGS 
(a-Si, µmorph) 

CdTe 

Degradation Power loss Power loss; Power loss 
effect Delamination 

Defect location SixNy TCO CIGS 

Trigger Leak. Current Leak. current; Leak. current 
Moisture 
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Approach 

Indoor (climate chamber) 

Leakage current (T-, RH-matrix) 
Power loss (STC and low light) 
Recovery 

Bias -1000 V  

Field (Widderstall)  

Leakage current (5min sampling)  
Power loss (flasher)  

Bias up to -800V (PV- Generator)  

R
el

at
iv

e 
Po

w
er

 

Si-TF 1 
Si-TF 2a 
Si-TF 2b 
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Outline 

• PID-failure of c-Si and thin film 

• Power degradation 

• Evaluation of leakage currents from lab and field 

• Does PID match with charge? 

• Recovery effects 
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Module power after 85°C/85%-PID test: all technologies 
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85°C/85%RH Test with -1000V Bias 
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CdTe 1 
CdTe 2 
c-Si 1  
c-Si 2a 
c-Si 2b 
c-Si 3 
c-Si 4 
c-Si 5 
c-Si 7a 
c-Si 7b 
c-Si 7c 

• Wide variation from stable to highly PID susceptible 

• Reproducibility of PID failure is quite o.k. 
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Module power after 85°C/85%- PID test: c-Si only 

85°C/85%RH Test with -1000V Bias 
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• Shunting occurs (loss of FF, Rsh, very bad at weak light) 
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Module power after 85°C/85%- PID test: TF only 
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HV-DH Exposure Time [hours] 
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Si-TF 4 
Si-TF 5 
Si-TF 6 
Si-TF 7 
Si-TF 8 
CIGS 2 
CIGS 3 
CIGS 4 
CIGS 5a 
CIGS 5b  
CdTe 1 
CdTe 2 

• TCO corrosion occurs for some Si-TF and CdTe products 

• Shunting occurs for some CIGS products; no visual defects 

• For most of the PID-susceptible TF modules grounding is mandatory 
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Optimization of PID-resistivity by choice of mounting: 
Si-TF module 

85°C/85%RH Test with -1000V Bias 
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Si-TF Back Rail 
Si-TF Clamps 
Si-TF Frame 

0 200 400 600 800 1000 

Exposure Time [hrs] 

• Back Rail mounting reduces susceptibility for TCO-corrosion 
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Outline 

• PID-failure of c-Si and thin film 

• Power degradation 

• Evaluation of leakage currents from lab and field 

• Does PID match with charge? 

• Recovery effects 
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Arrhenius plot of leakage currents from the lab: 
 

85°C/85% 60°C/85% 
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•   typically between 0.6 and 0.8 eV  Activation energy Ea

• Current is strongly dependent on humidity 
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Evaluation of leakage currents in the field 

Location: Widderstall, Southern Germany 
9.713°E, 48.537°N, 750m AMSL

  Rainy day 
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Superposition of chamber and field measurements 
Outdoor from Jan to Jul 2012 

Wet and cool 

Dry and hot 

60°C/85% 

• High currents for wet and cool modules 

• Low currents for dry and hot modules 

• Moderate acceleration at 60°C/85% vs. wet and cool
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Summer/winter distribution of leakage currents and charge 

• major contribution to transferred charge stems from wet/cool modules 
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Outline 

• PID-failure of c-Si and thin film 

• Power degradation 
• Evaluation of leakage currents from lab and field 

• Does PID match with charge? 

• Recovery effects 

17 



Estimation of time to 90% initial power (P90) 

- If charge transfer would be the only PID-trigger -

Module Q from 85/85 Qd from 
type for P90 Outdoor 

[C/m²] [mC/m²] 
c-Si 2 0.6 7.5 
Si-TF 2 33 32 
CIGS 5 1.4 1.3 
CdTe 2 23 6.1 
CIGS 4 > 87 0.6 
CIGS 3 > 37 0.25 
Si-TF 6 > 300 1.4 

Outdoor time)* 
to Q for P90 

[yrs] 
0.2 
2.8 
3.1 
10 

> 4*E2 
> 4*E2 
> 5*E2 

)* valid for location Widderstall, at about -800V Potential 
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Does PID match with transferred charge? 
Example: CIGS 5 

P90 

85°C/85% 

60°C/85% 

Power loss vs. time 
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Activation energy for power loss and leakage currents 
CIGS 5 
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  [
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CIGS 5 

1,0E+05 
P50: 

Ea=0,92eV 

1,0E+04 

1,0E+03 P90 
P50 

P90:1,0E+02 Ea=0,98eV 

1,0E+01 
0,0027 0,0029 0,0031 0,0033 0,0035 

1/T [1/K] 

P-loss: Leakage current:
Ea = 0.92….0.98eV Ea = 0.78…0.82eV 

• Ea similar for P-losses and temperature activated leakage current 
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PID vs. charge 
CIGS 5 

60°C/85% 

85°C/85% 

• Match of PID with transferred charge 

• Field sample also seems to match with charge (not shown) 
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Does PID match with transferred charge? 
(2) Si-TF 

Si-TF 2 60°C/85% Si-TF 5 60°C/85% 
1,11,1 

11 
0,90,9 

Si-TF 2c 60/85 
Si-TF 2a 85/85 
Si-TF 2b 85/85 
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0 0 

• No match of PID (TCO-corrosion) with transferred charge for Si-TF 

• Ea = 1.1 to 1.2eV for power loss, much higher than Ea for leakage current 

• Moisture ingression probably limiting at low temperature 
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Does PID match with the transferred charge? 
(3) c-Si 

85°C/85% 

60°C/85% 

field 

• Possible match of PID with charge for 60/85 and 85/85 

• No PID after more than 1 year in the field 
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• Module type failed IEC62804 test 



Outline 

• PID-failure of c-Si and thin film 

• Power degradation 

• Evaluation of leakage currents from lab and field 

• Does PID match with charge? 

• Recovery effects 
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Thermal recovery of c-Si after PID stress 

c-Si 6 
8h PID 

60°C/85% 1 
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Recovery 
at 60°C 

PID 60/85/-1000V 

Recovery 60°C 

20 40 60 80 100 
Exposure Time  [Hours] 

• Thermal recovery at low temperature is relevant for c-Si 

• Is important for the field behaviour of c-Si: 
balance between periods of leakage current driven PID 
and temperature driven recovery 
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Thermal recovery of c-Si after PID stress (2) 

After 2h 25°C/ 
95% PID 

• Relevant recovery even at 25°C possible 

• Acceleration at higher T 
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• Ea is 0.7 to 0.8 eV 



Thermal recovery of c-Si after PID stress (2) 

C. Taubitz, EUPVSEC, 2012 

Stop 
voltage- stress 

• After stop of PID: power degradation continues for hours 

• Within the 2 to 8h period after stress (62804 draft): power is not stable 
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Conclusions and summary 

• Leakage currents are 
- temperature activated with Ea 0.6 to 0.8eV and 
- significantly driven by humidity 

• CIGS: Correlation of PID (60/85 and 85/85) with transferred 
charge 

• Si-TF: No correlation of lab-PID with transferred charge; 
moisture ingression might be limiting for TCO-corrosion 

• c-Si: - Correlation with transferred charge definitively not true 
for PID in the field 
- Thermal recovery from PID at low temperature can be 
relevant: needs to be addressed in the IEC Draft? 
- Thermal recovery might reduce the acceleration of 
stress tests at high T 
- Balance of leakage current driven degradation and 
thermal recovery controls PID for c-Si in the field 
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Needs and Approaches 

Service life assessment needs to take UV-degradation seriously intoService life assessment needs to take UV degradation seriously into 
account (up to 3000 kWh/m² in the desert for 25 years) 

Different suitable artificial UV radiation sources are available for ALT 
i h i l di ib i f h i di iwith varying spectral distribution of the irradiation 

Different spectral sensitivities of the tested materials have to be
expectedexpected

Are comparable tests in different labs possible ? 

Can we accelerate tests by increasing UV intensity? 

Can we accelerate tests by increasing the sample temperature? 
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Present Activities 

Comparison of different light sourcesComparison of different light sources 

Test protocols for mini-modules in Japan 

Round Robin testing of encapsulants 

Round Robin testing of light sources and back-sheets 

Modelling the UV – irradiation locally and globally 
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UV – Round Robin Light and Back-Sheets 
Aim: 

Comparison of the effect of different UV- sources on 
glass/encapsulant/backsheet laminates with different materials 

Spectral distribution of different UV-light sources leads to different  
degradation on different materials 

Stronger UV testing needs better definition of the test conditions 
550 
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100 

Spectra of radiation sources used in PV testing 
50 
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UV-spectrum measured 
on a German mountain (2600m altitude) 
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/c

m
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UV – Round Robin Samples 
Sampples: 

manufacturers provide different back-sheet types 

ISE produces laminates (usual glass and EVA, 13x20 cm) 
and 300 sample holders (till end of February)and 300 sample holders (till end of February) 

3 long-pass filters3 long pass filters 

Unfiltered area 

2 n t l densit filters (grids)2 neutral density filters (grids) 
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UV – Round Robin Procedure 

Time frame: September 2013 

Samples: 

manufacturers pprovide different backsheet typypes 

ISE produces laminates (usual glass and EVA, 13x20 cm) 

direct radiation on the back side and on the front glazing 

Testing procedure: 

2 temperature levels: 60°C, 80°C (e.g.) (Assessment of sample 
temperatures) 

Irradiation: integral UV dose: min. 120 kWh/m2 

Light sources and (spectral distribution) characterised  
radiometrically (Fluorescence, Metal-halide, Xenon) 

3 longpass and 2 neutral density filters provided by ISE 
6 



UV – Round Robin Procedure 

Characterisation procedures after 0Characterisation procedures after 0, 3030, 6060, 120 kWh (when available):120 kWh (when available):

Spectral hemispherical reflectance (UV-VIS-NIR) 

Calculation of Yellowness Index or adequate degradation indicator 

Raman / Micro-Raman spectroscopy 

FTIR-ATR measurements for BS 

Calculation of carbonyl-index 

Optical microscopy/AFM investigation for microcracks in BS 

Fluorescence ffor encapsulants 

And …..? 
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UV – Round Robin Participants 

Backsheet manufacturersBacksheet manufacturers 

Krempel 

Toray 

Feron 

Coveme 

DupontDupont

Toppan printing 

Dunmore 

Test labsTest labs

ISE 

JRC 

Fiti 

ITRI 

KTIKTI

NREL 

Ametek 

Encapsulant: UV transparent EVA 

Small number of TPSE ((ggiven 
adherence to back-sheet required) 

Glass: Interfloat 8 



UV – Round Robin Procedure 

Results 

Differences of degradation in different labs 

Rough idea about spectral sensitivity of materials 

Proven UV-stabilitystabilityProven UV

Acceleration possibilities by temperature increase 

Base for new materials/modules standard 
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UV Round Robin ScheduleUV – Round Robin Schedule 
Preparation and Testing 

Purchasing of components (filters, etc) is finished 

Back-sheet materials are collected 

Production of Mini-modules and filter-holders in March 2013 

Distribution of samples to test labs beginning of April 2013 

( / ²)Testing till August 2013 (at least 120 kW/m²) 

intermediadte telecons or meetings at NRELMRW, TC82 WG2 meeting) 

Final characterisation of the samples and evaluation of data by
Fraunhofer ISE August - September 2013 

FiFinal discussiion off ththe resultlts during PVSEC2013PVSEC2013 or fall meetiting ofl di d i f ll f
TC82 WG2 
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Overview of the QA TG5-Japan Activities 

Objectives: 
(1) Develop the procedure for a suitable UV weathering test using mini-modules. 
Factors during the test: irradiation intensity, temperature, humidity 
Experiment will help determine: test duration + characteristics to measure 

(2) A combination test or a sequential test series (if appropriate). 
UV th i + D i M h i l l d t tUV weathering + Dynamic Mechanical load test 
UV weathering + DH Test  

Provisional schedule: 
4 cell mini-module test 2000 cumulative hours: 2013 June 
Examination of UV weather resistant test of 1 cell module: 2013 October 
Examination of a compound or sequential test: 2013  October 
International proposal for a new comparative UV weathering test system and 

certification including the test of a full-size module, a mini module, and materials: 
2014 May. 
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120410-02 120710-02 120410-04

Module layout in the UV chamber 

120410 02 

120710-01 

120710 02 120410 04 

120410-03 120710-03

X: Thermocouple gage 
Junction BOX 

UV weathering test of 4-cells small size module  QA Task-5 Japan 
90 W / m2 UV 300-400nmIrradianceIrradiance 90 W / m2 UV 300 400nm

Nearly 2x UV ASTM G173 Xenon Lamp) 

Chamber temp. 65 
Chamber humidity. No Control

typicaltypical 1 10 RH1 –10 RH
Test Modules 4-cells, polycrystalline Si 
Termination  Open circuit 

Backsheet Multilayer laminated PET 

Encapusulant EVA (all: fast cure) 
EVA A Within  the shelf life 
EVA B Over the shelf life 

SampleSample ID and Test sequenceID and Test sequence M d l l i h UV h b

The front or back side is irradiated  12 



Initial 
UV330h 
UV660h 
UV990h 
UV1314h 

120410-02 CH1120410 02 CH1

Initial 
UV330h 
UV660h 
UV990h 
UV1314h 

120710 01 CH2120710-01 CH2
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Output power performance                 QA Task-5 Japan 
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Discoloration of the Backsheet QA Task-5 Japan 
Measurement positionMeasurement position Measurement positionMeasurement position Slight yellowing of BS was observedSlight yellowing of BS was observed. 

Cross sectional view
Yellowing of BS differs on a cell vs. off 

Glass

BS 

of a cell. 

When UV light irradiation was carriedWhen UV light irradiation was carried 
out on the front side, after irradiation on 
back side, yellowing of the backsheet 
increased significantly. 

 Result: higher temperature on cell?measuredmeasured atat  Cell 
990hrs,1314 hrs onlyonly990hrs,1314 hrs

Test sequence I : Test sequence II :
Front side 990hFront side 990h + Back side 324h+ Back side 324h Back side 330h + Front side 984h 

+UV324h 

on cell 

off 
of cell 

+UV330h +UV660h +UV984h 14 



Motivation for the Ea Interlaboratory Experiment 
As in Kempe, “Group 3: Understanding the Temperature and Humidity 

Environment Inside a PV Module ”, knowing Ea is critical to prescribing and 
interpreting a <UV and temperature> mediated test. 
U f t t l E iis not known ffor the common UV PV dUV PV degradatition modes.Unfortunately, Ea t k th d d

n EaT RTk A e
Critical unknowns TCritical unknowns T0
(Goals for the interlaboratory experiment): The modified Arrhenius equation 

1. Quantify Ea, so that applied test conditions can be interpreted. 

2. Provide a sense of the range of Ea that may be present by examining “known  
bad”, “known good”, and “intermediate” material formulations. 

3. Determine if there is siggnificant coupplingg between relevant aggingg factors,, 
i.e., UV, temperature, and humidity. 
What factors does TG5 need to consider? 

4 Investigate the spectral requirements for light sources by4. Investigate the spectral requirements for light sources by 
comparing Ea for different sources, i.e., Xe-arc, UVA 340. 
Is visible light required in addition to UV light? 
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Degradation Mechanisms for Crystalline Si PV 
Failure/degradation mechanisms from the literature†:Failure/degradation mechanisms from the literature†:

• Corrosion of AR coating on glass (Group3/Group 5) 
• Corrosion of cells (Group 3/Group 5) 
•• Corrosion of electrical interconnects (Group 3/Group 5)Corrosion of electrical interconnects (Group 3/Group 5) 

• Delamination of encapsulation (Group3/Group 5) 
Diode failure during “hot spots” (Group 4) 
Di l ti f l ti (G 5)• Discoloration of encapsulation (Group 5)

• Embrittlement of back sheet (Group 5) 
• Embrittlement of encapsulation (Group 5) 

• Crazing of glass. Crazing/roughening of front surface (Group3/Group 5) 

• 
StStuddy thesethese

• Embrittlement of junction box material and wire insulation (Group 5) 
• Fatigue of solder bonds (Group 2) 
• Fatigue of interconnects [open circuits/arcing ] (Group 2) 
• Fracture of cells (Group 2) 
• Fracture of gglass/supperstrate ((Groupp2 ))
• Ground faults (Group3/Group 5) 
• Junction box and module connection failures (Group 2) 
• Soiling of glass/superstrate (TBD) 
•• Structural failures (TBD)Structural failures (TBD) 

Literature*, site inspections, and industry feedback suggest these are most common 

† based on Wohlgemuth, “PV Modules: Validating Reliability, Safety and Service Life”, Intersolar 2012 Conf. 
*e.g., D. C. Jordan and S. R. Kurtz, “Photovoltaic Degradation Rates—an Analytical Review”, PIP, 21 (1), 2013, pp. 12-29. 
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Ingredient Comment Mass {g} Mass {g} Mass {g} Mass {g} 
Elvax PV1400 Dupont EVA resin, 33 wt% VAc 100 100 100 100 

Dow Corning Z6030 Silane primer, gama-methacroyloxy propyl trimethoxysilane 0.5 0.5 0.5 0.5 
Tinuvin 770 Hindered amine light stabilizer (HALS) 0.13 0.13 0.13 N/A 
Tinuvin 123 Non-basic aminoether-hindered amine light stabilizer (NOR-HALS) N/A N/A N/A 0.13 

TBEC Curing agent, OO-Tertbutyl-O-(2-ethyl-hexyl)-peroxycarbonate, 
0.133kPa at 20C. N/A 1.5 1.5 1.5 

Lupersol 101 Curing agent, 2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane 1.5 N/A N/A N/A 
N d PNaugard P Ph hi i id (AO)Phosphite anti-oxidant (AO) 0 250.25 0 250.25 N/AN/A N/AN/A 
Tinuvin 328 Benotriazole UV absorber (UVA) N/A N/A N/A 0.3 

Cyasorb 531 Benzophenone UV absorber 0.3 0.3 0.3 N/A 

Comments "Known bad", 
"slow cure" 

"Intermediate", 
"fast cure" 

"Intermediate", 
"fast cure" "Known good" 

17Details of the Ea Test Specimens 
(4) custom EVA formulations (1) TPU product proposed for study(4) custom EVA formulations, (1) TPU product proposed for study. 
EVA to be extruded at NREL; specimens to be laminated at NREL.  

50x50mm2 quartz/encapsulation/quartz geometry for transmittance50x50mm quartz/encapsulation/quartz geometry for transmittance. 

? ?? ? 
quartz/EVA/quartz specimen Photo of aged PV module 

Kempe et. al., Proc. PVSC 2009, 1826-1831. Miller, from APS-STAR site 

Details of adhesion experiment to be determined. 17 



The Ea Interlaboratory Experiment Enables a Wider Range of Study
Discoloration & adhesion will be studied in detail at different institutions using  

the same make & model of instrument (i.e., Ci5000, QUV). 
This overcomes the difficulty of limitedly-available aging equipment. 

A standard condition (70 C in chamber) allows a broad variety of other  
instruments to also be compared. 

LIGHT SOURCE, FILTER Xe Arc (right light/cira filter) UVA 340 fluorescent (no filter) UVA 340 fluorescent (no filter) No light
field deploymentfield deployment

(outdoors)

UV LIGHT INTENSITY NOMINAL (92W•m 2 for 300 400) NOMINAL (0.92W•m 2@340 nm) NOMINAL (245.5W•m 2 for 300 400 0W m 2

CHAMBER RELATIVE HUMIDITY {%} 20 ("low") 50 ("high")

match for
"very low"
(~7%) ~7% ("very low") 50 ("high") 25 ambient

CHAMBER TEMEPRATURE {°C} 50 70 90 50 70 70 50 60 70 50 70 90 70 ambient

PARTICIPANT
(INSTRUMENTMODEL)

3M (Ci5000)( 00) 3M(Ci5000)( 0) 3M(Ci5000)( 0) ATLAS (Ci5000)( 0) Mitsui(SX120)( )
QLAB (QSUN XE3)

NREL (Ci5000)( 00) CWRU (QUV)(Q )ATLAS (UVTEST)(U ) QLAB (QUV)Q (Q )
Fraunhofer
(custom)(c )

Fraunhofer
(custom)(c )

Fraunhofer
(custom)(c ) NREL ATLAS (EMMA in Phoenix)( )

QLAB (QSUN XE3) NREL (XR260) NREL (UV suitcase) CWRU (5x in Cleveland)
ATLAS (SunTest XXL) Fraunhofer (custom) ATLAS (rack in Phoenix)

Suga (SX75) Suga (FDP) ATLAS (rack in Miami
NREL (rack in Golden)

Summary of participating laboratories and test 
conditionsconditions

Rate of degradation will be compared against field data to allow site specific  
acceleration factors to be computed. 
Outdoor data should help verify validity of the test. 

Separate experiment at NIST (same EVA’s) will determine action spectrum 18 



Summary of QA TG5 (UV, T, RH) 
Goal develop UV & temperature facilitated test protocol(s) that may be used to assessGoal develop UV & temperature facilitated test protocol(s) that may be used to assess 

materials, components, and modules relative to a 25 year field deployment. 
Round-robin (under Sophia project) 

Emphasis on backsheet materialsEmphasis on backsheet materials 
Examination of source (spectral) dependence 

Mini-module round-robin (QA Task-5 Japan) 
Examining backsheet and encapsulation 
Apply a combination or series of aging plus dynamic mechanical or DH tests? 

Ea interlaboratory study 
Examining discoloration and delamination of encapsulation 
Quantify coupled and (irradiation) source dependent effects 

Uppcomingg talks in QA TG5 session: 
David Burns and Kurt Scott, “Light Sources for Reproducing the Effects of 

Sunlight in the Natural Weathering of PV Materials, Components and Modules” 
(light sources, indoor weathering equipment, spectral effects on materials) 

Charlie Reid, Jayesh Bokria, and Joseph Woods, “Accelerated UV Aging and 
Correlation with Outdoor Exposure of EVA Based PV Encapsulants” 

(results of a field study) 
19 



Goal and Activities for QA TG5 (UV, T, RH) 
IEC qualification tests (61215, 61646, 61730-2) presently prescribe up to 137 days 

equivalent (IEC 60904-3 AM 1.5) UV-B dose 
Goal develop UV & temperature facilitated test protocol(s) that may be used to assess 

t i l t d d l l ti t 25 fi ld d l tmaterials, components, and modules relative to a 25 year field deployment. 

Core Activities: 
1: ((weatheringg and climates… location deppendent information)) 

e.g., known benchmark locations… Miami, FL; Phoenix, AZ 
2: (standards from other fields of work) 

summary exists from Kurt Scott et. al. 
3: (test conditions)3: (test conditions) 
4-1 (collect information about observed failure mechanism) 

e.g., the literature, site inspections 
4-2 (find appropriate models for ALT procedures) 
5: (suitable UV sources) 

summary exists from David Burns et. al. 
6: (proposal for accelerated service testing) 
7: (laboratory verification of acceleration of proposed test standard/failure mechanism)7: (laboratory verification of acceleration of proposed test standard/failure mechanism) 

Japan mini-module study, Sophia round-robin, Ea interlaboratory study 

20 
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Light Sources for Reproducing the  Effects of Sunlight in the 
Natural Weathering of PV Materials and Systems

1. PV Challenge and PVMQA

2. Weathering Fundamentals
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1. In-Scope & Out of Scope

2. Reference Sources

3. Commercial Sources – Advantage/Disadvantagesg g

1. Fluorescent Ultraviolet Lamps
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4. General Conclusions and Caveats
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1. The Photovoltaic  Challenge

Czanderna & Jorgensen, NREL (1999)

$“…the worldwide investment in PV installations is approaching $100 billion/yr. 
Those financing this market growth want to be able to predict the risk of 
failure of PV products and are asking for more quantitative tests.”

NREL/AIST/EC/SEMI 2011 http://www.nrel.gov/docs/fy11osti/50651.pdfNREL/AIST/EC/SEMI 2011 http://www.nrel.gov/docs/fy11osti/50651.pdf

2/27/2013 3NREL 2013 PV Module Reliability Workshop 
Burns & Scott



http://www.nrel.gov/ce/ipvmqa_task_force/about.cfm

…use local weather data ... creation of standards … assess a module's ability to withstand regional 
stresses … define a minimum durability … durability standards that lead to the desired durability … 
…comparative information about the durability …quantitative PV lifetime predictions…

Int’l PVMQA is all about creating a standard approach to evaluate theInt l PVMQA is all about creating a standard approach to evaluate the

Weatherability
(the capability … to resist the deteriorating effects of weather exposure; 

f l h t i d hi h d l h idit )for example, sun, heat, rain and high and low humidity.)
&

Durability
(the capability …to maintain serviceability over not less than a specified time.)

&&
Service Life Prediction

(an estimate of the mean functional life of a material under defined in-service conditions 
based on modeling of Time-to-Failure as a function of weathering stresses 

calculated using location specific climate data as inputs)
[see ASTM Technical Committee E06 on Performance of Buildings and G03 on Weathering & Durability]

of photovoltaic module designs under the range of natural weathering conditions 
t d i i

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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2. Weathering Fundamentals

Weathering Science – the interdisciplinary field of applied photochemistry,Weathering Science the interdisciplinary field of applied photochemistry,
materials science, chemical kinetics and climatology concerned with 
understanding the effect that exposure in the natural environment has on the 
degradation and lifetime of materials and constructions.

Weathering – photo-induced changes resulting from exposure to the radiant 
energy present in sunlight in combination with heat, including temperature 
cycling, and water in its various states, predominately as humidity, dew and y g p y y
rain.

Weathering Test – a defined exposure procedure for degrading a material or 
construction by weathering The result of a weathering test is expressed inconstruction by weathering. The result of a weathering test is expressed in
terms of time to a specified property change (t P(x)), Time-to-Failure (tF(x)) or 
degradation rate (dP(x)/dt), where x denotes the property monitored.

Predictive Weathering Test - a weathering test that induces the same 
degradation along the same pathways and to the same end state as that 
produced by outdoor weathering. Discussion: Predictive weathering tests are 
the only tests valid for service life prediction

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Weathering Fundamentals
The elusive quest: The elusive quest: 
A i l th i t t th t t l di t iA i l th i t t th t t l di t i i lif tii lif tiA single weathering test that accurately predicts inA single weathering test that accurately predicts in--service lifetime.service lifetime.

Outdoor weathering test – an exposure test conducted in the natural 
environment using the sun as the source of radiation and subject to the g j
natural variation in the environment (solar irradiance).

Artificial weathering test - an exposure test conducted in a laboratory 
weathering device using an engineered source to simulate sunlight and aweathering device using an engineered source to simulate sunlight and a
controlled environment (simulated solar irradiance)

Accelerated weathering test - an exposure test that applies stress at levels 
higher than those encountered in-service in order to induce degradation 
within a shortened (‘accelerated’) time frame.

The reality:The reality:The reality:The reality:
Results of a set of predictive weathering tests allow one to calculate lifetime Results of a set of predictive weathering tests allow one to calculate lifetime 
(service life prediction) and quantify the relative the risk of future failure under (service life prediction) and quantify the relative the risk of future failure under 
specific idealized inspecific idealized in--service conditions.service conditions.

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Weathering Fundamentals

“UV” is not the entire story, especially in PV …. Long wavelength solar 
i di ( 380 ) i d t f h t lt i i Sh tirradiance (> 380 nm) is mandatory for photovoltaic energy conversion. Short
wavelength visible light is also known to contribute to polymer photodegradation 
during long term exposure via multiple reaction pathways. Using only part of the 
solar spectrum may excite only some of the degradation processes.  Whether 

Sunlight

p y y g p
“UV” (<380 nm) plays the controlling role must be experimentally validated and 
not simply assumed a priori.

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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3.1 In Scope / Out of Scope

IN Scope
1. Standard sources

2. Commercial sources
(i.e., broadly available, multiple suppliers)

3 Specialty research sources3. Specialty research sources
(select Government / Independent  Labs)

OUT of ScopeOUT of Scope
1. Specific commercial equipment

2 C t2. Cost
($ Equip + $ Operation + $ Maintenance +$ Calibration)

Test Relevance x Test ReliabilityValue to Solar in

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Test Relevance x Test Reliability
Cost

Value to Solar in
mitigating Financial Risk



2. Reference Sources – Sunlight, the Ultimate Reference

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Sunlight varies - both in spectral distribution and intensity

Place to Place

Hour by Hour

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott

10



Sunlight varies – Day-to-Day, Seasonally and by module orientation
(roof, rack, track, BIPV)

12a    8a     4p    12a   8a     4p    12a   8a     4p    12a    8a     4p   12a
Jan 1                 Jan 2                  July 1                 July2

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Sunlight varies – Frontside and Backside

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Standardized  Reference Sources

A reference standard solar spectral distribution is needed ..
..to compare the relative optical performance of 

spectrally sensitive productsspectrally sensitive products
..to calculate solar-weighted properties
..to compare the relative performance of competitive 

products .. before and after weathering

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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ASTM G173  – A realistic representation

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Standard Sunlight – More than one: 
ASTM G173, ASTM G177, CIE 85 Table 4, IEC 60904-3

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Standard Sunlight – More than one: 
ASTM G173, ASTM G177, CIE 85 Table 4, IEC 60904-3

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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3.3.1 Commercial Fluorescent Ultraviolet Lamp Sources

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Fluorescent Ultraviolet Lamp Sources - scaled

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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UVB313 UVA340 UVA351*

Advantages

1. Simple construction 1. Simple construction 1. Simplep
2. Very short high energy radiation

produces fast degradation;
3. Irradiance controllable  (but not common 

practice)
4. Good spectral reproducibility lamp to lamp

p
2. Readily scalable to large exposure area;
3. Good match to solar cut-on;
4. Good spectral distribution match out to ~ 360 

nm;
5. Irradiance controllable ( up to~ 1.6 W/m2/nm

@340 2X k l )

p
construction

2. Simulates 
sunlight
through
ordinary

i d@340 nm; ~2X peak solar)
6. Good spectral reproducibility  lamp to lamp

window
glass

Disadvantages

1. Does NOT match solar cut-on; 1. Poor  spectral match >360 nm (Actives only 1. Poor 
2. Degradation does NOT reproduces the 

effects of sunlight (see Nicholas, Gerlock, 
Fisher&Ketola, Pickett, …)

(ASTM G154: NOTE 8—Fluorescent UVB 
lamps emit significant amounts of

degradation processes initiated by <360
nm);

2. No significant radiation >400 nm (Lacks 
radiation to fully engage photoactive 
component) ; 

3 Limited dynamic range : 0 7 1 6 W/m2/nm

simulation of 
sunlight
through
solar glass

lamps ….emit significant amounts of
radiation below 300 nm…that may result in 
aging processes not occurring outdoors. Use 
of this lamp is not recommended for sunlight 
simulation.)

3. Limited dynamic range : ~0.7 – 1.6 W/m2/nm
@340 nm;

Overall Advantage –Scalable & Relatively simple to operate and maintain

Note on Mixing lamps : ASTM G154: NOTE 3—Do not mix different types of lamps. Mixing different types of 
lamps in a fluorescent UV light apparatus may produce major inconsistencies in the light falling on the samples, 
unless the apparatus has been specifically designed to ensure a uniform spectral distribution.

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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3.3.2 Commercial Filtered Xenon Arc Sources

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Filtered Xenon Arc Sources for Simulating Sunlight

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Daylight filters for Xenon Arc Sources to replicate the Solar Cut-on

“Extra” high energy radiation makes a 
difference in correlating accelerated
with outdoor results, especially when 
doing service life prediction

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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Advantages

Filtered Xenon Arc Sources

1. Simple construction - xenon gas in sealed quartz
2. Can optimize spectra using various filter sets - 2nd generation Daylight 

filters provide very good match to solar cut-on are available for most all 
xenon devicesxenon devices

3. Full spectrum source from solar cut-on through the infra-red
4. Irradiance control with large dynamic (~0.2 to 1.7 W/m2@340nm)

without significant changes in spectral distribution that is essential for 
i it t direciprocity studies

5. Good spectral reproducibility lamp to lamp

Disadvantagesg
1. Complexity of equipment - requires active cooling of source with air or 

water jacket
2. High IR relative to sunlight from ~ 850-1050 nm – could increase radiant 

heating relative to sunlight; can mitigate with IR filtersheating relative to sunlight; can mitigate with IR filters
3. Not readily scalable to large sizes (full module size)

Overall Advantage – Full spectrum with good match to solar cut-on and 
l d i

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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large dynamic range
Overall Disadvantage – Scalability and operational complexity



3.3.3 Commercial Metal Halide Sources

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Metal Halide – All are NOT created equal

UV (300-400 nm) 
68 W/m² 

UV (300-400 nm) 
530 W/m² 

UV (295-450 nm) 
1500 W/m² 

http://www.sugatest.co.jp/english/download/pdf/weather_20110401.pdf
htt // j / ti / h t lt i / 03 ht l

Wavelength, nm

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Metal Halide Sources

Advantages
1. Readily scalable to large exposure areas (full module)
2. Extremely high irradiances achievable2. Extremely high irradiances achievable
3. Does not produce excessive long wavelength IR
4. Does not require active cooling

Disad antagesDisadvantages
1. Metal Halide sources have not been standardized for weathering 

applications resulting in an extremely wide range of spectral 
distributions

2. Match to sunlight not readily controlled in UV region
3. Variable spectral reproducibility lamp to lamp
4. Spectrum shifts with power, so irradiance control is by varying distance

Overall Advantage –Scalable & extremely high irradiance achievable
Overall Disadvantage – Highly variable supplier to supplier with poor

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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4. Research Sources

NIST SPHERE – Representative irradiance at the Specimen

JCT Coatings Tech 2006

http://dx.doi.org/10.1063/1.1808916

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Research Sources

NIST SPHERE – Designed for flexibility

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Research Sources
Fraunhofer Institute UV light source for PV-module testing 
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4.04.0
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1.61.6
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…
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0.40.4

Spectral distribution of different set-ups with fluorescent UV light-sources. 
The red line is the spectrum of the newly developed source
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The red line is the spectrum of the newly developed source.



NIST SPHERE
Advantages

Research Sources

Advantages

1. Very high irradiances achievable
2. Specifically designed for basic research - extreme flexibility

Disadvantages

1. Lacks long wavelength radiation
2 Very small specimen size2. Very small specimen size
3. Little radiation >450 nm (Lacks radiation to fully engage photoactive component)

Fraunhofer Institute UV light source for PV-module testing
AdvantagesAdvantages
1. Good match to solar cut-on
2. Very high irradiances achievable
3. Readily scalable to large exposure areas (full module)

Disadvantages
1. Specialty lamps
2. Little radiation >450 nm (Lacks radiation to fully engage photoactive component)

2/27/2013 NREL 2013 PV Module Reliability Workshop 
Burns & Scott
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General Conclusions / Caveats

Light Sources for Reproducing the  Effects of Sunlight in the 
Natural Weathering of PV Materials and Systems

General Conclusions / Caveats

Weathering tests using artificial sources are tools for gaining insight into the 
photo-induced degradation of PV materials and constructions.

There is a wide range of sources available
differing significantly in spectral distribution and
capable of producing a broad range of irradiance levels.capab e o p oduc g a b oad a ge o ad a ce e e s

Therefore, one can expect these sources to induce different effects depending 
upon the responsively of the materials under test.

Whether a source is useful for quantitative service life prediction dependsWhether a source is useful for quantitative service life prediction depends
upon how well it induces the same degradation along the same pathways and 
to the same end state as that produced by outdoor weathering.

Caveat Emptor – PV engineers need to consider the objective of their 
testing (design screening, degradation understanding, lifetime estimation, quality 
assurance, other)

what can it tell you

2/27/2013 NREL 2013 PV Module Reliability Workshop 
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Accelerated Light Aging of PV Encapsulants: 
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“Rule of Thumb” for Xe Arc and PV  

“1 Week in Xe Arc is Equivalent to 1 Year Field Exposure” 1 

Is this valid? 
Where did this come from? 
What are the assumptions behind this relationship? 

1 Earliest printed citation is 2005 
R. Tucker, “Results to Date: Development of a Low-Temperature, Super Fas-Cure Encapsulant”, Paper 5BV.4.8, 20th 

European Photovoltaic Solar Energy Conference, June 2005, Barcelona, Spain 
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Introduction 
This presentation describes the origin of this “rule of thumb” 
This relationship was derived by STR. 

– Incorporated using information published in reports from the NREL 
administered PVMaT phase 3 project. 

– This relationship is very specific to a certain set of test conditions and a 
certain EVA grades. 

The relationship may, or may not, be accurate when extrapolated to other 
conditions or other materials. 

… but… This is a starting point for development of accelerated methods 

Data Reference: (DOE PVMaT 3 project)  
“Advanced EVA-Based Encapsulants, Final Report January 1993-June 1997”  
W.W. Holley and S.C. Argo, Specialized Technology Resources, Inc. 
September 1998 
NREL/SR-520-25296 
(US Dept of Energy contract No. DE-AC36-83CH10093)  

This reference will be called “Holley/1998” with in this document 
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Introduction 

Goals of PVMaT 3: 
– Why do encapsulants turn yellow or brown? 
– What is the mechanism? 
– What test methods can be used to simulate this? 

Key Conclusions (Holley/1998) 
– Color formation is due to creation of chromophores created by 

mixture of polymer additives exposed to UV and heat 
– Glass type (cerium, non-cerium) was a complicating factor 
– Accelerated UV and Temperature can replicate field 

observations for EVA browning of the older formulations 

2/27/13 4 



Materials: 
Holley/1998 describes several different commercial and pre-commercial EVA 
based encapsulant products. Only one encapsulant material will be considered 
for the purpose of deriving the correlation between xenon arc and natural 
weathering: 

EVA Encapsulant = STR PHOTOCAP® A9918P 
(this product is the original standard cure EVA commercially introduced in 1979, 
and is still commercially available from STR Solar.) 

Two different glass grades are used for this correlation work. Both grades are 
non-cerium, low iron glass intended for use in solar photovoltaic applications. 

AFG Solite® 

PPG Starphire® 

AFG Solite is still commercially available from AGC and is in commercial use. 
PPG Starphire is also commercially in use for solar industry. 

2/27/13 5 



Test Coupons  
The test coupons describe in Holley/1998 are as follows: 

Glass-Encapsulant-Glass 

Coupons have dimension of 68 x 70 mm (2.7 x 2.75 inch). 
Coupons were vacuum/thermal laminated and cured. 
Target gel content for these coupons was above 75% (toluene soak 60°C test 
method) 

This coupon was selected in order to better simulate the encapsulant between 
the front face of the PV cell and the cover glass. 

In all cases, some bleaching occurred around the perimeter of the coupon. This 
is due to oxidative bleaching of the EVA yellowing/browning, a mechanism that 
is well understood and described in other papers. 

Yellowness index was measured in the center of the coupon to minimize the 
influence of oxidative bleaching. 

2/27/13 6 



Test Coupons  

Picture of Xe Arc Aged Coupon: Glass-EVA-Glass, 70 x 70 mm 

Yellowness Index ~ 35 
Measurement made in center  

Background is white. 
Color correction issues with camera 

Note – edges are not sealed. 
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Xenon Arc Exposure 
Instrument used: Atlas Ci35A, installed circa 1992-1993 
Test conditions: 

Bulb filters = quartz inner / Type S-glass borosilicate outer 
Irradiance controlled at 340 nm, to 0.55 W/m2 

Temperature = 100°C 
Humidity >95% 

Holley/1998 report does not state if the temperature is black body panel or air 
temperature. It is reasonable to presume that this is the black body panel temperature 

Holley/1998 report does not provide details about the humidity control. 

This same instrument is still in use at STR Inc in East Windsor, Connecticut, USA. 
Atlas Ci5000 also in use 

Test conditions used today by STR for this and other xenon arc instruments are: 
0.55 W/m2 at 340 nm (quartz / type S boro filters)  
90°C black body panel, 
70°C air temperature, and 
50% relative humidity. 
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Outdoor Testing: 
Equatorial Mount Mirror Acceleration 

Equatorial mount mirror acceleration (EMMA® ) was performed by DEST Labs in 
Phoenix, Arizona, in mid 1990’s. This laboratory is now owned by Atlas Material Testing 
Technology. 

EMMA is a ground mounted mirror and fresnel lens based accelerated aging protocol. 
EMMA is designed to achieve about 4X UV acceleration and 7-8X visible light 
acceleration. The method also accelerates temperature and holds the test specimens 
at a higher temperature than ambient conditions. 

Additional information can be found at: 
http://atlas-mts.com/services/natural-weathering-testing/accelerated-weathering/ 
emmaqua 

The EMMA used in mid 1990’s did not 
have temperature control and humidity/ 
water spray was not used. 

The data reported in Holley/1998 are 
from dry aged, accelerated irradiance 
and elevated temperature. 

Image from Atlas Material Testing Technology 
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Results: Xenon Arc Exposure 

XAW exposed yellowness index 
data for EVA encapsulant coupons 
are shown in Table 7 of Holley/ 
1998 
(image at right). 

Total exposure time 24 weeks 
Tests performed ~1993-1994 

Use the values reported for 
“A9918/Starphire (Control)” 

2/27/13  



Results: Xenon Arc Exposure 

Sample: 
EVA = STR A9918P 
Glass = PPG Starphire 

Yellowness index increases 
monotonically with increased 
xenon arc exposure. Rate of 
increase is approximately: 

2.6 YI / week-XAW 

Holley/1998 
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Xenon Arc Exposure – 2010 Results 

Xenon arc is used as a screening tool for new compositions. 
A9918 is used as the “control” for new studies. A9918P 

Weather-o-meter Exposure Using 25 weeks Non-UV screening Glass (unless otherwise specified) 

0 5 10 15 20 25 30 

Accelerated aging performed in 
Xenon Arc Weather-o-meter with 
glass/glass constructions. 
Irradiance at 340 nm is 
0.55 W/m2; equal to 
an exposure of ~2 suns. 
T = 90 °C; RH = 50% 

HLT Series 
15420P 
15295P w/UV-screening glass 
15295P 
A9918P 
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XAW Test Conditions: 
• 0.55 W/m2 at 340 nm. 
• 24 hr light, no dark cycle 
• Black panel T= 90°C 
• Dry bulb T = 70°C 
• Humidity = 50% 

• “HLT Series” are new High 
Light Transmission grades 
that are transparent over 
300-360 nm range. 

Weeks in XAW 
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Results: Outdoor EMMA exposure 

EMMA exposed 
yellowness index data 
for EVA encapsulant 
coupons are shown in 
Table 4 of Holley/1998 
(image at right). 

Total exposure time = 
60 weeks. 

Total irradiance = 
78 GJ/m2 

Use the values reported 
for “Starphire/A9918” 
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Results: EMMA exposure 

Sample: 
EVA = STR A9918P 
Glass = PPG Starphire 

Yellowness index increases 
monotonically with increased 
xenon arc exposure. Rate of 
increase is approximately: 

0.57 YI / week-EMMA 

Holley/1998 
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XAW vs EMMA Correlation 
EMMA: 5X acceleration of UV exposure 
1 week EMMA = 5 weeks Arizona 

10.4 week EMMA ● 0.57 YI Units ● 1 week XAW 
≅

2.3 week XAW 

1 year Arizona 1 week EMMA 2.6 YI Units 1 year Arizona 

Further Simplification: 

Solar irradiance in Arizona is about 2X that of higher latitude moderate climates, 
such as Germany and North East USA. Thus, the relationship has been 
simplified to be: 

1 week XAW ~ 1 year Outdoor exposure. 

CAVEATS:  
Relationship is based upon yellowing of STR PHOTOCAP A9918P with Glass-EVA-Glass coupons. 
Interaction effects between encapsulant and PV cells are neglected. 
The relationship uses both EMMA and Xenon arc, both of which have accelerated irradiance and 
elevated temperatures. 
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XAW vs EMMA Correlation 

“2 week Xenon Arc ~ 1 year Outdoor AZ exposure” 

This is a simple correlation based on EVA browning 
phenomenon of 1st Generation EVA encapsulants. 

Xenon arc is a key test to ensure new encapsulant 
products do not exhibit this type of browning. 

2/27/13 16  



How is Xe Arc Used Today? 

Encapsulation Formulation Development 
– This is a routine component test, Glass-Encapsulant-Glass 
– Different polymers 
– Different additives 
– Process changes, etc. 

Properties Tested with Xenon Arc Coupons 
– Color formation 
– %Transmission and shifts in UV absorbance 
– Glass adhesion stability 
– I-V curves for PV cells 
– Component corrosion 

Interaction Effects: 
– Encapsulant interacts with all other components in a PV module 

2/27/13 17  



Xenon Arc and %T Measurements  

• Solar-energy Weighted %T 
(%TSE) 

• Practical characterization 
of %T with UV-Vis 
Spectrometer 

• %T value integrated over a 
specific wavelength range 
(350-1200 nm) 

• Method modified from 
ASTM E-424 (2007) 

Time in XAW (Weeks) 

3.2 mm Solite glass only = 90.8 %Tse 
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Is EVA-Browning Understood? 

For EVA Alone as a Component – Yes: 
– Component test of encapsulant and glass is well studied 

and understood. 
– Tests described here are used for development of new 

encapsulant formulations. 
– Browning due to additive interactions 

For EVA in Contact with Other Components – Yes & No 
– Color formation can vary depending upon the PV cell 
– Encapsulant and backsheet interactions can cause color 
– PID: ion migration through encapsulant to the PV device 
– Snail Trails: appears to be silver migration from the 

fingers into the encapsulant, which interacts with the 
additive system 

Xenon Arc Method Can Be Used to Study Interactions of PV 
Components for Degradation by UV, T, and humidity 
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Conclusions  
“2 week Xenon Arc ~ 1 year Outdoor AZ exposure” 

– This statement is derived from coupon testing done during PVMaT-3 in 
mid 1990’s 

– It is reasonably accurate for EVA-browning/yellowing accelerated by UV 
and Temperature 

– This statement cannot be extrapolated to other PV module components 
or interaction between components 

The Xenon Arc Method Can Be Used To Study Combined Stress 
Acceleration of Components and Interactions 

Gen-1 EVA Encapsulants are Good “Standards” for New Method 
Developemnt to Ensure Browning is Observed 
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Extra Slides – Modules from the PVMat-3 Project 
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PVMaT-3 Project Modules  
Encapsulant A9918P (browning/yellowing)  

Non-Cerium glass: 
Isc has dropped ~15%. 
Pmax has dropped ~ 50% (interconnect issues)  

Slight browning 
(panels w/ cerium-based glass) 

Cell browning &  
cell edge delam to EVA 

(panels w/ starphire glass)  
2/27/13 23 



PVMaT-3 Project Modules  
Encapsulant X15303 (15420P)  

Modules made in 1996-97, fielded until 2012, tested by ASU-PRL in situ. 
Modules are now at STR for diagnostic testing. 

110 
Relative Maximum Power 

(Pmax) 
100• Mfg-E = 99.4% 

• Mfg-F = 100.1% 
90• Mfg-B = 58.8% 

Mfg B modules have 80 

corrosion on solder 
junctions at end of strings. 
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A SYSTEM DEGRADATION STUDY OF 445 SYSTEMS USING YEAR-OVER-YEAR PERFORMANCE INDEX ANALYSIS  
Mike Anderson, Zoe Defreitas, Ernest F. Hasselbrink, Jr.  

SunPower Corporation, San Jose, Calif., USA  

INTRODUCTION 
Year-Over-Year Performance Index Change Analysis is a powerful and 
practical technique for assessing the median degradation of a large 
fleet of systems 

ROBUST: Insensitive to noise and absolute accuracy errors, uses 
minimal data manipulation and filtering 
PRACTICAL: Requires only AC inverter data and essential met data 
RELEVANT: Uses data from a live, real-world fleet 

A system level degradation study of 445 systems representing 3.2 
million module-years of monitored data has been performed using this 
technique: 

per year 

MOTIVATION 

economics significantly 

PROBLEM STATEMENT 

– Small changes are expensive to measure accurately 

– Extensive data processing and manipulation 

SOLUTION STRATEGY 
Obtain a massive dataset from installed fleet, use statistics to get 
high-accuracy median degradation rate. 

YEAR-OVER-YEAR PERFORMANCE INDEX ANALYSIS 
METHOD 
1. Minimal filtering – remove obviously spurious data 

2 2 

– -40° °C 

Exception made for wind-speed. Bad wind-speed sensors are very common -- 
removing this data would have significantly reduced dataset and sensitivity 

approximation has a negligible effect on relative degradation calculations. 

2. Compute expected power from weather data + performance model 

system simulator, based on Sandia performance model 
3.Compute Performance Index 

P.I. = (Output) / (Expected Output) for each day 
– If performance model were perfectly accurate except for 

degradation, then P.I. would start at unity but gradually decrease 
due to degradation 

4. Calculate YOY change in PI: ∆PIn+365/2= PIn+365-PIn 

– Example shown below – colored lines connect YOY PI values. 
– Some of the slopes are outliers ... but there are thousands of 

measurements per inverter 

5. Obtain median degradation rate from distribution  

RESULTS AND DISCUSSION 

YOY slopes for all fleet data grouped by system age 

… and these Daily median YOY slopes can be integrated to yield 
imputed degradation curve: 

rates. Average is not as stable. 

Soiling is not captured in the performance model. However, YOY approach 
is still accurate to the degree that soiling is seasonally repeatable. 

CONCLUSION 
Year-Over-Year Performance Index Change Analysis is a powerful and 
practical technique for assessing the median degradation of a large 
fleet of systems 

ROBUST: Insensitive to noise and absolute accuracy errors, and soiling 

PRACTICAL: Requires only AC inverter data and essential met data 
– 
tracing  
RELEVANT: Uses data from a live, real-world fleet 
– Module manufacturers can prove their real-world track record 

A system level degradation study of 445 systems representing 3.2 million 
module-years of monitored data has been performed: 

per year 

11.5 years show median degradation rate = 

SunPower Corporation 
77 Rio Robles 

San Jose, CA 95134 
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Accuracy of Outdoor PV Module Temperature Monitoring Applications 
Marko Jankovec, Jože Stepan, Marko Topič

University of Ljubljana, Faculty of Electrical Engineering, Tr aška cesta 25, SI-1000 Ljubljana, Sloveniaž

Objectives
� To evaluate and compare different types

of temperature sensors for long term

outdoor monitoring of PV modules.

� To evaluate the difference between

temperature measurement at the

backsheet of PV module, back surface of

cells and calculation from VOC (EN60904-5)

� To evaluate the feasability of digital

temperature sensors DS18B20 for long term

PV temperature monitoring .

Results
� Additional heating of cells due to isolation

at the back of cell A is less than 1 °C.
4
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mc-Si solar cell
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Tedlar

Support

XPS insulation

Sensor Type Class Uncertainty T = [0, 85 °C]

PT Pt1000 1/3 B+ ± 0.25 °C (k = 2)

TC K-thermocouple 2 ± 3.2 °C (k = 2)

DS DS18B20 - ± 0.5 °C (k = 3 )

� Temperature, irradiance and wind data

for a typical clear sky day.
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� Locations of laminated TP sensors behind two

cells in the middle area of the PV module and a

photo of temperature sensors arrangement at the

back side of PV module.
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� Temperature from Voc (EN 60904-5)

compared to laminated PT in center of cell A.
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Voc method has low accuracy Temperatures of all sensors are close at Good agreement of laminated DS sensor exhibits lowest High temperature noise of uncovered Covered PT and TC deliver almost identical

at low irradiances. low irradiance and low air temperature. PT and V method.oc temperature despite insulation. PT due to air flow at the back side. results, but lower than laminated PT.

� Test by shading the PV module shows � Temperature deviations of each sensor � DS sensor with different XPS isolations

adeqate time response of all sensors. according to temperature from Voc. compared to covered PT at the back side.
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Conclusion
� Temperature calcualted from give very accurate results at irradiances above 200 W/m

2
if parameters of PV module at STC conditions are known.VOC

� Among sensors attached at the back side, covered PT and TC sensors delivers the best results in range of 1-2 °C of lower temperature in average.

� DS sensors exhibit similar results to PT if they are properly isolated and are more suitable for simultaneous temperature acquisition at many locations.

� XPS insulation of sensors at the back side cause a slight temperature raise of the cell area around, however less than 1 °C in average.

[M. Jankovec and M. Topic, “Intercomparison of Temperature Sensors for Outdoor Monitoring of PV Modules”, Journal of Solar Energy Engineering, in print, 2013.]

PV Module Reliability Workshop 2013, Golden, 26-27 Feb 2013 marko.jankovec@fe.uni-lj.si

20

25

30



• MFG1 and MFG2 show very little degradation after 1000hrs of light soak 
• MFG1 has begun to recover to match MF2 

-1.0% 

0.0% 
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 (
 

MPropst, NAOlsson, CRichardson; pearllaboratories,  2649 Mulberry Unit 15, Fort Collins CO  80524 

• Historically performance evaluations have been performed at standard test • MFG1 and MFG2 were installed outdoors in identical 5kW systems DLIT imaging
1A forward bias on full module conditions (STC). A number of pitfalls may skew accelerated lab test results • Additionally, 4 modules of each were installed on individual channel MPP 

when evaluating performance at STC. Skewed results may over-estimate or trackers and IV curves were swept every 5 minutes. 
Emission from center of cell under-estimate real world performance often leading manufacturers astray.  

• Energy yield appeared very similar, noticeable differences occurring on  A comprehensive look at module performance in real world conditions is  
lowlight days required to compliment the lab test results.  For example, metastabilities in 

thin film technologies are inherent in the measurements and can result in 
incorrect conclusions.  Parametric values like temperature coefficients and 
low light performance may not be stable and can degrade more rapidly than 
measurements at STC will show.  These parameters play a big part in the 

In this study we present a detailed analysis comparing and contrasting 
results between accelerated lab testing and outdoor performance testing.  
This study highlights the shortfalls of STC only performance assessments. 
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MFG1 vs MFG2 Outdoor %Performance (Normalized to STC) 

EL imaging
2.3A forward bias on full module 

economics of solar installations due to loss in overall energy yield.   
95.0% 

Accelerated lab testing is necessary in providing some assurances in 
stability and durability but field performance is the critical and complimentary  

3 

piece of testing required to accurately predict performance of installations.   85.0% 

SEM micrographs found anomalies on film surface 

Film 

Day1 

MFG1 
MFG2 

MFG1 
MFG2 

Day45 

and normalized to sticker giving a %Performance (STC) value. Protective • MFG1 and MFG2 were subjected to 1000hrs of indoor 1 sun continuous light 
Coat soak.  Modules were pulled from soak and tested at STC every 100hrs. • The days total sun hours in kWh are plotted on the secondary axis to 
CdTe highlight lowlight vs full sun days. 
CdS • MFG1 shows significantly poorer performance when days are cloudy or 
TCO higher percentage of lowlight hours 

• Post 45 days performance vs irradiance has degraded at lowlight in MFG1 

• Using module temperature and Irradiance, each value was corrected to STC 

10/12/2011 10/19/2011 10/26/2011 11/2/2011 11/9/2011 11/16/2011 11/23/2011 11/30/2011 

MFG2 MFG1 Sun Hrs 

• This defect was traced back to the CdTe source form factor which resulted in 
“spitting” during sublimation.• Initial performance vs irradiance was very good for both MFG1 and MFG2 

• Very different conclusions can be drawn about the equivalence of these two 
thin film manufacturers when looking at laboratory STC testing and actual 
outdoor performance. 

• This particular type of Rsh defect degrades over time and manifests itself in 
lowlight performance first. 

%Energy Yield Loss Due to Degrading Rsh, Poor Lowlight Performance 

• IV curves appear nearly identical under STC 
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• A more in depth analysis of the IV curves after 1000hrs of indoor light soak 
shows a significant difference when tested off of STC 

• Using neutral density filters to assess the curves at varying IRR levels 
reveals MFG1 has degraded performance under lowlight conditions 
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• The PVSYST PAN files for these 2 manufacturers show identical dark Rsh 
and exponential relationships because at time zero they do match. 
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$$$ LOST! 
%Loss MFG2 %Loss MFG3 

• Adjusting the PAN files to account for the degraded Rsh values reveals a  
significant loss in energy yield each year. 

• Above shows the %energy lost when MFG2 is modeled using a 50% Rsh 
relationship and MFG3 is modeled using a 25% Rsh relationship. 
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"It turns out that aluminum wire has an attractive consistency for gnawing," says Stephen Spruell, Southwire 
Senior Product Engineer. "And the bare aluminum neutrals on overhead service drop cables are a 
convenient target. We've seen this gnawing problem primarily on service drop cables in areas that are 
heavily wooded.”1 

















 

 

 

 



 

 

 

 

 



Joseph McCabe, P.E. 

102’s piled up in 2010, EVA
discoloration, lowered price, but didn’t effect performance.

102’s 24 volt modules 

Thanks and appreciations are 
extended to Brian Robertson, 
Jigar Shah, Daniel Shugar, 
Eric McCabe, Jennifer 
Woolwich, ASES and SMUD 
(Jon Bertolino and Lynne 
Valdez). 
Personal Communication, 
January 26, 2009, Dan 
Shugar. 
Personal Communication, 
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Winning Bids from 7 Years of Surplus Photovoltaic Sales at SMUD 
2005 2006 2007 2008 2009 2010 2012 

Bid Lot Type 
Price Per 

watt Type 
Price Per 

watt Type 
Price Per 

watt Type 
Price Per 

watt Type 
Price Per 

watt Type 
Price Per 

watt Type 
Price Per 

watt 
1 a-Si $0.46 a-Si $0.46 Single $0.78 a-Si $0.53 a-Si $0.07 a-Si $0.09 a-Si $0.21 
2 a-Si $0.46 a-Si $0.31 Single $0.66 a-Si $0.50 a-Si $0.06 a-Si $0.13 a-Si $0.25 
3 a-Si $0.46 a-Si $0.20 Single $0.77 a-Si $0.97 a-Si $0.04 a-Si $0.07 a-Si $0.22 
4 Poly $0.98 a-Si $0.22 Single $0.82 Poly $0.44 a-Si $0.06 Poly $0.23 Single $0.27 
5 Poly $0.75 a-Si $0.24 Single $0.73 Poly $1.15 a-Si $0.04 Single $0.13 Single $0.20 
6 Single $0.51 Single $0.66 Single $0.82 Single $0.54 a-Si $0.04 Single $0.13 Single $0.27 
7 Single $0.51 Single $1.04 Single $0.72 Single $0.83 Poly $0.17 Single $0.18 
8 Single $0.61 Single $1.26 Single $0.48 Single $0.88 Poly $0.48 Single $0.19 
9 Single $0.61 Single $0.77 Single $0.66 Single $0.76 Poly $0.24 Single $0.33 
10 Single $0.61 Single $0.77 Single $0.82 Single $0.88 Poly $0.29 Single $0.04 
11 Single $0.92 Single $0.78 Single $0.91 Poly $0.21 Single $0.24 
12 Single $0.82 Single $0.72 Poly $0.17 
13 Single $0.52 Single $0.56 Poly $0.23 
14 Single $0.72 Single $0.25 
15 Single $0.65 Single $0.24 
16 Single $0.17 
17 Single $0.30 
18 Single $0.16 

Min 
Max 

$0.46 
$0.98 

$0.20 
$1.26 

$0.48 
$0.82 

$0.44 
$1.15 

$0.04 
$0.48 

$0.04 
$0.33 

$0.20 
$0.27 

Total kW 150 69 177 136 212 160 75 
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Development of a Visual Inspection Checklist 
for Evaluation of Fielded PV Module Condition

Corinne E. Packard1, 2*, John H. Wohlgemuth1, Sarah R. Kurtz1
1National Center for Photovoltaics, National Renewable Energy Laboratory, Golden, CO USA

2Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO USA
*Corresponding Author: cpackard@mines.edu

ABSTRACT
A visual inspection checklist for the evaluation of fielded photovoltaic (PV) modules has been developed to facilitate collection of data
describing the field performance of PV modules. The proposed inspection checklist consists of 14 sections, each documenting the
appearance or properties of a part of the module. This tool has been evaluated through the inspection of over 60 PV modules produced
by more than 20 manufacturers and fielded at two different sites for varying periods of time. Aggregated data from a single data collection
tool such as this checklist has the potential to enable longitudinal studies of module condition over time, technology evolution, and field
location for the enhancement of module reliability models.
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checklist. Special thanks are also due to Cassius McChesney of Arizona Public Service for providing access to modules that were deployed there.

OVERVIEW OF VISUAL INSPECTION CHECKLIST
• Uses IEC/UL standard terminology
• Attempts to balance collection of sufficient detail for failure mode 
evaluation against minimizing recording time per module
• Consists of 14 sections- based on module component
• Additional detail can be found in the full NREL report

DESCRIPTION OF TEST FACILITIES
Photovoltaic modules from 2 sites served as the principle testbeds for the
development of the inspection checklist, supplemented with the experience and
knowledge of other professionals (identified in the Acknowledgements). Modules
from Site 1 were inspected on location at the APS STAR Center ® (Arizona Public
Services Solar Test and Research Center) in Tempe, Arizona USA. Modules from
Site 2 were shipped from the field site at the Solar Energy Center (SEC) in New
Delhi, India* to NREL for evaluation.

In all, more than 60 modules
were inspected, representing
more than 20 manufacturers.
In addition to covering a broad
range of technologies and
manufacturers, these modules
experienced different exposure
times in the field: modules were
fielded between 1-12+ years at Site
1 and 1-10 years at Site 2*.

VISUAL INSPECTION CHECKLIST
• Composed of 14 sections

• Sections 1-2: field site, system configuration, and module identification
• Sections 3-13: individual module components, starting from the back and
ending at the front of the module
• Section 14: locations of electronic records (I-V curves, infrared images, etc.)

• Detailed instructions are given in the full report for each part of the
checklist to reduce ambiguity and variation in survey responses
• Required and optional tools:

• a tape measure with centimeter and millimeter gradations, a pen or other
recording implement, and any personal protective equipment required by the
facility (required)
• a digital camera, an I-V curve tracer, and an infrared camera (optional)

• A full visual evaluation can be completed in approximately 8 minutes
by a pair of experienced inspectors, though this can be reduced
significantly for data sets consisting of a large number of similar modules
or by the use of the abbreviated inspection list.

PRELIMINARY RESULTS

No discoloration

Discoloration over Center Of Cells

Discoloration 
over whole cell

Absorber delamination

EXAMPLES

Chips >10, module edge

Section 3: Rear side glass

Section 9: Frameless Edge Seal

Section 12: Silicon (mono or multi) module

Section 13: Thin film module

Most frequently observed issues at Sites 1 & 2

If visually observable defects can be correlated or conclusively linked with the
measured electrical performance degradation rates, visual inspection may provide a
relatively low impact method for assessing which PV installations may be more likely
to see accelerated degradation based on the frequency and types of defects that
develop.

We have not yet developed a large enough database to make conclusive statements
about climate-zone dependent degradation but a preliminary analysis illustrates the
types of data that become available through visual inspection.

*O. S. Sastry, et al., "Degradation in performance ratio and yields of exposed modules under arid conditions,"
in 26th European Photovoltaic Solar Energy Conference and Exhibition, Hamburg, Germany, 2011.

FUTURE
• Availability of the checklist, a data collection spreadsheet, and NREL report with
detailed instructions for using the checklist
• Availability of a database for compiling user-submitted field data

Please contact Corinne Packard if you are interested 
in participating in data collection
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Statistical and Domain Analytics Applied to
PV Module Lifetime and Degradation Science

Laura S. Bruckman1, Nicholas R. Wheeler1, Junheng Ma2, Ethan Wang3, Carl Wang3, Ivan Chou4, Jiayang Sun2 and Roger H. French1
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1 Abstract
A better understanding of the degradation modes and rates for photovoltaic PV modules is necessary to optimize and

extend the lifetime of modules. Lifetime and degradation science (L&DS) is used to better understand degradation

modes, mechanisms and rates of materials, components and systems in order to predict lifetime of PV modules.

Statistical analysis was used to explore the relationship of various module performance and degradation pathways.

A PV module lifetime and degradation science (PVM L&DS) model is an essential component to predict lifetime

and mitigate degradation of PV modules. Previously published accelerated testing data from Underwriter Labs on

PV modules with TPE backsheets which included eight modules were exposed to 4000 hours of damp heat (85%

relative humidity at 85◦C) and eight exposed to 4000 hours of ultraviolet light (80 W/m2 of TUV at 60◦C) . There
were 15 different variables that related to experiments on system performance, degradation mechanisms, component

metrics and time. Modules were analyzed for three system performance metrics (fill factor, peak power and wet

installation). In addition, 11 unit experiments, six of which are directly related to degradation mechanisms and

five of which are component performance experiments, were performed. The results from these experiments were

statistically analyzed to identify variable transformations, statistically significant relationships and to develop a

PVM L&DS model using structural equation modeling. The statistically signification relationships and significant

model coefficients were then combined with domain analytics incorporating materials science, chemistry and physics

expertise to produce a system of equations that model system performance based on unit degradation processes

at the materials, component and system level. This exemplifies the development of a methodology to determine

lifetime and degradation pathways present in modules and their effects on module performance over lifetime.

2 Introduction
Lifetime and degradation science (L&DS) can be used to help understand degra-
dation modes, mechanisms and rates for PV materials, components and systems
their overall contribution to power loss in PV modules. This understanding can
help companies to mitigate degradation from the major contributor to power
loss and not focus on modes that are related to small amounts of power loss [1]
(Figure 1). Domain and statistical analytics are used to to develop a PV mod-
ule L&DS (PVM L&DS) model that can predict service lifetime and guide new
technology insertion.

Figure 1: A simulated example of possible contributers to power loss in
different modules.

Figure 3: (a): Example of a harvested module (left) (b): Modules harvested at
each time point for analysis and destructive testing (right)

4 PVM L&DS Model Development
The PVM L&DS model will be iteratively developed with both real-world and
accelerated testing information. This model will be guided by domain knowledge
from literature and statistics. Better informed study protocols can be elucidated
from the statistics and improved domain knowledge will be available. The model
development continually checks with domain knowledge to ensure the validity of
the models from knowledge of chemistry and physics and will be guided by good
statistics (Figure 4).

as ovals in Figure 5(b). The final domain pathway model used to inform the
statistical analysis is shown in Figure 5(c), which includes only measured variables
from the UL study.

Figure 5: (a):Literature informed degradation pathway model (top) (b):
Pathway model showing the latent (not measured) variables as ovals (middle)
(c): Possible pathway model that includes the measured variables in this study

(bottom)

6 Statistical Analytics
For a statistically valid model, only n-2 variables can be included in a model where
n is the number of coincident observations; therfore, only 6 variables including
time were used in the stepwise variable selection using the AIC statistic as the
criterion value as statistical significant for variables to one another. In order
to include more variables in the model, there needed to be more coincident

Figure 8: Statistical pathway diagram for the damp heat exposure modules for
the FF system response including TGA

Figure 9: Statistical pathway diagram for the modified UV preconditioning
exposures: for Pmax including the HAc variable (top left), for FF including the
HAc variable (top right), for Pmax including the TGA variable (bottom left),

for FF including the TGA variable (bottom right)

7 Conclusion
A PV module lifetime and degradation science modeling approach is being de-
veloped as an essential component to predict lifetime and mitigate degradation
of PV modules. Through the combination of domain analytics and statisti-
cal analytics, a degradation pathway model can be developed that encompasses

3 UL Data
samples by increasing sampling rate or exposure time. [11] Statistical analysis
was performed with R and RStudio. [12]

both domain knowledge of degradation modes and mechanisms and statistical
measures of relationships and rates. The results from diverse experiments can

The data used for the statistically modeling was published by E. Wang et. al..
[2] Twenty commercially available polycrystalline 60-cell solar PV modules made
with TPE backsheets were fabricated at the same time by DelSolar.[3] Eight
PV modules were subjected to damp heat (DH) aging and eight modules were
exposed to UV and two modules were not exposed and used as control sam-
ples.There were no explicit variations in the PV modules used by using the same
PV modules under two exposures conditions for the statistical analysis. Damp
heat exposure consisted of 85◦C ambient temperature and 85% relative humidity

be statistically analyzed to identify statistically significant relationships between
the variables and develop and improve the PVM L&DS model of the system.
The model is then further refined by combining these statistical insights with
domain analytics incorporating materials science, chemistry and physics exper-
tise to produce a system of equations that model system performance based on
unit degradation processes at the material, component and system levels. This
process exemplifies the development of a methodology to determine lifetime and
degradation pathways present in modules and their effects on module perfor-

and is described in the test 10.13 of IEC 61215 Ed.2..[4] The UV exposure was
similar to test 10.10 of IEC 61215 Ed.2, [4] for UV preconditioning but with higher
light intensity, approximately 80 W/m2 UV irradiance plus an additional 15%
of the total irradiance at the back of the PV modules. The module temperature
was controlled at 60◦C, but the relative humidity was uncontrolled.Fifteen exper-
iments were measured on the harvested modules (Figure 3(a) and Figure 3(b))
and several measured variables were performed on each module (Figure 2). Figure 6: Statistical pathway diagram for the damp heat exposure modules for

mance over lifetime.
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Development of a Rating System for a 
Comparative Accelerated Test Standard 

Sarah Kurtz, representing 
discussions with Task Group #6 
and seeking your input! 

NREL PV Module Reliability 
Workshop 
Feb. 26, 2013 

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. 



Objective: Develop a Useful Rating System 

• Identify field failures that could be reduced by improved 
accelerated testing 

• Analyze how to group types of accelerated tests to best 
correlate with field performance 

• Propose how to structure a useful Rating System 
• Propose how to communicate the results of the Rating 

System 

NATIONAL RENEWABLE ENERGY LABORATORY 2 



Need for Rating System 
Task Groups develop accelerated tests to predict experience in the field 

How do we communicate the results? 

Rating System  
3NATIONAL RENEWABLE ENERGY LABORATORY



Types of Accelerated Tests – This work 
focuses on Comparative tests, even though 
we would prefer Lifetime testing 

Qualification Comparative Lifetime 
Minimum 
design 

requirement 
Pass/fail 

Infant 
mortality 

Climate or 
application 

Comparison Substantiatio Purpose of products n of warranty 

Quantification Relative Absolute 
Mechanisms Wear out Wear out studied 

No Differentiated Differentiated differentiation 

NATIONAL RENEWABLE ENERGY LABORATORY 4 



What failures are seen in the field? 
Observation Sample size 

Laminate internal electrical circuit 36% of failures (~2% of 
modules failed after 8 yr); glass 33%; j-box and cables 12%; 

cells 10%; encapsulant, backsheet 8% 
16% of systems required replacement of some or all modules 
because of a variety of failures, with many showing breaks in 

the electrical circuitry 

21 manufacturers; ~60% 
of fleet of > 1.5 GW 

483 systems 

3% developed hot spot after < 7 years; 47% had non-working 1232-module system diodes 
External wiring, shattered, failed ~70,000 modules 

Early degradation linked to optical transmission losses (through 
glass and encapsulant) and light-induced degradation; Later 

degradation from increased series resistance is more dramatic 

204 modules from 20 
manufacturers 

Encapsulant discoloration 66%; delamination 60%; corrosion 
26%; glass breakage 23%; j-box 20%; broken cells 15%* ~2000 reports 

200 thermal cycles corresponded to ~10 y in the field ? 

5NATIONAL RENEWABLE ENERGY LABORATORY



Rating System – First address wear out that 
is slipping past the qualification tests 

1. In response to: 
• Broken interconnections, solder bonds, diodes 
Add: 
- Additional thermal cycling or mechanical stress, plus 

bypass diode/shading testing 

2. In response to: 
• Encapsulant discoloration and/or delamination 
Add: 
- Additional UV stress  

NATIONAL RENEWABLE ENERGY LABORATORY 6 



- - 

Rating System – Additional testing 

New Tests Will Require Additional Stress Targeted Meaning of Rating 

Failure types, 
Thermal 
cycling & 

diode 
testing 

High High ProposedUV loosely grouped Temperature humidity labels 

Infant Qualification- - - - testmortality 

Interconnects, 
Hot-cold 

Hot-humid 

Better thandiscoloration, - - qualification testdelamination 

30 y in location/appl. w 
worst thermal cycling 

30 y in location/appl. wHeat-induced Better than worst heat-induced- Hot-dryfailures qualification test degradation 

Humidity- Better thaninduced - qualification testfailures 

30 y for location/appl. 
w worst heat-induced 

degradation 

The two primary extremes that have not yet been addressed are: 
Heat  

Humidity  
So add additional stress for these, indicated by  

Note: Wind is also a priority in some locations  

NATIONAL RENEWABLE ENERGY LABORATORY



Principles for creating tests/rating system 

• Must be predictive 
• (correlate with field experience) 

• Must be relevant 
• (predict 10-40 y, not 1 y or 300 y) 

• Must be communicated in useful ways 
• (both simple and detailed for different audiences) 

• We’ll do our best and communicate uncertainty 
• (when we don’t know, we’ll communicate that we guessed) 

• Must be designed so we learn from the results 
• (application of the standard will help improve standard) 

• Must be cost and time effective 
• (manufacturers must bring the product to market) 

• Must define who is responsible/accountable 
• (customers need confidence in information) 

NATIONAL RENEWABLE ENERGY LABORATORY 8 



Test results 
By Test Lab X 

Rating System Proposal – Communicate four ways: 

1. Nameplate: 
A high level summary on the nameplate will allow Pmax 205 W researchers to correlate tested rating with field 

Durability rating: experience 20 y from now. 
Hot-cold 
Hot-dry 
Hot-humid not rated 
Snow/wind 2400 Pa 
Salt spray etc. 

3. Interpretive maps: 
Publications/Guides 

4. Climate charts that link climates with 
stresses (see next slide): 

2. Report: Standards 

A detailed report 
can be used by  
engineers to more 
closely compare 
specific products  

NATIONAL RENEWABLE ENERGY LABORATORY



Climate charts – similar to the interpretative 
maps: define relationship between climate 
zones and stress testing needed in these. 
Chart can define: 
• 25 years estimated service life 
• retention of 80% power and safe operation of 90% of modules 

Cfa/open rack 
Geneva/open 

rack 
Tropical/rooftop 

Communicate meaning of tests for all climate zones, locations, and applications  

NATIONAL RENEWABLE ENERGY LABORATORY 10 



Other challenges 

Different module constructions will have different 
acceleration factors. Good science tells us that the test 
must vary with module construction, but manufacturers will 
complain if they have to bake longer or shake harder. 

The stresses are applied in different combinations and 
different sequences. We need to simplify a complex 
problem! Can we simplify and still be meaningful? 

NATIONAL RENEWABLE ENERGY LABORATORY 11 



Conclusions  

• A Rating System is necessary for the 
success of the QA Task Force 

• Building consensus on: 
• Principles: tests must be meaningful/useful 
• Assessing today’s most common wear out mechanisms 

and those expected in hotter and wetter climates defines 
our current opportunity to strengthen the standards 

• Must find simple way of summarizing test results to 
standardize communication of a complicated picture 

• Meaning of test results should be communicated in 
maps and publications 

12  
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Aaron Korostyshevsky, Anna Fox, Eric Straily, Orri Jonsson, and Halden Field
PV Measurements, Inc., 5757 Central Avenue Suite B, Boulder, CO 80301, USA

Abstract

Summary

Control Module Stressed Module

In this study, we examine the process, analysis, and artifacts of quantum efficiency (QE) measurements of solar cells within a module.  Experience with measuring QE of multi-
junction cells lends some insight regarding the use of light and voltage biasing, but the QE of a module presents some unique differences.  The most significant of these is that a 
much larger number of devices in series is available to negatively influence the measurement condition via shunting.  Some cases are identified where an absolute QE measure-
ment is not obtainable due to severe degradation.  We can use this measurement technique in conjunction with other types of data to study cell failure modes in a module that 
has been subjected to a variety of stress tests.



Failure Rates from Certification Testing to UL 
and IEC Standards for Flat Plate PV Modules 

Larry Pratt*, Nicholas Riedel*, Martin Plass, and Michael Yamasaki 
CFV Solar Test Laboratory, Inc., Albuquerque, NM 
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High-Efficiency GaAs Thin-Film Solar Cell Reliability 
NREL PV Module Reliability Workshop, Feb. 26-27, 2013 

Erhong Li and Prasad Chaparala 
Alta Devices, Inc. 



Alta Devices Flexible Solar Technology 

World-record efficiencies 
• Single junction cell/module: 28.8% / 24.1% 
• Dual junction cell: 30.8% 

HIGH ENERGY DENSITY 
240W/m2 

HIGHLY FLEXIBLE 
<15cm RADIUS 

ULTRA LIGHT WEIGHT 
1 gm/W 

CAN BE MADE INTO 
ANY FORM FACTOR 

Erhong Li, NREL PVMRW 2013 2 



How Alta’s Flexible Cells Are Formed

Substrate 
Reuse 

MOCVD 

Lift-off 

Substrate 
R

Lift-off 
Epitaxial

Front metal 
AR Coating
Cut 
Test 

Erhong Li, NREL PVMRW 2013 3 



Mobile Power Applications 

UAVs / Aerospace 

Remote 
Power 

Portable 
Electronics 

Erhong Li, NREL PVMRW 2013 4 



Built-in Reliability Methodology 

In-depth reliability characterization, beyond certification 
& specs 
• Know when, where and why it fails 

Built-in reliability mindset 
• Reliability - integral part of development 
• Cell-level accelerated testing for fast feed-back 

System Reliability 

Module Reliability 

Interconnect Reliability 

Cell Reliability 

IEC tests Lifetime estimation Failure limits 

Erhong Li, NREL PVMRW 2013 5 



Reliability Tests 

Technology Reliability Characterization 
• Accelerated tests on bare solar cells (un-encapsulated) 
• IEC tests on glass mini-modules (150 cm2) 

Reliability Tests 
Sample HTOL LTSL Damp Heat Thermal 

Cycling 
Humidity

Freeze 

Cells 150C 
168hrs 

-60C 
168hrs 

85C/85%RH 
168hrs 

-40C/85C 
200 cys 

NA 

Modules 110C NA IEC61646 IEC61646 IEC61646 
1000hrs 

Failure Criterion 
• Pmax Degradation(%) = (Pmax@Tx-Pmax@T0)/Pmax@T0*100 

Erhong Li, NREL PVMRW 2013 6 



Cell Level Reliability – High Temperature Test 

Cells tested @150C for 168hrs 
 Pmax degradation < 6% 

PL @0hr 

PL @168hrs 

Erhong Li, NREL PVMRW 2013 7 



Cell Level Reliability – Low Temperature Test 

Cells tested @-60C for 168hrs 
Pmax degradation < 2% 

PL @0hr 

PL @168hrs 

Erhong Li, NREL PVMRW 2013 8 



Cell Level Reliability - Damp Heat Test 

Cells tested @ 85C/85%RH for 168hrs 
Pmax degradation < 6% 

PL @0hr 

PL @168hrs 

Erhong Li, NREL PVMRW 2013 9 



Cell Level Reliability - Thermal Cycling Test 

Thermal cycling under 2” bend radius (-40C/85C, IEC 
profile, 200 cycles) 

Pmax degradation < 10% 

Erhong Li, NREL PVMRW 2013 10 



Reliability of Cells from Multiple Substrate Reuses 

Substrate reuse is one of the key process steps to 
lower cost for GaAs thin-film solar technology 
Cells tested @150C for 168hrs 
No intrinsic degradation mechanism was found on 
material up to 10-time substrate reuse 



Module Level Reliability – High Temperature Test 

Module tested @110C, 1000hrs 
Pmax degradation < 5% 

Target 

PL @0hr 

PL @4000hrs 

Erhong Li, NREL PVMRW 2013 12 



Module Level Reliability – Damp Heat Test 

Pmax degradation < 5% at 1000hrs 
Results exceed IEC test requirements  

Target 

Erhong Li, NREL PVMRW 2013 13 



Module Level Reliability – Thermal Cycling Test 

Pmax degradation < 5% at 200cys 
Results exceed IEC test requirements  

Target 

Erhong Li, NREL PVMRW 2013 14 



Module Level Reliability – Humidity Freeze Test 

Pmax degradation < 5% at 10cys 
Results exceed IEC test requirements  

Target 

Erhong Li, NREL PVMRW 2013 15 



Module Level Reliability – UV + TC + HF 
EL @0hr Pmax degradation < 5% 

Modules passed UV 
sequence test 
• UV (15kWh/m2) 
• TC50 
• HF10 

EL @UV+TC50+HF10 

Erhong Li, NREL PVMRW 2013 16 



Conclusion 

Thin-film solar cells from GaAs reuse substrate show 
no intrinsic degradation after reliability tests 

Broad range of cell-level and module-level reliability 
tests demonstrate that Alta Devices GaAs thin-film 
solar technology from Epitaxial Lift-off (ELO) process 
exceeds lifetime requirements for PV applications 

Erhong Li, NREL PVMRW 2013 17 
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Ryan Gaston*, N. Ramesh J. Akman, A. Dasgupta, C. Choi, S. Mukherjee, D. Das 
The Dow Chemical Company University of Maryland - CALCE 

• Continuous temperature readings taken at various geographic locations 

 (

• 3 parameter Rainflow algorithm used to reduce raw data to significant cycles 
• Temperature data quantified in terms of cyclic Tmean and ΔT 

 (

• Design space generated to describe life cycle profiles 
• Accelerated profile: -40oC to 90oC 

Thermal Cycle Design Space Outline of Methodology 

• Shear, peel, and axial forces estimated using FEA 
• Parameters monitored at intraconnect interface (below) 

Localized view of FEA model developed of 
intraconnect interface within assembly Schematic 

FEA Model - Intraconnect 

 (
 (

• FEA model run for all combinations 
within design space as well as
accelerated profile (90oC to -40oC) 

• Response surface models generated 
(as a function of Tmean and ΔT) for all 
parameters monitored at intraconnect 
interface using a piecewise cubic
spline 

Δ

FM1: Damage Modeling 
• Plot shows a cumulative damage caused by field conditions normalized with

respect to accelerated test 

 

Δ

 Δ

Δ

Accel. Test 
(ΔT=130) 

Daccel = 1 

Dfield ≈ 0.085Cumulative Field Damage 

n 

–

Mechanical Failure Modes Response Surface Models 
Response Surface 

ΔTTmean 

Calculate loads from appropriate 
response surface 

Metal 1 
Metal 2 

Damage Accumulation: Approach 

[Tmean-i, ΔTi, ni] 

Gather cycle count data for appropriate location 

[ΔFi, Fmean-i, σH, ΔεvM] 

Nfi 
 ( Utilize Miner’s rule to calculate

cumulative damage accumulation 
and predict fatigue life 

Gather corresponding model constants 
and/or cycles to failure based on literature 
and experimentally generated fatigue data Life = Dacc /Dfield 

FM1: Acceleration Factor FM2: Damage Modeling 

• S-N curves generated for metal 2
failure 

• Sensitivity study of model coefficients σf 
’ and εf 

’ (i.e. fatigue curve intercept) • The fatigue strength coefficient 
• Values chosen based on values for σf 

’ and εf 
’ in literature  (P’f) is modeled using a power-law

• Nf values changed by as much as a factor of 2 for most severe field conditions dependence on temperature and
the fatigue exponent b is modeled 

σ ’ ε ’

using a log-linear dependence on 
temperature 

• This allows for fatigue constants to 
be estimated at any Tmean in the 
field environment. 

S-N curves of Metal 2 failures for 
-40oC, 25oC, 90oC

P’

SummaryFM2: Acceleration Factor 
Linear damage superposition (Miner’s rule) used to calculated damage
accumulation: 

1. FEA & Response Surface Models used to extract stress/strain histories at 
interconnect 

2. Nf values calculated using extracted data and fatigue model(s) for all field
conditions at each location 

3. Cumulative damage index calculated from field conditions (Dfield) 

4. Acceleration factor (AF) calculated by comparing damage index ratio of 
single accelerated cycle ‘Dacc’ to all field cycles ‘Dfield ’

5. Repeatable for any field location where cycle history is known 

•
•

• A 3 parameter Rainflow algorithm was used to reduce module temperature data to significant cycles of Tmean and ΔT 
• FEA models were developed and used to generate response surface models as a function of Tmean and ΔT over a 2D design space  
•
•



The thermal reliability study of bypass diodes in photovoltaic modules
Zhang, Z.1, 2,  Wohlgemuth J. 1, Kurtz, S.1

National Renewable Energy Laboratory, Golden, Colorado, USA
State Key Lab of Photovoltaic Science and Technology, Trinasolar Co. Ltd., Changzhou, China

Bypass diodes are a standard addition to PV (photovoltaic) modules. The bypass
diodes’ function is to eliminate the reverse bias hot-spot phenomena which can
damage PV cells and even cause fire if the light hitting the surface of the PV
cells in a module is not uniform. The design and qualification of a reliable
bypass diode device is of primary importance for the solar module. To study the
detail of the thermal design and relative long-term reliability of the bypass
diodes used to limit the detrimental effects of module hot-spot susceptibility;
this paper presents the result of high temperature durability and thermal cycling
testing and analysis for the selected diodes. During both the high temperature
durability and the thermal cycle testing, there were some diodes with obvious
performance degradation or failure in J-box 1 with bad thermal design.
Restricted heat dissipation causes the diode to operate at elevated temperatures
which could lower its current handling capability and cause premature failure.
Thermal cycle with forward biased current to the diode, is representative of hot
spot conditions, can impose a strong thermal stress to diode, and may cause
failure for bypass diodes in some PV module that may be able to pass the
present criteria of IEC 61215.
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Test samples(shown in fig.1 and fig.2) :
 3 types of junction boxes for testing
 J-boxes were attached on mini laminate modules
 3 diodes per j-box
 Diode rated current > 10A
 Thermocouples were bonded to diode cases

Data monitoring
 Measure forward and reverse characteristics of diodes before  each 

thermal durability test
 Monitor current and voltage data of diodes and/or power supply 
 Monitor case temperature of each diode

Test Procedure
 Test 1

• Put the samples in chamber with controlled temperature of 50, 60, 
75°C

• Add forward current of 10A to bypass diodes
• Monitor the bypass diode case temperature and forward voltage drop 

and current
• 1000 hours

 Test 2
• Chamber temperature cycled from -40°C to 85°C 
• 3 hours per cycle
• Dwell time at both 85°C & -40°C are 10~30 minutes
• Add forward bias current of 10A to diodes when the chamber 

temperature is higher than 25°C 
• One power supply is used for one J-box (3 power supplies). 
• 100 cycles

 Test3
• Chamber temperature cycled from -40°C to 85°C 
• 3 hours per cycle
• Dwell time at both 85°C & -40°C are 10~30 minutes
• Add reverse bias voltage of 12V to diodes when the chamber 

temperature is higher than 25°C. 
• One power supply is used for one diode(9 power supplies). 
• 100 cycles

 Next step
• Chamber temperature at 75°C
• One hour of reversed bias (12 V ) plus one hour of forward bias(10A) 

per cycle
• 20 cycles
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Thermal cycle plus reverse bias endurance testing was applied to bypass diodes
to assess diodes reliability under thermal cycling caused by ambient
temperature change without hot spot.

Diodes case temperature are very close to chamber temperature during the testing

Diodes performance after the testing:
 12V reverse biased voltage was applied to diodes when the chamber

temperature is higher than 25°C.
 Diode case temperature was close to chamber temperature.
 No failure or obvious degradation of diodes were observed during or after the

test.
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Thermocouples

Thermal cycle plus forward bias endurance testing was applied to bypass diodes 
to assess diodes reliability under thermal cycling caused by ambient temperature 
change combined with hot spot current flow.

Diodes case temperature during  the testing :
Box - 1: - 40 ~ 214°C 
Box - 2: - 40 ~ 158°C 
Box - 3:  - 40 ~ 157°C 

Diodes performance after the testing:
Diodes forwards bias voltage of Box-1 increase dramatically after 40 cycles.

Diodes of Box-1 totally failed after this testing.
Reverse current(at reverse voltage of 10 - 16V) of diodes 3-2 (middle diode of

box-3) and 2-2 increased by 10~20%.
Diodes forward bias voltage of Box-2 remained steady
Diodes forward bias voltage of Box-3 increased by 0.5V

Fig. 1. Junction box sample for testing

Fig. 2. Assembled testing samples in the chamber  

High temperature endurance testing with forward biased current was applied to 
bypass diodes to assess diodes operating performance under long-term hot spot 
condition.

 Diodes temperature rise of 3 J-box during the testing(shown in fig.3 and fig.4) :
• Box 1: Temperature  rises of diodes 1-1 and 1-2  increased by 20°C . The highest 

diode case temperature reached 220°C when the chamber temperature was 60°C
• Box  2: Temperature  rises of diodes were very stable.
• Box  3: Temperature rises of diodes 3-1, 3-2 and 3-3 increased slightly
• Temperature rises of diodes decreased when ambient temperature increased.
• Diode temperature rises of J-box 1 and 3 went up after restart testing.

 Diodes forward voltage of 3 J-box during the testing:
• J-box 1: Voltages varied with testing time. Forward voltage of diodes 1-2 increased 

dramatically after restarted testing(Oct. 6), while voltage of diodes1-1, 1-3 decreased.
• J-box 2: Voltages were stable
• J-box 3: Voltages were stable

 No diode failed after the high temperature testing. 

Note: 
1.Temperature rise is the temperature difference between diode case and chamber
2.Diode 1-2, 2-2, 3-2 is the middle diodes of box 1, box 2 and box 3. 
3.The temperature of middle one is highest in the box.

Increase 
chamber 

temperature 
from 50°C to 

60°C

Fig. 3. Diode case temperature rise for 3 J-box during high temperature testing

Test 1

Fig. 4 Diodes forward voltage of 3 J-box during the high temperature testing

Test 2

Conclusions

Based on the test result above, we can find if the heat dissipation is not good, there
is still some possibility of diodes degradation or failure in PV modules under hot
spot condition. Thermal cycle condition with forward biased current to diode,
really representative of hot spot conditions, can impose a strong thermal fatigue
stress to diode, and may cause failure for bypass diodes of some PV module that
may be able to pass present criteria of IEC 61215.
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thermal cycle plus forward bias testing
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after diodes thermal cycle plus reverse bias testing

Fig. 7. Chamber temperature and diode case temperature of box 3 during 
diodes thermal cycle plus reverse bias testing
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To assess diodes thermal reliability of PV modules, three indoor tests were
designed to simulate 3 types of diodes operating condition. The related test results
were shown in above section.

High temperature endurance testing with forward biased current was applied to
bypass diodes to assess diodes operating performance under hot spot condition. Mini
modules with three types of junction boxes were put in chamber with controlled
temperature. Forward biased current of 10A was added to bypass diodes; and the
bypass diode case temperature and forward voltage drop and current were monitored
during the testing. After 1000 hours’ testing, though there is no abnormal appearance
of diode were found and no appreciable changes in terms of reverse diode
characteristics were detected, the temperature rise of worst diodes in one J-box
increased by 25°C. The temperature rises of diodes in J-box 1 and 3 went up by 2-
15°C and their forward voltage increased dramatically after cool down the diodes
and restart testing, while that of J-box 2 was stable. Based on the test result above,
we can find if the heat dissipation is not good, there is still some possibility of diodes
degradation in PV modules in hot spot condition. When the diodes is forward biased
with hot spot current flow, the forward current may make the diode hot enough for
the dopants that create the N- and P-type areas in the diode to diffuse across the
junction, wrecking the semi-conducting behavior that we rely on, and cause
performance degradation.

Two types of thermal cycle testing were processed to assess the diodes’ durability
of thermal cycling stress caused by ambient temperature change with or without hot
spot in PV modules. Three types of J-boxes were tested in chamber with cycling
temperature range from -40°C to 85°C. For the first 100 cycles, forward biased
current of 10A was applied to diodes when the chamber temperature is higher than
25°C. One of diodes totally failed with open circuit after the first 100 thermal
cycles testing. The high temperature combined with thermal cycling will cause the
diodes resistance increase and damage the PN junctions. For the second 100 cycles, -
12V reverse biased voltage was added to diodes during the chamber temperature is
higher than 25°C. The diodes case and junction temperatures were close to ambient
temperature during the second 100 cycles test. And there was no failure or obvious
degradation of diodes were observed during or after the test. The diodes performance
of PV module is stable if there is no hot spot issue.

The diode performance is stable if the diode is reverse-biased with low diode
temperature. However, the leakage currents doubles every 10°C as the temperature
increase, and eventually the current may reach a level where the heat dissipation
within the junction is high enough for the junction temperature to run away. For the
field operating condition, the PV modules may encounter momentary shading
caused by cloud or bird, etc. The diodes in the modules will work under the
condition of high temperature with hot spot current flow firstly when the shading is
on the modules. Then the diodes will be reverse-biased in high temperature condition
after the shading is gone. For next step, the experiments need be designed to access
the diode thermal reliability under simulated the field condition of momentary
shading .



Jean Posbic, Eugene Rhee and Dinesh Amin 

NREL PVMRW – February 2013 
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International Electrotechnical Commission  
Technical Committee 82 on Photovoltaics  

PV Standards. 
What IEC TC82 is  

Doing for You  

By George Kelly, TC82 Secretary
solarexpert13@gmail.com 

February 26, 2013 



TC 82 Working Groups 
WG1: Glossary  

Task: To prepare a glossary of terms relevant to PV. 

WG2: Modules, non-concentrating 
Task: To develop international standards for non-concentrating, terrestrial photovoltaic 
modules - crystalline & thin-film. 

WG3: Systems 
Task: To give general instructions for photovoltaic system design and maintenance. 

WG6: Balance-of-system components 
Task: To develop international standards for BOS components for PV systems. 

WG 7: Concentrator modules 
Task: To develop international standards for photovoltaic concentrators and receivers. 

WG 8: Solar cells and wafers (new group to be formed in 2013) 
Task: To develop international standards for photovoltaic cells and wafers. 

JWG 21/TC 82 Batteries 
Task: To draw up standard requirements for battery storage systems intended for use in 
photovoltaic systems. 

JWG 1-TC 82/TC 88/TC21/SC21A 
Task: To prepare guidelines for Decentralized Rural Electrification (DRE) projects which 
are now being implemented in developing countries. 



TC 82 Standards   
Standards published by TC 82 can be found on at this link:
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID,FSP_LANG_ID:1276,25 

Or go to www.iec.ch and search for TC 82 dashboard. 

Select IEC - TC 82 Dashboard > Scope and click on 
Projects/Publications. The TC 82 Work Program will be listed. 
Click on Publications to view all standards that have been 

published to date. 

The following pages list some of the New Work Item Proposals
and projects for improvement of existing standards that
are presently underway. Figures in red indicate expected 
publication dates. 



TC 82 
WG1 and WG2 

Working Group 1 
IEC/TS 61836 Ed. 3.0  Solar photovoltaic energy systems - Terms, definitions and symbols 

2012 
Working Group 2 
IEC 61215 Ed. 3.0 Crystalline silicon terrestrial photovoltaic (PV) modules - Design 
qualification and type approval 2013 

IEC 61730-1 am2 Ed. 1.0 Amendment 2 to IEC 61730-1 Ed.1: Photovoltaic (PV) module 
safety qualification - Part 1: Requirements for construction 2013 

IEC 61730-2 Ed. 2.0 Photovoltaic (PV) module safety qualification - Part 2: Requirements 
for testing 2014 

IEC 61853-2 Ed. 1.0 Photovoltaic (PV) module performance testing and energy rating -
Part 2: Spectral response, incidence angle and module operating temperature measurements 

2013 
IEC 62759-1 Ed. 1.0 Transportation testing of photovoltaic (PV) modules - Part 1: 
Transportation and shipping of PV module stacks 2013 

IEC 62782 Ed. 1.0 Dynamic mechanical load testing for photovoltaic (PV) modules 2014 



TC 82 
WG2 (cont.) 

IEC 62775 Ed. 1.0 Cross-linking degree test method for Ethylene-Vinyl Acetate applied in 
photovoltaic modules - Differential Scanning Calorimetry (DSC) 2014 

IEC 62788-1-2 Ed.1 Measurement procedures for materials used in photovoltaic modules -
Part 1-2: Encapsulants - Measurement of resistivity of photovoltaic encapsulation and 
backsheet materials 2015 

IEC 62788-1-4 Ed.1 Measurement procedures for materials used in photovoltaic modules -
Part 1-4: Encapsulants - Measurement of optical transmittance and calculation of the 
solar-weighted photon transmittance, yellowness index, and UV cut-off frequency2015 

PNW 82-654 Ed. 1.0 Photovoltaic devices - Part11: Measurement of initial light-induced 
degradation of crystalline silicon solar cells and photovoltaic modules 2014 

PNW 82-668 Ed. 1.0 Future IEC 6XXXX-1-3 Ed.1: Measurement procedures for materials 
used in photovoltaic modules - Part 1-3: Encapsulants - Measurement of dielectric 
strength 2015 

PNW 82-669 Ed. 1.0 Future IEC 6XXXX-1-5 Ed.1: Measurement procedures for materials 
used in photovoltaic modules - Part 1-5: Encapsulants - Measurement of change in linear 
dimensions of sheet encapsulation material under thermal conditions 2014 



TC 82 
WG2 (cont.) 

IEC 62790 Ed. 1.0 Junction boxes for photovoltaic modules - Safety requirements and 
tests 2014 

IEC 62852 Ed. 1.0  Connectors for DC-application in photovoltaic systems - Safety 
requirements and tests 2014 

PNW 82-685 Ed. 1.0 System voltage durability test for crystalline silicon modules -
Qualification and type approval 2013 

PNW 82-689 Ed. 1.0 Test method for total haze and spectral distribution of haze of 
transparent conductive coated glass for solar cells 2014 

PNW 82-690 Ed. 1.0 Edge protecting materials for laminated solar glass modules 2014 

PNW 82-691 Ed. 1.0  Test method for transmittance and reflectance of transparent 
conductive coated glass for solar cells 2014 

NWIP Comparative testing of PV modules to differentiate performance in multiple climates 
and applications – Part 1: Overall test sequence and method of communication 2014 



TC 82 
WG3 and WG6 

Working Group 3 
IEC 61829 Ed. 2.0 Crystalline silicon photovoltaic (PV) array - On-site measurement of I-
V characteristics 2013 

IEC/TS 62548 Ed. 1.0 Design requirements for photovoltaic (PV) arrays 2013 

IEC/TS 62738 Ed. 1.0 Design guidelines and recommendations for photovoltaic power 
plants 2012 

IEC/TS 62748 Ed. 1.0 PV systems on buildings 2012 

Working Group 6 
IEC 62109-4 Ed. 1.0 Safety of power converters for use in photovoltaic power systems -
Part 4: Particular requirements for combiner box 2014 

PNW 82-696 Ed. 1.0 Safety of power converters for use in photovoltaic power systems -
Part 3: Particular requirements for PV modules with integrated electronics 2015 



TC 82 
WG7 and WG8 

Working Group 7 
IEC 62670-1 Ed. 1.0 Concentrator photovoltaic (CPV) module and assembly performance 
testing and energy rating - Part 1: Performance measurements and power rating - Irradiance 
and temperature 2013 

IEC 62688 Ed. 1.0 Concentrator photovoltaic (CPV) module and assembly safety 
qualification 2013 

IEC 62787 Ed. 1.0  Concentrator photovoltaic (CPV) solar cells and cell-on-carrier (COC) 
assemblies - Reliability qualification 2014 

IEC/TS 62727 Ed. 1.0 Specification for solar trackers used for photovoltaic systems 
2012 

Working Group 8 
New WG to be formed during 2013 – seeking a volunteer to be the Convenor 



TC 82 
Joint Working Groups 

JWG 21/TC 82 Batteries 
IEC 61427-2  Secondary cells and batteries for renewable energy storage     
Part 2: On-grid applications 2014 

JWG 1--TC 82/TC 88/TC21/SC21A 
IEC/TS 62257-9-6 Ed. 2 Recommendations for small renewable energy and hybrid 
systems for rural electrification – Part 9-6 : Selection of Photovoltaic Individual 
Electrification Systems (PV-IES) [to include selection of PV powered LED lanterns] 2013 



Solar America Board for Codes and Standards – 2013 Progress Update 
Larry Sherwood, Solar ABCs Project Administrator 

Photovoltaic Module Grounding: Issues and Recommendations 
Greg Ball, BEW Engineering 

Timothy Zgonena, Christopher Flueckiger, Underwriters Laboratories Inc. 

This report provides the PV industry with practical guidelines and procedures for module 
grounding in the overall context of system grounding. 

General recommendations for ensuring proper grounds based on field experience and feedback 
received throughout the course of this study: 

•Follow through with proposed changes to the existing standards to improve the method and 
quality of ground connections. 
•Elicit additional industry feedback from the accelerated aging test study to determine if and how 
these or similar tests might be incorporated into standard testing. 
•Be aware of and make use of the new and expanded set of channels for listing module 
grounding equipment. 
•Be aware of the principles of module frame grounding, the type of faults that may occur, and 
the implications for safety and ground system design. 

• Follow the specific design and installation recommendations enumerated in this report, such as using proper materials and 
components, following manufacturer instructions, using torque wrenches to ensure proper tightening of connections, and 
avoiding connections of dissimilar metals that lead to corrosion, among many others. 

Photovoltaic System Grounding 
John C. Wiles, Jr., Southwest Technology Development Institute, New Mexico State University 

This report provides the PV industry with practical guidelines and procedures to ensure reliable 
PV system grounding as well as the ongoing safety of these systems. 

The report explains what grounding is and defines different types of grounding. It also describes 
existing National Electrical Code® (NEC®) grounding requirements in some detail, explains the 
basics of grounding PV equipment and systems, and notes the U.S. organizations responsible 
for developing and publishing grounding and safety standards. 

In addition, the report discusses grounding requirements for equipment such as microinverters 
and AC PV modules, and clarifies the differences between PV system and conventional 
electrical power systems (utility, generator, or battery sourced) grounding requirements. Finally, 
it includes an explanation of utility and NEC grounding requirements. 

Fire Classification Rating Testing of 
Standoff-mounted Photovoltaic Modules and Systems 

(Publication due in Summer 2013) 

Can the presence of a rooftop PV system contribute to the intensity or spread of a structural fire? 
This is the reason for the fire classification rating of PV modules and systems and was the subject 
of a series of laboratory tests that will be reported in this report. These tests were designed 
specifically to evaluate how PV and roof material interact as a system during exposure to fire and 
burning material. 

From a safety perspective, the goal is that the installation of a standoff-mounted PV system does 
not degrade the fire class rating of the roof assembly. Tests conducted at the UL Fire Test 
Laboratory show that the fire class rating of the PV module (performed to UL 1703) is not a 
predictor of the whether or not the fire class rating of the PV module and roof assembly as a system 
is changed from the fire classification rating of the roof assembly. Thus the stakeholders and 
investigation team decided to pursue the development of a new fire classification test for the PV 
module and roof assembly as a system. UL conducted many additional tests to develop and 
validate this new fire classification rating test. 

The proposed new fire classification test procedure is a significant change from the current PV 
module fire classification test procedure. In the new procedure, the module is tested mounted over 
representative roof covering systems and the performance of the entire system is the basis for the 
fire classification rating of the PV module with mounting system. In this way, the new PV fire 
classification test is a measure of impact of the photovoltaic installation on the fire classification 
rating of the roof covering system and provides a more logical rating than the old PV rating test. 
This new test procedure is current ly in the review and approval process with the UL 1703 Standard 
Technical Panel. 

A Proposed Standard for: 
Nameplate, Datasheet, and Sampling Requirements of Photovoltaic Modules 

Govindasamy TamizhMani, Joseph Kuitche, Arizona State University 
Alex Mikonowicz, PowerMark Corporation 

Solar ABCs recommends that the following requirements be included in required standards for 
PV modules: 

•After accounting for the light induced degradation, the measured average power shall be equal 
to or higher than the nominal nameplate power rating at STC and no individual module power 
shall be more than 3% below nominal. 
•At least one module closest to the nominal rated power shall be measured at the other four 
rating conditions given in IEC 61853-1 standard (NOCT, LIC, HTC, and LTC). 
•Nameplates and datasheets shall contain at least the minimum information specified in the 
Solar ABCs standard. 
•The number of samples used to calculate the measured average power shall be determined 
using the method identified in the Solar ABCs standard. 

Additional Reports due by Summer 2013 
• Examination of Ground-Fault Blind Spot with 

Recommendations for Mitigation 
• PV Blind Spot Electrical Simulations 
• Maintenance and Inspection Guidebook 
• Validation of IEC 61853, Part 2 

• Validating PV Module Durability Tests 
• PV Generation: Temporary Overvoltage Impact and 

Recommendations 
• PV Module Grounding: Addendum Report on Corrosion 

Testing 
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• Maintenance and Inspection Guidebook 
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Recommendations 
• PV Module Grounding: Addendum Report on Corrosion 

Testing 

A Literature Review and Analysis on 
Accelerated Lifetime Testing of Photovoltaic Modules 

(Mani) GovindaSamy TamizhMani, Joseph Kuitche, Arizona State University 
(Publication due Spring 2013) 

One of the major technical barriers for photovoltaic (PV) diffusion and to access project financing is the 
technology risk: concern that a technology will underperform (durability issue) or become obsolete 
prematurely (reliability issue). The purpose of accelerated testing (AT) is to assess the reliability and 
durability of products by inducing failures and degradation in a short period of time using accelerated test 
conditions much more severe than the actual field operating conditions while replicating the actual field 
failure mechanisms. This report provides a background literature review and analysis on the field failures, 
degradation and the available accelerated testing methodologies. Based on this review report and the 
other published literature, the research teams may develop accelerated testing protocols which could 
potentially be converted into an accelerated comparative testing and/or lifetime testing protocol/standard 
by one or more standards developing organizations or international/national industry organizations. In 
order to generate this report, a large number of published papers related to PV module reliability and 
durability were collected and systematically analyzed. 

A Literature Review and Analysis on
Accelerated Lifetime Testing of Photovoltaic Modules 

(Mani) GovindaSamy TamizhMani, Joseph Kuitche, Arizona State University 
(Publication due Spring 2013) 

One of the major technical barriers for photovoltaic (PV) diffusion and to access project financing is the 
technology risk: concern that a technology will underperform (durability issue) or become obsolete 
prematurely (reliability issue). The purpose of accelerated testing (AT) is to assess the reliability and 
durability of products by inducing failures and degradation in a short period of time using accelerated test 
conditions much more severe than the actual field operating conditions while replicating the actual field 
failure mechanisms. This report provides a background literature review and analysis on the field failures, 
degradation and the available accelerated testing methodologies. Based on this review report and the 
other published literature, the research teams may develop accelerated testing protocols which could
potentially be converted into an accelerated comparative testing and/or lifetime testing protocol/standard 
by one or more standards developing organizations or international/national industry organizations. In 
order to generate this report, a large number of published papers related to PV module reliability and 
durability were collected and systematically analyzed. 
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Fire Classification Rating Testing of 
Standoff-mounted Photovoltaic Modules and Systems

(Publication due in Summer 2013) 

Can the presence of a rooftop PV system contribute to the intensity or spread of a structural fire? 
This is the reason for the fire classification rating of PV modules and systems and was the subject 
of a series of laboratory tests that will be reported in this report. These tests were designed 
specifically to evaluate how PV and roof material interact as a system during exposure to fire and 
burning material.

From a safety perspective, the goal is that the installation of a standoff-mounted PV system does
not degrade the fire class rating of the roof assembly. Tests conducted at the UL Fire Test
Laboratory show that the fire class rating of the PV module (performed to UL 1703) is not a 
predictor of the whether or not the fire class rating of the PV module and roof assembly as a system 
is changed from the fire classification rating of the roof assembly. Thus the stakeholders and 
investigation team decided to pursue the development of a new fire classification test for the PV 
module and roof assembly as a system. UL conducted many additional tests to develop and 
validate this new fire classification rating test. 

The proposed new fire classification test procedure is a significant change from the current PV 
module fire classification test procedure. In the new procedure, the module is tested mounted over 
representative roof covering systems and the performance of the entire system is the basis for the 
fire classification rating of the PV module with mounting system. In this way, the new PV fire 
classification test is a measure of impact of the photovoltaic installation on the fire classification 
rating of the roof covering system and provides a more logical rating than the old PV rating test. 
This new test procedure is current ly in the review and approval process with the UL 1703 Standard 
Technical Panel. 
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The US TAG 
“What is it?” 

“Why should I care?” 



“What is It?” 

The term TAG stands for “Technical Action  
Group” 

It is a group of experts from businesses, 
Government, Financial Interests, Universities, 

Research Laboratories from around the world that 
have a common interest in the betterment of a need 

or philosophy. 



“Why should I care?” 
The need to be involved or “care” is because the Group 

originates, refines, determines performance, 
acceptance, applicability, and heavily influences 

standards that are established to unify the behavior of 
the idea or in this case a “product” called 

Photovoltaic’s. 

Within the US, the Photovoltaic Technical Action Group 
or TAG is assigned to the American National Standards  
Institute called ANSI, headquartered in Washington DC 
and New York City, who act as the official voice of the  



US interests within the International Electrotechnical 
Commission (IEC) which is part of the International 

Standards Organization (ISO) headquartered in Geneva 
Switzerland. In the case of Photovoltaic’s the TAG is 

part of an IEC Technical Committee number 82.(TC 82) 

“What does being a member of the 
US TAG do for me or my company?” 

Joining the US TAG allows you to initiate new items to be 
considered for standardization or the creation of standards. More 
importantly it allows you to review and input to standards under 

consideration and contribute to their technical accuracy and 
applicability. 



“What are my Responsibilities?” 
Your responsibilities as a TAG member are to read and consider 
new proposals for standards, read and provide improvements for 
standards in the process of achieving acceptance within the IEC 

TC 82 and eventually the World community. 

“What is the Cost to be a  
member?” 

At present, the cost of joining the US TAG is $295.00 dues that 
are paid to ANSI as part of their operating cost. (Unlike other 

countries, the US Standards organizations are funded through the 
collection of dues and are not directly supported by the 

Government.) 



“How do I join the US TAG?” 
You may join the US TAG by contacting one or all of the following 
people, and express your interest with a short description of your 

expertise, and provide your “official”, total contact information. 
George, Howard, and I will inform Mr. Kevin Sullivan of ANSI to 

send you a $295.00 invoice. Upon payment of the invoice you will 
receive a user name and a temporary password to be able to use 

any of the website materials 

Our contact information is: 
Alex Mikonowicz, US TAG TA or Manager 
AlexMikonowicz@Powermark.org 
George Kelly, TC 82 Secretary and US TAG Secretary. 
solarexpert13@gmail.com 
Howard Barikmo, assistant US TAG Secretary. 
hbarikmo@gmail.com 
All of us will be happy to assist you. 
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NREL PV Module Reliability Workshop - Silicon, February 26-27, 2013, Golden CO  

Connector Issues in Reliability* 
Juris Kalejs, Jeff Gadomski and Zach Nobel 

American Capital Energy, Lowell, MA 01854 
Abstract: We have extended our studies on wiring failures in the field reported at this workshop last year to more
extensive examination of connector issues. New aspects of connector deficiencies are being reported in our PV field
installations after relatively short outdoor exposure of 2-4 years. We examine factors which may be responsible for these
failures and existing standards for their use. We find that there is a general lack of guidelines on connector design in
wiring terminations both for module connections and at the Junction box inserts, or for handling during installations. 

Potential issues/causes in connector failures: 

• Pin misalignments, metal-to-metal pressure contact 
mechanism failures 
• Pin O-ring weathering 
• Inadequate stress safety factors in latch design 
• Dirt/dust ingress in latch and pin areas during shipping, 
warehousing and installation; some connector 
manufacturers recommend capping of pins, but module 
manufacturers do not pass on options 
• Lack of uniform installation procedures to protect against 
stress on wiring and latches in the field 
• Mixing of compatible connector parts from different 
manufacturers 

Connector failure manifestations 

• Failures are caused by field conditions 
which combine extreme variable excursions: 
- mechanical forces 

Examples of wiring failures after 2-4 years field 
exposure 

3. Gap of 2-3 mm opens up between mating 
connectors without any obvious external 
damage, external stress or fracture in latches 

1. Melted 
connector joint in 
wiring connecting 
two modules 

2. Connector failures at junction 
box 

- temperature excursions 
- applied voltage 

• Types of failures may exploit poor design: 
- overheating in pin joint likely caused by
misalignments, poor contacts 

- broken latches 
- separation of two mating parts without
obvious mechanical damage or heating 

• Connector design impact is not obvious
in failures 

Major questions to be answered:
Are failures a result of: 
• fundamental design flaws, 
• inadequate certification testing, which may test for 
module but not electrical component durability 
• systematic deficiencies in manufacturing/assembly 
practices, or 
• lack of proper handling or installation methodology 
Conclusion: There appears to be a critical gap in 
connector qualification, durability testing and 
installation procedure guidelines
* Email: jkalejs@americancapitalenergy.com ;  Does not contain confidential information 
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Degradation Study of the Peel Strength of Mini-Modules under Damp Heat 
Condition 

Dan Wu*, Jiang Zhu, Tom Betts, Ralph Gottschalg 

Centre for Renewable Energy Systems Technology (CREST), School of Electronic, Electrical and Systems Engineering,  
Loughborough University, Loughborough, Leicestershire, LE11 3TU, UK 

Abstract This paper presents the degradation study results of adhesion strength between backsheet and encapsulant for a commercial mini-
module. A concept of environmental dose is established to quantify the cumulative stress suffered by PV module. A degradation model for the 

1 

Kinetic Stress Model 
An empirical kinetic model is developed by assuming that the rate of adhesion 
degradation is proportional to moisture concentration at the interface of 
backsheet / encapsulant and the reaction rate constant is Arrhenius dependent. It 
can be expressed as following: 

∆
∆
= 𝑅 ∝ 𝑓 𝑅𝐻 𝑒

Where f (RH) is a function of relative humidity; Ea is activation energy, R is gas 
constant (8.314J/K·mol) and T is absolute temperature in kelvin. 

Degradation Results 
Several types of defects are 
observed after visual 
inspection. The most severe 
ones are shown in Fig. 3. 

2 

3 

Fig. 3. Visual detection resutls with bubble near 
electrode (left), moistrue ingress (middle) and edge/ 
corner delamination (right) 

Adhesion strength results are plotted in Fig. 4 
together with the standard deviation of the 
results for each sample (Fig. 5). The strength 
can be modelled by following equation: 

S = 𝑆 𝑒
Where S is adhesion strength at time t, S0 is 
the strength without degradation, β and 𝑡
are assumed to be function of stress levels 
having an influence on degradation slope 
which need to be further investigated to 
understand the degradation behaviour. 

Both T and RH are accelerators of the 
degradation. The rate of T acceleration is 
faster than that of RH. 

Acceleration factors around 3-6 in testing time 
is achieved for the other three conditions 
compared with that at 65oC T and 85% RH. 

Fig. 4: Adhesion strength vs. time at 
different damp-heat conditions. 

Fig. 5: Standard deviation for each 
module with ten strips 

For the first step, f(RH) is assumed to be 
proportional to RH in the air: 

∆
∆
= 𝑅 ∝ 𝑅𝐻 ∙ 𝑒

A concept of “stress dose” is developed 
for the quantification of accumulative 
stresses (Fig. 6) which is actually the 
right part of the above formula. 

Ea need to be obtained which determines 
the acceleration factor. 

Outdoor prediction example is given based on environmental data in adhesion strength is developed and the activation energy is obtained. 
Loughborough and Denver. 

D.Wu@lboro.ac.uk 

Experiment 
Accelerated tests were conducted in 
environmental chamber at four different 
damp heat conditions. 

The backsheet of PV module is cut by 
laser into several strips (See Fig. 1). 
Laser is a quick and precise cutting 
method with accurate control of cutting 
depth. Each of the strips is peeled off 
using a specific peel test machine before 
and after certain time intervals during 
ageing (See Fig. 2). The peel angle is 90o 

and the peel speed is 50mm/min. Visual 
detection is also conducted after removal 
from chamber each time. 

Fig. 1: Mini PV module after laser cutting. 
100mm x 120mm, frameless P-Si 

Fig. 2: Peel test 

Arrhenius behaviour and Ea 
A linear relationship can be obtained by 
taking natural logarithm of RD and . 

ln𝑅 = −
𝐸
𝑅

1
𝑇
+ ln(𝑘 ∙ 𝑅𝐻)

Ln RD vs. plot is shown in Fig. 7. at 
constant RH of 85% but varying T of 
95oC, 85oC and 65oC. A linear line is 
observable, allowing Ea to be 
calculated: 

−
𝐸
𝑅
= slop = −6202.4

𝐸 ≅ 51 𝐾𝐽/𝑚𝑜𝑙

A linear relationship is obtained by 
plotting the changes of adhesion 
strength and temperature dose 

(𝑒 ∙ ∆𝑡) (Fig. 8). This proved the 
linear proportional dependent of RD on 
RH. 

Outdoor & Indoor Prediction 
Outdoor exposure time to achieve 
equivalent indoor degradation can be 
calculated as following: 

∆𝑡 =
( )

_ ∙ (
_

)
∆𝑡

Effective T and RH for outdoor is obtained 
(example in Fig. 9): 

(𝑅𝐻
∙

𝑒 _ ) = 𝑅𝐻 ∙ 𝑒

𝑅𝐻 _ ∙ 𝑒 = 𝑅𝐻 ∙ 𝑒

The subscript of out and out_eff represent 
measured and effective value for T & RH. 

Module T need to be transformed from 
ambient temperature Tamb: 

𝑇 = T + ( )×

NOCT is Nominal Operating Cell 
Temperature. 47o is taken in this study. 

Different Ea: 
Exponential increase of outdoor time (Fig. 
10). (no other stresses induced 
degradation is assumed) 

Conclusions and Future Work 

Peel test at different stress levels are conducted for commercial mini-modules. 
An example of the result is shown in Fig. 11. 

A kinetic model for adhesion strength degradation between backsheet and 
encapsulant of PV module is established with an Arrhenius temperature 
acceleration and linear proportion of relative humidity. 

Activation energy is obtained for the mini-module enabling outdoor prediction. 

model and how the moisture degrade the 
strength. More testing conditions are 
needed to improve accuracy of the fitting 
results. Delamination prediction will be 
conducted with cooperation of the 
University of Nottingham in UK. 

As peel test is influenced by factors like 
mechanical property of polymer, 
geometry of strips, peel speed, peel 
angle etc. The mechanics of peeling are 
also going to be investigated. 

4 

5 

6 

Fig. 6. Relative humidity dose in 
Loughborough with different Ea values 

Fig. 7: The relationship between Ln RD 
and the reverse of temperature 

Fig. 10: Corresponding outdoor 
exposure time at Denver and 
Loughborough for an indoor exposure 
of 85oC and 85%RH 

Fig. 9: Effective temperature and 
relative humidity in Denver and 
Loughborough 

Fig. 8: Changes of adhesion strength vs. 
temperature dose 

Fig. 11: A peel test result 

Future work will focus on analysing the effects of relative humidity on degradation 
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Study on PID resistance of HIT® PV modules 
Tasuku Ishiguro1, Hiroshi Kanno1, Mikio Taguchi1 

Shingo Okamoto2 

1 Energy Research Center, Energy Company, SANYO Electric Co., Ltd. 
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Motivation 

1. For increasing request in reliability, it is important 
to demonstrate that high-efficiency HIT module 
shows high PID resistance as originally designed. 

2. For customer benefit, we aim for increasing high 
efficiency and reliability at the same time to 
maximize the lifetime power generation. 

Maximizing the advantages of the HIT structure 

Panasonic HIT ® 

Heterojunction with Intrinsic Thin layer 

TCO Grid Electrode 

(1) Improved optical confinement 

Optimized textured structure 
High mobility TCO layer 
Wide gap a-Si layer 

R&D 

Conclusion 
1. All HIT PV modules have exhibited no sign of 

degradation under several PID tests.
2. Surface layer of HIT cell is TCO without insulating 

layer which does not cause accumulation of charges.
3. No incidences of PID have been reported from the 

European, U.S. or Japanese markets.
These facts confirm the high quality and high reliability 
of HIT modules. 

(2) Improved heterostructure 
Clean Si surface 
Low damage, high quality R&D 
a-Si deposition 

R&D 
Eff (T) : 23.9 % 
Voc : 0.748 V  !
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a-Si (n) Improved Q.E. at Grid Electrode 
shorter wavelengths 

PID resistance of HIT structure 

Conventional c-Si PV module structure 

HIT PV module structure 

Conventional c-Si module structure 
(1)Front surface is covered with insulating anti-reflection coating. 
(2)Positive/negative charges are accumulated on the cell 

surface, that result in the power degradation. 

HIT cell thickness ( m) Voltage (V) 

Increased Voc can compensate 23.9% efficiency with 98-μm 
for the drop in Isc thickness 

Results of PID test by Chemitox Inc. 60 85%RH 1000V 

VBHN240SJ01 

VBHN233SJ01 

HIP-215NKH5 

c-Si PV module A 
non-HIT 

c-Si PV module B 

Results of PID test by Fraunhofer CSP 50 50%RH 1000V, -1000V 

P1FC8KZ00028 
1000V) 

P1FC8KZ00015 
1000V) 

All HIT solar modules 
exhibited no sign of 
degradation 

HIT structure 
(1)Both surfaces are transparent conductive oxide (TCO) layers. 
(2)There is no insulating layer that accumulates electric charges 

under high-voltage biased condition. 

PID resistance of HIT PV modules is confirmed. 
"HIT" is a registered trademark of Panasonic Group. 
The name “HIT” comes from “Heterojunction with intrinsic Thin-
layer” which is an original technology of Panasonic Group. 



EXPERIENCES ON PID TESTING OF PV MODULES IN 2012 
Sascha Dietrich, Jens Froebel, Matthias Ebert, Joerg Bagdahn 

Fraunhofer - Center for Silicon-Photovoltaics CSP  

Walter-Huelse-Straße 1, 06120 Halle (Saale) 
Telefon +49 (0) 345/5589-408 
sascha.dietrich@csp.fraunhofer.de 

Motivation 

Fig. 4:  Scheme of experimental setup 1 

[1] S. Pingel et al., “Potential Induced Degradation of Solar Cells and Panels,” 35th 
 IEEE PVSC, Honolulu, 2010, pp. 2817–2822. 

[2] V. Naumann, C. Hagendorf, S. Grosser, M. Werner, J. Bagdahn „Micro Structural 
 Root Cause Analysis of Potential Induced Degradation in c-Si Solar Cells“ Energy 
 Procedia, 27, 1 – 6 (2012)  

Recovery 

Bibliography 

High Voltage Stress Testing (HVST) 

High voltage stress conditions are identified as a crucial degradation problem for 
solar cells  

Degradation usually happens quickly (months), large scale and with high 
magnitude in terms of performance loss 

Na+ migration through encapsulant and SiN due to potential between the cell 
and the frame + glass found as root cause 

Type approval test for modules required (IEC NWIP 62804) 

Results 

Results 

n-type cells show PID effect at 
negative bias with different 
degradation characteristic 
compared to p-type cells 

fast recovery after testing 

Discussion: 

How to deal with this type of 
behavior in terms of testing? 

Definition of time frame for 
characterization after HVST? 

e.g. Minimum waiting time 
before measurement 

Does it come with fast 
degradation during HVST? 

Fig. 12: PID effect on modules with n-type cells + fast 

recovery at room temperature after completion of the 

test (same manufacturer) 

Condition Setup 1 Setup 2 Setup 3 
Relative Humidity 50 % 85 % 50 % 
Temperature 50 °C 60 °C 25 °C 
Al-foil yes no yes 
Test Duration 48 h 96 h 168 h 
No. of Modules Tested 77 11 7 

Fig. 5: Experimental setup 1 at Fraunhofer CSP 

with Al-foil covered PVC sheets 

Fig. 1:  High voltage stress degradation (PID) along module string in floating ground configuration [1] 

Fig. 2:  Shunted regions on solar cell EL-image 

(left), LIT image (right) [2] 

Fig. 3: Na accumulation at SiN / Si interface 

PID cell (left), reference cell (right) [2] 

Fig. 10: Typical IV-curves for degraded n-type 

and p-type modules at -1000 V 

4,5 % loss 5,7 % loss 

Fig. 6: Remaining power summarized for all 

tested modules (95 tested modules) 

Fig. 11: Local shunting of solar cells leads to cloudy EL 

image of cells  (here: power loss 15 %) 

8A, intial 8A, post HVST 0.8 A, post HVST 

Fig. 8: Typical degradation pattern for 

different test approaches; 

left: setup 1; right: setup2 

test setup guides degradation pattern (Fig. 8) 

without Al-foil: strong concentration along the perimeter of the module 

with Al-foil: homogeneous electrode across module surface 

A few degraded cells may lead to high degradation (Fig. 9) 

cells may be arbitrarily distributed across the module 

cloudy EL-image (local shunting) of a cell typically beginning of degradation 

Discussion: 

statistical significance of HVST should be discussed 
needle in a haystack may be crucial to the result

low current EL appropriate for qualitative statistical evaluation of progress of 
degradation 

Fig. 9: Example where a few degraded cells with 

arbitrary distribution lead to rel. high performance los 

(8 A) 

Fig. 7: Rel. remaining power per product type of 

several manufacturers (test setup 1) 
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46 % of modules failed the 5 % loss criteria (Fig. 6) 
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The use of humidity sensors to develop BIPV  
packaging solutions 

rodney.rice@tatasteel.com tim.wilderspin@tatasteel.com 
Tata Steel, PV Accelerator, Shotton Works. Wales. CH5 2NH 

Procedure 

Firstly,  individual humidity  sensors (Honeywell  4000  series) were calibrated by 
recording sensor voltage and ambient relative humidity (RH) in both the dry (<5%RH) 
and wet (c.55% RH) laboratories. A linear relationship between output voltage and 
RH is stated in the technical literature of the sensors. 

Samples were then prepared in the dry laboratory for consistency. A sample size of 
100x100mm was chosen, as sufficiently meaningful for larger modules, albeit  with a 
greater ratio of perimeter to surface area. Colorcoat Prisma® (coated steel) was used 
as the backsheet in  all cases, together with various polymer barrier film frontsheets 
and differing butyl edge seals. The 10mm butyl perimeter seal  was sealed using a 
heated press at 30psi and 140 C for 30 seconds. 

Later experiments also included an encapsulant as part of a more complete solution. 

Damp heat testing was conducted in line with conventional protocols (85 C/85%RH) 
in a Design Environmental Alpha 190-40H chamber, with samples measured 
periodically. 

Results 

After some early sample failures associated with poor workmanship, a series of experiments were undertaken, 
focussing on particular material sets. As confidence in the test procedure grew, exposure times were extended 
beyond the basic test standards. 

Background 

As a manufacturer of coated steel and cladding systems, rather 
than photovoltaic cells, an approach that allowed the development 
of encapsulation systems somewhat independent of cell technology 
was required. 

A selection of indicators, from simple colour-change capsules to 
electronic sensors to measure relative humidity levels have been 
reported elsewhere, and humidity sensors are already utilised in the 
measurement of water vapour transmission rates for encapsulants 
(ISO 15106). 

Subsequently, we have routinely utilised humidity sensors as a 
proxy to working cells in order to screen a wide range of 
encapsulants, films and sealants in addition to coated steel 
cladding systems and lamination process settings. 
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Chart 1: Both Seals A & B contained high levels of desiccant, resulting in very low RH levels within the Chart 2: Barrier film Samples A, B & C were prepared with identical encapsulant and seal materials. The samples 
package after 1000hours. Seal C contained no desiccant, and very quickly became saturated, even if used in were chosen as representative of differing price/performance points. After only 1000hours there is a clear 
combination with another material (as a potential reduced-cost option). Even after >3000hours exposure, RH distinction between the samples, with Sample B significantly outperforming the others. Even approaching 
levels for Seal A only just began to exceed ambient conditions. As these samples were prepared without 4000hours (to date), the RH levels were still substantially below ambient. 
encapsulant, performance of a more complete solution could be expected to be even better. 

Conclusions 
i) Humidity sensors have been successfully utilised in the screening of encapsulant systems 

ii) Quantitative results can be generated without the need to fully appreciate different cell technology characteristics 

iii) The approach is being extended to compare material combinations and the influence of process conditions 



Table 2. Specification of samples. 
  Material Specification Supplier 

 Multicrystalline Si cell Cell Q Cells (156 mm   156 mm) 
  Glass Semi-tempered glass AGC

Encapsulant  EVA (Fast Cure) SANVIC 
  Interconnector A-SPS (Leaded, Ag) Hitachi Cable 
  Back sheet TPT Nondisclosure 

Table 3. Test conditions. Table 1. Partial pressure of  test conditions. 
Test condition Temperature/ humidity Test time

            85  /  85%  4000 hDamp heat test 
        1000 h     105   / 100%          HAST   800 h110  /85%        400 h 120   / 100%       Fig. 1. Photograph of  Air-HAST 110   /  85%  800 h

single-cell module. 

      Test conditions  EL  I-V Appearance Remarks 

Dark region in EL image appears from the cell edge.  Damp heat test 
 Degradation occurs after DH 3000 h.    - 85 /85%   Pmax was reduced by 60%. 4000 h 

Change to brown in interconnector, BS and EVA. 

Dark region in EL image appears from the cell edge.   HAST Pmax was reduced by 16%.      120 /100% Peeling of the outside sheet of BS.   400 h Stress is possibly too strong. 
It may be different degradation mode from DH. 
Dark region in EL image appears from the cell edge.  HAST 

 Pmax was reduced by 56% in I-V . 110 /85%  Change to brown in BS. 800h 
No change to brown in interconnector and EVA. 
Dark region in EL image appears from the cell edge.  

Air-HAST Pmax was reduced by 70% in I-V .     110 /85% Change to brown in interconnector, BS and EVA.  
800 h It is possible to correlate with DH.  

 ! It is possible to accelerate DH by 5 times.   

a) Air-HAST             HAST b) Air-HAST             HAST 

DHT 4000 h DHT 4000 h 
Fig. 2. 
         a ) Front side.                                 b ) Back side. 

 
 a) b) 

Fig. 3. I-V a) First quadrant.   b) Photo I-V and dark I-V. 
 

 

http://www.aist.go.jp/ 



1. Along with the elevation of hygrothermal stress, Pmax of c-Si PV mini-module was decreased . 
2. The reduction of Pmax with elevation of the hygrothermal stress almost correlated with that of FF, but not those of 

Voc and Isc . Especially, the extreme reduction of Isc (which was observed in the long- term damp heat 
test) was not detected in our experimental conditions (up to 1,000 h) . 

3. By the breakdown of FF reduction to the changes of shunt resistance (Rsh) and series resistance (Rs) , it 
is confirmed that, in the whole stress conditions, the sensitivity of Rsh-LP (Rsh like parameter = Ipm/Isc) to the 
change of hygrothermal stress was about 2.5-folds against that of Rs-LP (Rs like parameter = Vpm/Voc) 

. 
However, in the low-stress conditions, the reduction of Rs-LP was about 2.5-folds against that of Rsh-LP 

. The reduction of Rs-LP in the high-stress conditions was maintained virtually constant, although Rsh-LP 
was decreased with the applied stresses . These results suggest that the failure modes differ between 
in the low- and high-stress conditions . 

4. HAST (120 oC/100% RH) induced the drastic failure which was not observed in the other conditions . 



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. 

Initial results of IEC 62804 draft 
round robin testing 

Peter Hacke and Kent Terwilliger 
NREL, USA 

 Simon Koch, Thomas Weber, and Juliane Berghold 
PI-Berlin, DE 

Stephan Hoffmann and Michael Koehl 
Fraunhofer ISE, DE  

Sascha Dietrich and Matthias Ebert 
Fraunhofer CSP, DE  
Gerhard Mathiak 
TÜV Rheinland, DE 
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Two out of three planned crystalline silicon module designs were 
distributed in five replicas each to five laboratories for testing 
according to the IEC 62804 (draft) system voltage durability 
qualification test for crystalline silicon modules.  The stress tests 
were performed in environmental chambers at 60°C, 85% relative 
humidity, 96 h, and with module nameplate system voltage applied 
to the cells (two modules in each polarity and one control). 
Pass/fail results, means, and standard deviations of degradation of 
the modules tested as a function of module design and test 
laboratory are presented and discussed. Preliminary results from 
the module designs tested so far indicate the test protocol is able 
to discern susceptibility to potential-induced degradation with 
acceptable consistency from lab to lab. Influence of possible 
variations in the severity of the test between labs has so far not 
been distinguishable.   

 

Abstract 
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• Testing was performed according to IEC 62804 draft 
“SYSTEM VOLTAGE DURABILITY QUALIFICATION TEST FOR 
CRYSTALLINE SILICON MODULES.” The motivation was to: 

– See if the specified sample size (2 modules per polarity) is adequate 
considering variations that might exist in shipping modules 

– See if possible lab to lab variation in stress levels overly influences 
results 
 

• Modules were chosen to be near the pass/fail limit vis-à-vis 
the 60°C/85%RH/-1000 V 96h stress condition to attempt to 
get useful statistics (without ‘censoring’).  Said another way, 
we could have chosen modules that do not degrade at all, 
and modules that degrade an extreme amount, and shown 
how well the test differentiates the two, but such results 
would be less useful. 

Introduction 
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Experiment 

• Highlights of round-robin test procedure based on IEC 62804 draft: 
– Modules leads shorted and connected to high voltage, module frames grounded  
– Neither in-situ nor ex-situ I-V measurements are performed on the module over the 

course of the 96 h test 
– Leakage current from the active layer/cells to ground may optionally be measured 

during the testing (most labs did not report)   
– Open market modules chosen (but not necessarily currently shipping), not 

specially designed modules 
– Electroluminescence measurements are carried out before and after the test 
– Modules are tested in both polarities (2 each), although testing labs may instead 

choose to use the modules destined for the known stable polarity for outdoor tests 
• Stress conditions 

– Chamber air temperature 60 °C ± 2°C 
– Chamber relative humidity 85 % ± 5 % RH 
– Test duration 96 h 
– Voltage: module nameplate rated system voltage (1000 V), 2 for each polarity, 1 

module supplied for control, voltage applied during ramps 
– Pass criterion: both modules of a tested polarity must show < 5% power 

degradation and pass IEC 61215 ed. 2 visual inspection criteria 
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Experiment 

• Module designs 1 and 2 made with conventional front junction n+/p/p+ 
cells, Al frames, and polymeric backsheets were selected: 

• Module 1 
– 230 W class mc-Si module design (60 15.6 cm x 15.6 cm cell) 
– Manufactured from 2011 onward 
– Based on previously published reports of PID tests under different conditions, the 

module was expected to show a small PID signal with some scatter in results, 
but generally less that 5% degradation 

• Module 2 
– a 170 W class mc-Si module design (72 12.5 cm x 12.5 cm cells) 
– Manufactured in 2008 or 2009 
– Expected to show PID based on data obtained at NREL under different 

conditions, but significant scatter in the data was expected due to poorer process 
control and increased variability in the cells made during this period and as 
evidenced in prior EL imaging. 

• Module 3, in test 
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Module design 1 failed in the (-) 
polarity test at one of the five 
labs when one of the two 
replicas tested there failed.  

Overview of pass/fail results of two different module designs tested at 5 
labs

Module design 2 failed in the (-) 
polarity test at all five labs when at 
least one of the two modules tested 
failed at each lab.

Pass/fail condition: If 1 or 2 modules tested in a polarity fail (Pmax drop  > 5%), 
that design is considered failed in that polarity at the given test lab

(stress polarity)
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Considering stress in (-) bias, module design 1 shows both smaller 
mean degradation and standard deviation of degradation than design 2 

Data point yielding failure of design 1 
in (-) bias at lab #5 

What is the 
probability of both 
those 2 modules that 
degraded less than 
5% arriving at one 
lab, and thus 
passing the stress 
test in the (-) polarity 
at that one lab? 
 
There are 45 
different 
combinations when 
the number of 
samples is 10 with 2 
samples in each 
combination.  The 
probability of those 
two passing 
modules ending up 
at one lab is 1/45 
(2.22%). 

(stress polarity) 
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Results are controlled by module design, 
no conclusive proof that results are controlled by lab

(stress polarity)
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Module degradation [(-) bias only]
viewed as a function of lab to 
determine if any labs are more severe
than others. 

The analysis shows that the choice of 
lab is the least influential component of 
the variation, the type of module is the 
next important factor, but variation of the 
modules within a given module type 
(residual) is the most influential. 

What extent did the possible varying severity 
of the test labs influence outcomes?
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Examination of lab to lab variability

Subtracting median degradation for each module type also failed to show a 
statistically significant difference between labs
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Conclusions 

• 2 module designs completed testing at 5 labs for system 
voltage durability 

• The test was able to statistically significantly discern the two 
module designs for potential-induced degradation 

• Extent of variability measured for each module design was in 
line with expectations based on previous experience 

• Potential-induced degradation was observed in the modules by 
electroluminescence 

• lab to lab variability was the least influential variable 
• The test (per IEC 62804 draft) appears successful with respect 

to the scope of this round robin with results of two of the three 
modules analyzed 

This work was supported by the U.S. 
Department of Energy under Contract No. DE-

AC36-08-GO28308 with the National 
Renewable Energy Laboratory 
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From these results, it was found that water film method 
not always gave more stress than chamber method 
because one module type showed larger degradation with 
chamber method than with water film method. Another 
important finding was that some module types show 
different PID degradation behavior by different test 
methods. 

In the chamber method, PID tests were conducted with 15 PV module 
types (Table 1, type A to O), the number of sample N=2, respectively, under 
the condition described in the IEC 62804 draft (November, 2012), that is, 60 
ºC, 85%RH, 96 h. 

In the water film method, the test procedure is as follows: PV module was 
installed horizontally so that its front side faces upward in the air-conditioned 
room kept at 25 ºC. Front surface was covered with water film, then it was 
covered with plastic film to prevent water evaporation. Wiring for applying 
voltage is the same way described in the IEC 62804 draft. Test duration is 7 
days. In this method, 6 PV module types (Table 1, type A,B,C,E,F,G) were 
tested with the number of sample N=3, respectively. 

As it causes large output power 
decrease in short term, potential induced 
degradation (PID) inflicts large loss on 
users [1]. Some methods to reproduce 
PID phenomena were reported [2,3]. We 
applied two PID test methods, that is, so-
called chamber method [2] and water film 
method [3], to various PV modules made 
by domestic and overseas PV module 
makers, purchased from markets. 
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Figure 1 shows the results of the chamber 
power was normalized by the value of the control 
respectively. Remarkable power decrease w 
Furthermore, though the power decrease was 
failed to pass the criteria of IEC 62804 draft. 
are shown in Fig. 2. 

In Fig. 3, in order to compare the results of two test methods, the average values of 
normalized module’s power after chamber method test were plotted against those after the 
water film method test. In this figure, the broken line shows perfect correlation between two 
test methods. The retention of power after PID tests could be classified into four types; (1) 
Hardly decreased in both methods (module type A and E), (2) Decreased a little in the test of 
at least one method (module type B and G), (3) Perfectly lost of power generation function in 
the water film method (module type C) and (4) Perfectly lost of power generation function in 
the chamber method (module type F). 

The value of each module’s power 
was normalized by the initial value of 
the individual module, respectively. 
Remarkable power decrease was 
observed in 2 module types (C, F). As 
for module type B, it was classified as 
fail as one sample decreased by more 
than 20%. 

Table 1 Test modules. 

Fig. 1 Normalized power after the test by chamber method. Fig. 2 Normalized power after the 
test by water film method. 

Fig. 3 Comparison between the chamber 
method and the water film method. 
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PID-free c-Si PV module  
using novel chemically-tempered glass 

We have developed a PID free c-Si PV module using novel glass that is chemically tempered by substitution of Na ions by K ions in the 
surface region (AGC LeoflexTM).  LeoflexTM is aluminosilicate glass and chemically tempered. Chemically tempered glass is widely 
used for smart-phones.   
It is found that the absence of Na ions in the surface region drastically suppress the PID even using the same cells which shows 
severe degradation with conventional soda-lime glass.   
After 96 hours application of -1000 V to the cell, the module with conventional cell shows degradation in the power by more than 90% 
and only 10% of the power remains, while the module with chemically tempered glass shows no degradation keeping more than 99.5% 
of the power.   
Na migration into Si wafer is suppressed by using chemically tempered glass. 

Mika Kambe1, Kojiro Hara2, Michio Kondo2 

1 Asahi Glass Co. Ltd.  
2 National Institute of Advanced Industrial Science and Technology (AIST)

Experimental

thermally tempered glass

EVA
Back Sheet

Al frame

Si 

Fabrication of 4-cell modules
test module with Chemically tempered glass 

“LeoflexTM” 

water

1000V

accelerated PID test 
60 , 85%RH

Fig. 4. Normalized performance of four 4-poly-Si modules,  with 
thermally tempered glass and with chemically tempered glass 
“LeoflexTM”, in 60oC/85% RH, -1000 V applied to the active layer 
for 96 h. Two modules were prepared and operated PID test for 
each type of the module.

Results

Fig. 1.  Schematic diagrams of cross-section view of two kinds of 4-cell 
modules, with thermally tempered glass (left) and with chemically tempered 
glass “LeoflexTM”.

Modules with chemically tempered glass 
show no degradation keeping more than 
99.5%  of the power.

Fig. 2.  Schematic diagram of 
top view of  4-cell modules. 

Fig. 3.  Schematic diagram of 
accelerated PID test conditions. 

Na+

Glass

K+ 

K+ 

K+ 

Chemically tempered glass
Glass is submerged in a bath containing a potassium nitrate. Sodium 
ions in the glass surface are exchanged with potassium ions from the 
solution.  

Fig. 7. Schematic diagrams of glass and potassium nitrate bath, 
before (left) and after (right) chemically tempering. 
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[ref] Fig. 6. SIMS analysis of a cell in a module that 
has 
undergone 1000 h of 85oC/85% RH with –600 V 
applied to the active layer. Significant Na accumulation 
and up to an order of magnitude higher is seen near 
the surface. P. Hacke et al. WCPEC-5 (2010, Spain), 
3760. 
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Fig. 5. Na and N depth profiles of a p-type mono-Si wafer in a module 
with chemically tempered glass that has undergone 48 h of 60oC/85% RH 
with –1000 V (dipped in water) applied to the active layer. Na migration 
into Si wafer is suppressed by using chemically tempered glass 
compared to Fig. 6. Resolution of depth is not high enough because 
surface of the Si wafer is rough.  

Chemically tempered glass as a 
photovoltaic module cover glass is 
commercially available now,  
as “LeoflexTM” by Asahi Glass. 
 The LeoflexTM is aluminosilicate 
glass and its composition is 
specially designed for good 
chemical-tempering 
characteristics.  
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Na2O in glass surface : >10 wt%  ~ 3 wt%
                 resistivity of glass : 1   x 100
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Benchmark 
Spectral Bandpass AM1.5 Solar Benchmark AM1 

Wavelength  in Minimum Radiation Solar Radiation Maximum 
nm Percent Percent Percent Percent 

<290 0.01 
290  320 5.9 3.5 5.8 9.3 
320 <  360 60.9 38.0 40.0 65.5 
360 <  400 26.5 58.5 54.2 32.8 

 
Benchmark 

Spectral Bandpass AM1.5 Solar Benchmark AM1 
Wavelength  in Minimum Radiation Solar Radiation Maximum 

nm Percent Percent Percent Percent 
<290 1.3 5.4 

290  320 47.8 3.5 5.8 65.9 
320 <  360 26.9 38.0 40.0 43.9 
360 <  400 1.7 58.5 54.2 7.2 
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INTRODUCTION

Accelerated Laboratory Tests Using Simultaneous UV, Temperature and Moisture 
for PV Encapsulants, Frontsheets and Backsheets

Xiaohong Gu*, Chiao-Chi Lin, Yongyan Pang, Kathryn Connolly, and Joannie Chin

Accelerated Laboratory Tests Using Simultaneous UV, Temperature and Moisture 
for PV Encapsulants, Frontsheets and Backsheets

Xiaohong Gu*, Chiao-Chi Lin, Yongyan Pang, Kathryn Connolly, and Joannie Chin

Linking Laboratory and Outdoor Exposures

The use of simultaneous multiple stresses (temperature, moisture, UV radiation)
for the accelerated laboratory testing is critical to the development of reliable laboratory
test methods that correlate to field test.

In this study, the NIST SPHERE (Simulated Photodegradation via High Energy
Radiant Exposure) was used for accelerated laboratory testing of PV encapsulants,
including ethylene vinyl acetate (EVA), fronsheet fluoropolymers, and polyvinyl fluoride
/polyester/EVA (PVF/PET/EVA) backsheet materials. The outdoor exposure was also
carried out in Gaithersburg, Maryland. Multiscale chemical, optical, mechanical and
morphological measurements were performed to follow changes during accelerated
laboratory and outdoor exposures. The degradation mechanism and failure mode of PV
materials and components were studied.

RESULTS FROM LABORATORY EXPOSURE

SUMMARY
 UV radiation was the most important factor for degradation of all studied materials.  A RH/UV synergistic effect  was observed for EVA and backsheet materials.
 A fundamental understanding of degradation mechanism under simultaneous multiple stresses is important to develop reliable standardized accelerated tests for PV materials. 

.

ACCELERATED LABORATORY EXPOSURE DEVICE

EXPERIMENTAL

UV/T/RH, individually or in 
combination, under
 UV Irrdiance (200 W/m2, 295-480 nm)
 Different Temperatures (25-85°C)
 Different RHs (0-75%)

SPHERE Exposure

Outdoor Exposure
Gaithersburg, MD

Laminated EVA

CaF2 Substrate (for FTIR
UV-visible and AFM)

(B) Frontsheet
fluoropolymers

(A) EVA  

(C) PVF/PET/EVA 
backsheets

Materials

Accelerated Laboratory Exposure
(to study effects of simutaneous UV, 

temperature and moisture  on 
degradation mechanism of PV 

materials/modules)

Outdoor Exposure
(with monitored weather 

parameters)

 To develop reliable accelerated laboratory test methods that 
correlate to field test. 

Cumulative Damage 
Prediction Model

Failure Mode Analysis
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“Polymeric materials that are exposed to direct sunlight 
but are protected by glass, or other transparent medium 
,may be tested with an equivalent layer of that medium 
attenuating the UV light exposure during the test”. 
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Introduction 

PV module’s return on investment is directly related to the module’s lifetime 
and performance. 

Photovoltaic power can only truly be considered “green” when modules can 
produce safe and reliable electricity for very long periods of time. 

Module makers should be able to select component materials of construction 
that have proven, long lasting performance. 

Current certification standards (UL and IEC) are focused on safety and short 
term output performance. 
●	� IEC 61215 UV preconditioning test: Preconditions modules – but does not measure durability. 

Total UV exposure (15 kWh/m2 280385 nm) is less than 3 months direct exposure in Miami, FL. 

Long PV module lifetimes are supported by using materials with proven, long 
term weatherability. 
●	� A weathering durability test is needed for UL and IEC standards 



   

                       

           
  

       

     

    
            

            

        

                  
   

             
   

             
             

 

   
        
        

     
  
   

Weathering Study Details
 

Arkema initiated a study to examine effects of FL outdoor exposure on 
backsheets. 
●	� Photodegradation monitored by gloss retention, optical and SEM microscopy, chalking evaluation, 

and FTIR spectroscopy. 
●	� Compare results with accelerated weathering using QUV A. 

Florida Outdoor Testing Conditions: 
●	� Samples located in Miami, FL. 
●	� Direct Exposure samples oriented south facing at 45 degrees angle facing the sun. 
●	� Indirect Exposure samples oriented north facing at 45 degree angle facing the ground. 

QUV A  Accelerated Testing Conditions: 
●	� Irradiance of 1.55 at 340 nm, 8 hrs light at 60°C and 4 hrs dark at 50°C with condensation 

– (ASTM G154 Cycle 6). 

●	� UV irradiance 295 – 385 nm = 85 W/m2 or 4.91 MJ/m2 in 24 hrs. 
●	� Backsheets are facing the lamp. 
●	� 1300 hrs exposure has equivalent UV radiation to 12 months in Florida. 
●	� In the Field  Backsheet exposure is a percentage of direct exposure (25%  10%) . 

Backsheet Materials Tested: 
●	� KPE® Backsheet – Kynar® Film/ PET /EVA backsheet 
●	� PVF, Gen 1  PVF Generation 1/PET/PVF Generation 1 backsheet 
●	� PVF, Gen 2  PVF Generation 2/PET/PVF Generation 2 backsheet 
●	� FPE  Partially fluorinated coating based backsheet 
●	� PPE  Weatherable polyester backsheet 
●	� AAA  Polyamide based backsheet 



             

           

Optical Images after 2 yr. FL Direct Exposure 

Images obtained on unwashed samples: show dirt specks, mold growth, and cracking.
 



             

               
           

 
 

    
 

SEM Images of Unexposed and Florida Direct Exposure 

cracking and 
surface degradation 

top and 2nd layer cracking, and 
surface degradation 

•Samples washed prior to imaging. AAA lost a significant amount of its top layer when 
the sample was rinsed gently with DI water. KPE® Backsheet shows no chalking. 



             

    

SEM Images of Unexposed and Florida Direct Exposure 

•Samples washed prior to imaging.
 



           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

 

  
  

 
   
   

   

   

     
  

     
  

FTIR Spectra of Backsheets after Direct FL Exposure 
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Optical Images after 2 yr. Florida Indirect Exposure 

South 

North 

mold 
dirt 

Images obtained on unwashed samples: show dirt specks, mold growth, and cracking. 



   

 
 

 
 

     

  

 

  

 

  

  

 

  

 

  

        
       

       
   

       
          

         
    

          
         

    

  

  

    

  

  

  

   

 
 

 
 

Surface Degradation of Backsheets
 
QUVA Accelerated Weathering Florida - Direct Exposure 
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Florida - Indirect Exposure 
1300 hrs. QUV A exposure has equivalent UV 140 
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Indirect exposure, typical for backsheets, is a
�
percentage of direct exposure.
�

The same decreasing gloss retention trends observed
�
in QUV A are being measured in both direct and
�
indirect FL exposures just at slower rates due to 

20 

decreased amount of UV radiation. 0 

In a few years, we expect the plots of gloss retention 
versus exposure time for the three different types of 
exposures to look the same. 



                   
               

                   

                   
                        
                        

 

                     
                        

     

                       
         

                 

        
      

Conclusions 

Short term outdoor exposure shows significant UV degradation of both 
AAA and PPE backsheets (after only 1 year of FL exposure). 

Fluoropolymer based backsheets show little to no change after 2 years 
FL exposure. 

AAA backsheet shows surface cracking and mold growth after only 1 
year FL exposure. PPE shows surface erosion and gloss loss in only 1 
year of FL exposure. After 2 years the AAA has cracks through the 
outside layer. 

Gloss retention in outdoor tests correlates well with gloss retention in 
accelerated QUV A testing protocol. Both show rapid gloss loss for both 
AAA and PPE backsheets. 

Better UV Exposure test (than IEC) is needed to test products for 
durability over 25+ year product lifetime 

●	� 5000 hrs QUV A at 1.55 Irrad. approximately equals 25 years in FL at 15% of direct 
irradiance. 

Kynar® is a registered trademark of Arkema, Inc.. 
KPE® is a registered trademark of Arkema France. 



IMPROVED RELIABILITY OF PV MODULES WITH 
LEXAN™ (PC ) SHEET - FRONT SHEET 
NORYL™ (PPE) SHEET - BACK SHEET 

NORYL™ Sheet for back sheet application LEXAN™ sheet for front sheet application

HYDROTHERMAL RESISTANCE OF PET AND 
NORYL™ FILM AS CORE LAYER OF BACKSHEET 

PET 
Fluoropolymer (F) 
PET(P) 
PE layer (E) 

F-P-E 

F-P-E 

After 3000 hour DHT (85/85) 

F-N-E 

Noryl™ PPO 
Fluoropolymer (F) 
Noryl ™ (N) 
PE (E) 

F-N-E 

PROPERTIES COMPARISON OF PET AND NORYLTM 

BASED BACKSHEET 

†: Failure "jumps" from EVA interface to intralayer surface 
‡‡: Not suitable for testing due to PET cracking 

--

ELECTRICAL INSULATION AND WHY POLYCARBONATE AS  HIGHLY WEATHERABLE PC FILM 
FLAME RETARDATION FOR PV FRONT SHEET? 

SAFETY 
Unprotected PC yellows & 
loses transmission in 1-2 
years outdoors 

Highly weatherable PC 
demonstrates UV life 
capacity >20 year • Lighter weight and flexibility v.s. glass 
(equivalent Florida year) 

• Compared to thin fluoropolymer film: 

• Superior toughness 

• Flame retardation desired for BIPV 

• Low cost 

Note: after 95°C/95%RH 
exposure; bend film around ¼”
mandrel (pass/fail) 

5 mil films are tested for both ETFE and PC 

sample load (pounds) 
2 3 4 5 6 

2 mil ETFE/ EVA-glass OK cut 
5 mil ETFE/ EVA encapsulant OK OK OK cut 
2.5 mil PC/ EVA encapsulant OK OK cut 
5 mil PC / TPU encapsulant backing OK OK OK OK cut 
12 mil stabilized PC film OK OK OK OK OK 

85°C/85% RH exposure 
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PUNCTURE & CUT RESISTANCE TEST OF PC 
FILM 

DAMP HEAT RESISTANCE AND EVA BONDING 

Energy Penetration 

inch-lb ETFE PC 

20 pass pass 

40 pass pass 

60 pass pass 

80 fail pass 

SUMMARY 
• Demonstrated superior hydrostability of Noryl* film compared to PET, with DH resistance > 4000 hours 
• FNE backsheet outperforms FPE in hydrothermal resistance, shrinkage and electrical insulation 
• Highly weatherable PC sheet as PV front cover can last >20 years outdoors, enabling flexible and durable PV modules 
• Stabilized PC has puncture & cut resistance superior to fluoropolymers 

Jian Zhou1, James Pickett2, Scott Davis1, Shreyas Chakravarti1, Michael J. Davis1 

Affiliations:  1. SABIC   2. GE Global Research 
™ Trademark of SABIC 



A Comparison of Key PV Backsheet and Module 
Properties from Fielded Module Exposures and 
Accelerated Test Conditions 

W. Gambogi1, O. Fu2, Y. Heta3, K. Hashimoto3, J. Kopchick1, T. Felder1, S. 
MacMaster1, A. Bradley1, B. Hamzavytehrany1, V. Felix1, T. Aoki3, T. J. Trout1 

and T. Sample4, (1) DuPont Photovoltaic Solutions , Wilmington, Delaware, (2) 
DuPont Photovoltaic Solutions, Shanghai, China,  (3) DuPont K.K., Utsunomiya, 
Japan,  (4) European Commission Joint Research Centre, Ispra, Italy 

2013 NREL PV Module Reliability Workshop, Golden, CO 

 *

 *

Special thanks to JRC (European Commission Joint Research Centre) and AIST (The National Institute of Advanced Industrial Science and Technology)  for use of their fielded modules. 
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Purpose of Work: In theory, reducing average module operating temperatures should reduce the long term rate of 
degradation of module components, especially for polymer based materials, and lead to improved module reliability. As 
opposed to the recent common practice of “cost out among most PV module producers, another approach is suggested 

where small changes in packaging materials could lower c Si module operating temperatures by 2 to 10 degrees Centigrade. 
One such example is presented and potentially has additional benefits. 

Conclusion: Module packaging can influence NMOT. Lower NMOT’s theoretically should improve 
module reliability. In BIPV / BAPV applications, where dark modules are often used, lower NMOT’s can 

theoretically also result in higher system power and reduced impact on building envelope. 

Modules with heat-reflective backsheets still 
maintain lower NMOT despite seasonal 

variations in ambient temperatures. 

Typical daily and weekly comparisons of 3 independent grid-connected module arrays illustrating that 
the backsheet employed can impact NMOT. Note that the module with the “heat-reflective” black 

backsheet displays average operating temperatures closer to those of a typical white module. 

This presentation poster does not contain any proprietary or confidential information. 
This data is generated from preliminary testing only. Additional tests will need to be conducted to verify these results. While Honeywell 
International Inc. believes that the information presented is accurate, we makes no representations or warranties (either expressed or 
implied) of any kind to the reliability of this data as incorporated into any specific product design. A number of factors may affect 
Performance of any specific photovoltaic module, such as design, components, construction and manufacturing conditions, all of which 
must be taken into account by the customer in manufacturing its product. Information provided herein does not relieve the user from 

Data via embedded probes cross-referenced to IR 
images confirms lower temperature of modules 

equipped with heat-reflective backsheets. 

the responsibility of carrying out its own tests and experiments and the user assumes all risks and liability (including, but not limited to, 
risks relating to results, performance, patent infringements and health, safety and environment) for the results obtained by the use of 
this information. 



Acceleration factors for damp-heat and HAST with high voltage stress 
Mike W. Rowell, Steve J. Coughlin, Duncan W.J. Harwood,  

D2Solar, 2369 Bering Drive, San Jose, CA 95131 
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The durability is very good for most of the actual premium c-Si modules 
on the market (less than 1% loss in performance per year) 

But new materials and designs have to be developed in order to decrease 
costs 
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• 

• 
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1 Monitoring climatic conditions 
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2 Monitoring micro-climatic stress factors 
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3 Modeling micro-climatic stress factors 

HT Tmod amb
10 UU v U1 U0 

a-Si 1 10,7 25,7 
a-Si 3 5,8 25,8 
a-Si 4 4,3 26,1 

CIS 1 3,1 23,0 
CIS 2 4,1 25,0 
CdTe 5,4 23,4 
c-Si 6,2 30,0 

 "

Modelling of the nominal operating cell temperature 
based on outdoor weathering, Sol. Energy Mat. Sol. Cells (2011) 



60 

3 Modeling micro-climatic stress factors 

Module-temperature as time-series based on ambient climate data and as histograms (one year) 
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3 Modeling micro-climatic stress factors 

Damp-heat testing 85%rh @ 85°C
J. Wirth, Diplomarbeit. Diploma Thesis, University of Freiburg, 20

J. P. Hülsmann et al.,su bmitted to Solar Energy Materials&Solar Cells 



3 Modeling micro-climatic stress factors 

Phenomenological modelling of moisture impact 

Humidity at the module surface: 

Put more weight on high moisture levels:  

 "

Humidity level at test conditions (85%rh): 
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M. Koehl et al. / Solar Energy Materials & Solar Cells 99 (2012) 282–291 



4 Time-transformation functions for major degradation processes 

4.) Process kinetics depend on module temperature (Time Transformation Function): 

(rheff, Tmod,i) 

Ea = activation energy for the rate dominating degradation process 

 



5 Modeling corresponding ALT – conditions for micro-climatic stress factors 

Testing time at 85%rh/85°C for 25 years lifetime 
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Example: 

Time to failure @ 85°C/85%rh: 

3000h 

Ea > 35 kJ/mol for alpine climates 

Ea > 50 kJ/mol for arid climates 

Ea > 60 kJ/mol for tropical climates 

 Type approval test would be sufficient for Ea > 80 kJ/mol 



6 Evaluation of the parameters for time-transformation functions by ALT 

Testing of c-Si modules from 7 different manufacturers 

N
or

m
al

is
ed

 p
ow

er
 @

 m
pp

 

Damp-Heat at 85°C and 85% rel. humidity Damp-Heat at 90°C and 85% rel. humidity 

1,1 1,1 

1,0 1,0 

N
or

m
al

is
ed

 p
ow

er
 @

 m
pp

 0,9 0,9 

0,8 0,8 

0,7 0,7 

0,6 0,6 

0,5 

0,4 

0,5 

0,4 

0,3 0,3 

0,2 0,2 

0,1 
-500 0 500 1000 1500 2000 2500 3000 3500 4000 4500 -500 0 500 1000 1500 2000 2500 3000 3500 4000 4500 

Exposure time /h Exposure time /h 

0,1 

 



6 Evaluation of the parameters for time-transformation functions by ALT 
 "
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6 Evaluation of the parameters for time-transformation functions by ALT 
 "
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6 Evaluation of the parameters for time-transformation functions by ALT 
 "

 Module 1
 65 kJ/mol
 Module 2
 33 kJ/mol 

2400h 3300h 

a = exp [-(Ea / R) (1/T1 – 1/T2)] 

 



6 Evaluation of the parameters for time-transformation functions by ALT 

P = G/(1+ (G/0.01-1) exp(-(t-tind (T))*k(T)) ) 

T=85°C 

Tind=2100h 

K=0,0082/h 

G=0,26 

T=90°C 

Tind=1500h 

K=0,0115/h 

G=0,26 

 



Qualification for different stress levels or climate zones allows diversification of PV-modules 
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6 Evaluation of the service life time for different climates 

Testing time at 85%rh/85°C for 25 years lifetime 
100000 

Climate classes: 

A: Most severe moisture stress 

B: Moderate moisture stress 

C: Low moisture stress 
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The measured stress levels are representative 

The model for the kinetics is valid 

The constant load D/H test reflects reality 
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7 Modeling expected degradation for validation by outdoor exposure 

Power reduction after 3 years outdoor exposure < 3% 

Exposure time has to be doubled 

Equivalent to 3 years operation 1,1 
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7 Degradation effects during outdoor exposure 

Changes of the electrical performance at the outdoor exposure site 

After 3 years operation hardly out of the error bars 

 



7 Degradation effects during outdoor exposure 

After 3 years on the alpes 

 



7 Degradation effects during outdoor exposure 

 <
2 a alpine outdoor exposure 2 a desert outdoor exposure 

Combination of electroluminescence and fluorescence 

J. Schlothauer, et al., Fluorescence imaging: a powerful tool for the investigation of polymer 

degradation in PV modules, Photovoltaics International journal, November 2010 



7 Degradation effects during outdoor exposure 
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Combination of electroluminescence and fluorescenc

2 a desert outdoor exposure 

 



7 Degradation effects during outdoor exposure 

a) Tropical 

b) Arid 
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J. Schlothauer, et al., Degradation of the encapsulant polymer in outdoor weathered photovoltaic 
modules: Spatially resolved inspection..., Solar Energy Materials&Solar Cells 102 (2012) 75–85 
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Monitoring climatic conditions 

Monitoring micro-climatic stress factors 

Modeling micro-climatic stress factors 

Time-transformation functions for major degradation processes 

Modeling corresponding ALT – conditions for micro-climatic stress factors 

Evaluation of sample-dependent parameters for time-transformation functions 

Modeling of expected degradation for outdoor exposure and validation of the tests 

 



Conclusions 

Accelerated Damp-heat service life tests have been proposed 

• Based on monitored climatic data 

• Modelled  micro-climatic  stress  conditions  

• Modelled kinetic of the degradation processes 

but final validation was not achieved yet 

 



Conclusions and outlook 

Accelerated Damp-heat service life tests have been proposed 

• Based on monitored climatic data 

• Modelled  micro-climatic  stress  conditions  

• Modelled kinetic of the degradation processes 

but final validation was not achieved yet 

Tests for other stress factors (UV, temperature cycling, potential induced degradation etc) and 
their combinations are under development 

Global stress mapping will allow qualification of diversified, specialised products for different 
climatic zones 
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