
PROCEEDINGS OF SPIE 

 
 
 
 
 

Volume 8825 
 
 

Proceedings of SPIE 0277-786X, V. 8825 

SPIE is an international society advancing an interdisciplinary approach to the science and application of light. 

 

Reliability of Photovoltaic  
Cells, Modules, Components, 
and Systems VI 
 
 
Neelkanth G. Dhere 
John H. Wohlgemuth 
Kevin W. Lynn 
Editors 
 
 
26–29 August 2013 
San Diego, California, United States 
 
 
Sponsored and Published by  
SPIE 
 

Reliability of Photovoltaic Cells, Modules, Components, and Systems VI, 
edited by Neelkanth G. Dhere, John H. Wohlgemuth, Kevin W. Lynn, Proc. of SPIE 

Vol. 8825, 882501 · © 2013 SPIE · CCC code: 0277-786X/13/$18 · doi: 10.1117/12.2045828

Proc. of SPIE Vol. 8825  882501-1



The papers included in this volume were part of the technical conference cited on the cover and 
title page. Papers were selected and subject to review by the editors and conference program 
committee. Some conference presentations may not be available for publication. The papers 
published in these proceedings reflect the work and thoughts of the authors and are published 
herein as submitted. The publisher is not responsible for the validity of the information or for any 
outcomes resulting from reliance thereon. 
 
Please use the following format to cite material from this book: 
  Author(s), "Title of Paper," in Reliability of Photovoltaic Cells, Modules, Components, and Systems 
VI, edited by Neelkanth G. Dhere, John H. Wohlgemuth, Kevin W. Lynn, Proceedings of SPIE 
Vol. 8825 (SPIE, Bellingham, WA, 2013) Article CID Number. 
 
ISSN: 0277-786X 
ISBN: 9780819496751 
 
Published by 
SPIE 
P.O. Box 10, Bellingham, Washington 98227-0010 USA 
Telephone +1 360 676 3290 (Pacific Time)· Fax +1 360 647 1445 
SPIE.org 
 
Copyright © 2013, Society of Photo-Optical Instrumentation Engineers. 
 
Copying of material in this book for internal or personal use, or for the internal or personal use of 
specific clients, beyond the fair use provisions granted by the U.S. Copyright Law is authorized by 
SPIE subject to payment of copying fees. The Transactional Reporting Service base fee for this 
volume is $18.00 per article (or portion thereof), which should be paid directly to the Copyright 
Clearance Center (CCC), 222 Rosewood Drive, Danvers, MA 01923. Payment may also be made 
electronically through CCC Online at copyright.com. Other copying for republication, resale, 
advertising or promotion, or any form of systematic or multiple reproduction of any material in this 
book is prohibited except with permission in writing from the publisher. The CCC fee code is 
0277-786X/13/$18.00. 
 
Printed in the United States of America. 
 
Publication of record for individual papers is online in the SPIE Digital Library. 

 

SPIEDigitalLibrary.org 
 
 
 

 
Paper Numbering: Proceedings of SPIE follow an e-First publication model, with papers published 
first online and then in print and on CD-ROM. Papers are published as they are submitted and 
meet publication criteria. A unique, consistent, permanent citation identifier (CID) number is 
assigned to each article at the time of the first publication. Utilization of CIDs allows articles to be 
fully citable as soon as they are published online, and connects the same identifier to all online, 
print, and electronic versions of the publication. SPIE uses a six-digit CID article numbering system 
in which: 

 The first four digits correspond to the SPIE volume number.        
 The last two digits indicate publication order within the volume using a Base 36 numbering 

system employing both numerals and letters. These two-number sets start with 00, 01, 02, 03, 04, 
05, 06, 07, 08, 09, 0A, 0B … 0Z, followed by 10-1Z, 20-2Z, etc. 

The CID Number appears on each page of the manuscript. The complete citation is used on the 
first page, and an abbreviated version on subsequent pages. Numbers in the index correspond to 
the last two digits of the six-digit CID Number. 

Proc. of SPIE Vol. 8825  882501-2



  Contents 

  

 
 vii Conference Committee 

 ix Introduction 

  

 

 SESSION 1 TOWARDS EFFICIENT AND STABLE ORGANIC SOLAR CELLS: JOINT SESSION WITH 

CONFERENCES 8825 AND 8830 

 
 

 8825 02 Degradation of transparent conductive oxides: mechanistic insights across configurations 

and exposures [8825-1] 

  H. M. Lemire, K. A. Peterson, S. Sprawls, K. Singer, I. T. Martin, R. H. French, Case Western 

Reserve Univ. (United States) 

 
 

 SESSION 2 PV MODULE TESTING 

 
   

 8825 03 Predicting PV module service life (Invited Paper) [8825-2] 

  J. Wohlgemuth, S. Kurtz, National Renewable Energy Lab. (United States); T. Sample, JRC 

(Italy); M. Yamamichi, AIST (Japan) 

 

 8825 04 Characterization of defects in encapsulated solar modules using infrared lock-in 

thermography [8825-3] 

  S. Sánchez-Carballido, J. Meléndez, F. López, E. Olias, Univ. Carlos III de Madrid (Spain) 

 

 8825 05 Stress analysis of encapsulated solar cells by means of superposition of thermal and 

mechanical stresses [8825-4] 

  S. Dietrich, M. Pander, M. Sander, U. Zeller, M. Ebert, Fraunhofer-Ctr. für Silizium-Photovoltaik 

(Germany) 

 

 8825 06 Baseline testing procedures for PV modules beyond the qualification testing [8825-5] 

  E. Schneller, N. S. Shiradkar, N. G. Dhere, Univ. of Central Florida (United States) 

 

 8825 07 Optical and electrical detection and localization of solar cell defects on microscale  

   [8825-6] 

  P. Škarvada, R. Macků, D. Dallaeva, E. Prokopyeva, P. Tománek, L. Grmela, Brno Univ. of 

Technology (Czech Republic); S. Smith, South Dakota School for Mines and Technology 

(United States) 

 
 

 SESSION 3 ENCAPSULANT, BACKSHEET, AND PACKAGING MATERIALS 

 
   

 8825 08 UV aging and outdoor exposure correlation for EVA PV encapsulants (Invited Paper)  

  [8825-7] 

  C. G. Reid, J. G. Bokria, J. T. Woods, Specialized Technology Resources, Inc. (United States) 

 

 

 

iii

Proc. of SPIE Vol. 8825  882501-3



 8825 09 Examination of an optical transmittance test for photovoltaic encapsulation materials 

[8825-8] 

  D. C. Miller, National Renewable Energy Lab. (United States); J. Bengoechea, Fundación 

CENER-CIEMAT (Spain); J. G. Bokria, Specialized Technology Resources, Inc. (United States); 

M. Köhl, Fraunhofer-Institut für Solare Energiesysteme ISE (Germany); N. E. Powell, Dow 

Corning  (United States); M. E. Smith, Arkema Inc. (United States); M. D. White, The Dow 

Chemical Co. (United States); H. R. Wilson, Fraunhofer-Institut für Solare Energiesysteme ISE 

(Germany); J. H. Wohlgemuth, National Renewable Energy Lab. (United States) 

 

 8825 0B Weathering and durability of PV backsheets and impact on PV module performance  

  [8825-10] 

  W. Gambogi, DuPont (United States); Y. Heta, K. Hashimoto, DuPont K.K. (Japan);  

  J. Kopchick, T. Felder, S. MacMaster, A. Bradley, B. Hamzavytehraney, V. Felix, DuPont 

(United States); T. Aoki, DuPont K.K. (Japan); K. Stika, DuPont (United States); L. Garreau-

Illes, Du Pont de Nemours International S.A. (Switzerland); T. J. Trout, DuPont (United States) 

 
 

 SESSION 4 PV MODULE RELIABILITY, SIMULATION, AND MODELING 

 
   

 8825 0C On differences between bathtub curves and linear degradation describing PV module 

degradation (Invited Paper) [8825-11] 

  B. von Roedern, von Roedern & Associates LLC (United States) 

 

 8825 0D Photovoltaic lifetime and degradation science statistical pathway development: acrylic 

degradation [8825-12] 

  L. S. Bruckman, N. R. Wheeler, I. V. Kidd, J. Sun, R. H. French, Case Western Reserve Univ. 

(United States) 

 

 8825 0E Methods to evaluate the effect of water ingress: towards ultra-reliable PV modules (Invited 

Paper) [8825-13] 

  V. Chapuis, CSEM (Switzerland); F. Galliano, C. Schlumpf, H.-Y. Li, Ecole Polytechnique 

Fédérale de Lausanne (Switzerland); C. Ballif, CSEM PV-Ctr. (Switzerland) and Ecole 

Polytechnique Fédérale de Lausanne (Switzerland); L.-E. Perret-Aebi, CSEM PV-Ctr. 

(Switzerland) 

 

 8825 0G Finite element analysis based model to study the electric field distribution and leakage 

current in PV modules under high voltage bias [8825-15] 

  N. Shiradkar, E. Schneller, N. G. Dhere, Univ. of Central Florida (United States) 

 
 

 SESSION 5 RELIABILITY OF PV MODULES, SYSTEMS, AND COMPONENTS 

 
   

 8825 0I The reliability of bypass diodes in PV modules [8825-17] 

  N. G. Dhere, N. Shiradkar, E. Schneller, Univ. of Central Florida (United States); V. Gade, 

Jabil Inc. (United States) 

 

 8825 0J Long term endurance test and contact degradation of CIGS solar cells [8825-18] 

  T. Ott, F. Schönberger, T. Walter, Hochschule Ulm (Germany); D. Hariskos, O. Kiowski, 

Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden Württemberg (Germany);  

  R. Schäffler, Manz CIGS Technology GmbH (Germany) 

 

iv

Proc. of SPIE Vol. 8825  882501-4



 8825 0K Photovoltaic reliability engineering: quantification testing and probabilistic-design-

reliability concept (Invited Paper) [8825-19] 

  E. Suhir, ERS Co. (United States) and Technische Univ. Wien (Austria); L. Bechou, Lab. IMS, 

CNRS, Univ. Bordeaux 1 (France); A. Bensoussan, Thales Alenia Space (France); J. Nicolics, 

Technische Univ. Wien (Austria) 

 

 8825 0L Linking accelerated laboratory and outdoor exposure results for PV polymeric materials: a 

mechanistic study of EVA (Invited Paper) [8825-20] 

  X. Gu, Y. Pang, C.-C. Lin, K. Liu, T. Nguyen, J. W. Chin, NIST (United States) 

 

 8825 0M Safety and performance analysis of a commercial photovoltaic installation [8825-21] 

  B. T. Hamzavy, A. Z. Bradley, DuPont Photovoltaic Solutions (United States) 

 

 8825 0N A critical hurdle to widespread use of polymer based luminescent solar concentrators 

[8825-22] 

  J. B. Franklin, G. B. Smith, A. E. Earp, Univ. of Technology, Sydney (Australia) 

 
 

  POSTER SESSION 

 
   

 8825 0Q Application of acetate, lactate, and fumarate as electron donors in microbial fuel cell 

[8825-26] 

  O. M. Vasyliv, O. I. Bilyy, Y. P. Ferensovych, S. O. Hnatush, Ivan Franko National Univ. of L'viv 

(Ukraine) 

 

 8825 0R System high voltage stress degradation test in various photovoltaic modules and 

encapsulant sheets [8825-27] 

  H.-C. Liu, W.-K. Lee, M.-H. Lin, C.-T. Huang, F.-M. Lin, J.-L. Huang, Industrial Technology 

Research Institute (Taiwan) 

 

 8825 0T Luminescence radiation spectroscopy of silicon solar cells [8825-29] 

  R. Stojan, J. Vaněk, M. Malý, R. Gvritishvili, P. Tománek, O. Frantík, Brno Univ. of Technology 

(Czech Republic) 

 
 

   Author Index 

v

Proc. of SPIE Vol. 8825  882501-5



Proc. of SPIE Vol. 8825  882501-6



Conference Committee 
 
 
Symposium Chair 

Martha Symko-Davies, National Renewable Energy Laboratory  
   (United States) 

 
Conference Chair 

Neelkanth G. Dhere, University of Central Florida (United States) 
 
Conference CoChairs 

John H. Wohlgemuth, National Renewable Energy Laboratory  
   (United States) 
Kevin W. Lynn, U.S. Dept. of Energy (United States) 

 
Conference Program Committee 

David S. Albin, National Renewable Energy Laboratory (United States) 
Glenn B. Alers, University of California, Santa Cruz (United States) 
Ward I. Bower, Sandia National Laboratories (United States) 
Leila R. O. Cruz, Instituto Militar de Engenharia (Brazil) 
Takuya Doi, National Institute of Advanced Industrial Science and 

Technology (Japan) 
Fernando Fabero, Centre de Investigaciones Energéticas, 

Medioambientales y Tecnológicas (Spain) 
Vivek S. Gade, Jabil Circuit, Inc. (United States) 
William J. Gambogi Jr., DuPont (United States) 
Werner Herrmann, TÜV Rheinland Group (Germany) 
Stephen J. Hogan, Spire Corporation (United States) 
Michael Köhl, Fraunhofer-Institut für Solare Energiesysteme (Germany) 
Ralf Leutz, Concentrator Optics GmbH (Germany) 
Xavier Mathew, Centre de Investigación en Energia (Mexico) 
Robert McConnell, Amonix Inc. (United States) 
Yoichi Murakami, Japan Electrical Safety & Environment Technology 

Laboratories (Japan) 
F. J. John Pern, National Renewable Energy Laboratory (United States) 
Laure-Emmanuelle Perret-Aebi, Ecole Polytechnique Fédérale de 

Lausanne (Switzerland) 
Shirish Pethe, SoloPower, Inc. (United States) 
Marianne Rodgers, University of Central Florida (United States) 
Ivan Sinicco, Oerlikon Solar Ltd. (Switzerland) 
Oleg V. Sulima, GE Global Research (United States) 
Bolko von Roedern, von Roedern & Associates LLC (United States) 

 

vii

Proc. of SPIE Vol. 8825  882501-7



Session Chairs 

1 Towards Efficient and Stable Organic Solar Cells: Joint Session with 
       Conferences 8825 and 8830 

Bernard Kippelen, Georgia Institute of Technology (United States) 
 

2 PV Module Testing 
Bolko von Roedern, Consultant (United States) 
 

3 Encapsulant, Backsheet, and Packaging Materials 
Laurie Emmanuelle Perrete-Adoi, CSEM (Switzerland)  
 

4 PV Module Reliability, Simulation, and Modeling 
Sascha Dietrich, Fraunhofer-Center für Silizium-Photovoltaik (Germany) 
 

5 Reliability of PV Modules, Systems, and Components 
William J. Gambogi Jr., DuPont (United States) 
 

6 Simulation, Accelerated Tests, and Field Results 
David Miller, National Renewable Energy Laboratory (United States) 
 

 

 

viii

Proc. of SPIE Vol. 8825  882501-8



Introduction 

 
The Reliability of Photovoltaic Cells, Modules, Components and Systems 
Conference VI of the 2013 SPIE Optics and Photonics Symposium composed a full 
schedule of highly anticipated presentations from a number of regarded experts 
from both the photovoltaic industry and academia. The conference was well 
attended with a strong number of international participants from a wide range of 
institutes and organizations within the United States, France, Germany, 
Switzerland, Spain, United Kingdom, Czech Republic, Japan, Korea, and Australia. 
2013 marked the sixth year of this focused conference on photovoltaic reliability. 
The conference started on Monday, August 26 with a joint poster session with all 
other Solar Energy and Technology conferences. Several posters regarding 
accelerated stress testing methodologies and results were presented. The second 
day of the conference included a joint session with the Organic Photovoltaics XIV 
Conference, entitled Efficient and Stable Organic Solar Cells, chaired by Dr. 
Bernard Kippelen from Georgia Institute of Technology. A number of compelling 
talks on the progress and achievements regarding the long term stability of 
organic photovoltaic devices were presented by speakers from Stanford 
University, Case Western Reserve University, Fraunhofer Institute for Solar Energy 
Systems (Germany), and the University of Cambridge (United Kingdom). 
 
The third day of presentations kicked off with Session 2 on PV Module Testing 
chaired by Dr. Bolko von Roedern. Presentations included discussions on the goals 
and progress of the PV Module Quality Assurance Task Force, the use of 
characterization tools available for PV module testing, and the methods for 
analyzing module test results. Session 3 was chaired by Dr. Laure-Emmanuelle 
Perret-Aebi from the Swiss Federal Institute of Technology in Lausanne on the 
topic of Encapsulant, Backsheet, and Packaging Materials. Talks were given from 
a mix of industry and academic professionals from Dupont, STR Solar, National 
Renewable Energy Laboratory, and the Florida Solar Energy Center regarding the 
evaluation, use, and stability of various packaging materials used in PV modules. 
The final session of the day on PV module Reliability, Simulation and Modeling was 
chaired by Mr. Sascha Dietrich of the Fraunhofer Institute for Silicon Photovoltaics. 
Presentations regarding the various aspects that describe how modules respond 
to external stresses were given. Discussions involved equations for describing 
module degradation, statistical methods for degradation analysis, and finite 
element analysis techniques for simulating external stresses.  
 
The final day included two full sessions of invigorating talks. Session 5 on the 
Reliability of PV Modules, Systems, and Components was chaired by Dr. William 
Gambogi of DuPont. A wide range of topics were presented including the testing 
and reliability of module bypass diodes, simulation of contact degradation in 
CIGS cells, PV polymeric material reliability, safety and performance analysis of 
commercial installations, and stability issues with polymer based luminescent 
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concentrators. The final session of this conference was chaired by Dr. David Miller 
of the National Renewable Energy Laboratory, entitled Simulation, Accelerated 
Tests, and Field Results.  
 
The conference organizers would like to thank everyone that participated in this 
year’s conference and applaud each presenter for their contribution to the 
technical program. On behalf of the SPIE Optics and Photonics Program 
Committee and Conference Chairs, we wish everyone the best of luck in their 
technical and scientific endeavors and would like to invite everyone back to next 
year’s conference to present their latest achievements in the Reliability of 
Photovoltaic Cells, Modules, Components and Systems. 
 
 

Neelkanth G. Dhere 
John H. Wohlgemuth 

Kevin W. Lynn 
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