PROCEEDINGS OF SPIE

Reliability of Photovoltaic Cells,
Modules, Components, and
Systems IV

Neelkanth G. Dhere
John H. Wohlgemuth
Kevin W. Lynn

Editors

22-25 August 2011
San Diego, Cadlifornia, United States

Sponsored and Published by
SPIE

Volume 8112

Proceedings of SPIE, 0277-786X, v. 8112

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



The papers included in this volume were part of the technical conference cited on the cover and
fitle 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 IV,
edited by Neelkanth G. Dhere, John H. Wohlgemuth, Kevin W. Lynn, Proceedings of SPIE Vol. 8112
(SPIE, Bellingham, WA, 2011) Article CID Number.

ISSN 0277-786X
ISBN 9780819487223

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 © 2011, 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/11/$18.00.

Printed in the United States of America.

Publication of record for individual papers is online in the SPIE Digital Library.

SPIE &
Digital Liorary

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 fo
each article at the time of the first publication. Utilization of CIDs allows arficles 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 digifs 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, OB ... 0Z, followed by 10-1Z, 20-2Z, etc.
The CID number appears on each page of the manuscript. The complete citatfion is used on the first
page, and an abbreviated version on subsequent pages. Numbers in the index correspond to the
last two digitfs of the six-digit CID number.



Contents

vii Conference Committee
iX Infroduction

PLENARY SESSION

811202 Solar Energy Grid Integration Systems (SEGIS): adding functionality while maintaining
reliability and economics [8112-101]
W. Bower, Sandia National Labs. (United States)
CPV-PV RELIABILITY: JOINT SESSION WITH CONFERENCE 8108

811203 Solar radiation durability framework applied to acrylic solar mirrors [8112-01]
M. P. Murray, D. Gordon, Case Western Reserve Univ. (United States); S. A. Brown, Replex
Plastics (United States); W.-C. Lin, K. A. Shell, Case Western Reserve Univ. (United States);
M. A. Schuetz, Replex Plastics (United States); S. Fowler, Q-Lab. Corp. (United States);
J. Elman, Filmetrics Inc. (United States); R. H. French, Case Western Reserve Univ. (United
States)

811204 Direct comparison of polymethylmetacrylate (PMMA) and silicone-on-glass (SOG) for
Fresnel lenses in concentrating photovoltaics (CPV) [8112-02]
H. P. Annen, L. Fu, R. Leutz, L. Gonzdlez, J. Mbakop, Concentrator Optics GmbH (Germany)
PV MODULE RELIABILITY

811205 Which factors need to be improved for array models to correctly predict 'real-world'
performance? (Invited Paper) [8112-03]
B. von Roedern, National Renewable Energy Lab. (United States)

811206 Reduction of soldering induced stresses in solar cells by microstructural optimization of
copper-ribbons [8112-05]
R. Meier, M. Pander, Fraunhofer-Ctr. fUr Silizium-Photovoltaik (Germany); R. Klengel,
Fraunhofer-Institut fUr Werkstoffmechanik (Germany); S. Dietrich, Fraunhofer-Citr. for
Silizium-Photovoltaik (Germany); S. Klengel, Fraunhofer-Institut fir Werkstoffmechanik
(Germany); M. Ebert, Fraunhofer-Ctr. fUr Silizium-Photovoltaik (Germany); J. Bagdahn,
Fraunhofer-Ctr. fUr Silizium-Photovoltaik (Germany) and Hochschule Anhalt (Germany)

811207 Impact of heavy soiling on the power output of PV modules [8112-06]
C. Schill, S. Brachmann, M. Heck, K. A. Weiss, M. Koehl, Fraunhofer-Institut fUr Solare
Energiesysteme (Germany)

811208 Antistatic effect of power-enhancement coating for photovoltaic modules [8112-07]

D. Narushima, H. Takanohashi, J. Hirose, S. Ogawa, Asahi Kasei Corp. (Japan)



811209

Investigations on crack development and crack growth in embedded solar cells [8112-08]
M. Sander, Fraunhofer-Cir. fUr Silizium-Photovoltaik (Germany) and Fraunhofer-Institut for
Werkstoffmechanik (Germany); S. Dietrich, M. Pander, Fraunhofer-Ctr. fUr
Silizium-Photovoltaik (Germany); S. Schweizer, Fraunhofer-Cir. fUr Silizium-Photovoltaik
(Germany) and Martin-Luther Univ. Halle-Wittenberg (Germany); M. Ebert, Fraunhofer-Cir.
fUr Silizium-Photovoltaik (Germany); J. Bagdahn, Fraunhofer-Ctr. fUr Silizium-Photovoltaik
(Germany) and Hochschule Anhalt (Germany)

ENCAPSULANT/BACKSHEETS/GLASS |

8112 0A

8112 0B

Developing standards for PV packaging materials (Invited Paper) [8112-09]
J. Wohlgemuth, M. Kempe, D. Miller, S. Kurtz, National Renewable Energy Lab. (United
States)

Qualification of polymeric components for use in PV modules [8112-10]

G. Oreski, Polymer Competence Cir. Leoben GmbH (Austria); K. Mdller, SP Technical
Research Institute of Sweden (Sweden)

ENCAPSULANT/BACKSHEETS/GLASS I

81120C

81120D

8112 OE

8112 OF

Impact of polymer stabilization compounds in EVA encapsulation foils on long-term module
performance [8112-11]

. Sinicco, T. Schuhmacher, Oerlikon Solar AG (Switzerland); K. Proost, NovoPloymers NV
(Belgium)

PV modules with optimized energy balance [8112-12]
J. Weixlberger, LISEC Glastech GmbH (Austria); R. Bruckner, INOVA-LISEC
Technologiezentrum Gmbh (Austria)

Novel edge sealing getter tape: ulira long breakthrough time and high mechanical
properties at high temperature [8112-13]

P. Gallina, A. Bonucci, SAES Getters S.p.A. (Italy); R. van der Wel, SAES Getters USA, Inc.
(United States); M. Amiotti, SAES Getters S.p.A. (Italy)

Next-generation ionomer encapsulants for thin film technology [8112-14]
R. Czyzewicz, C. A. Smith, E.I. du Pont de Nemours & Co., Inc. (United States)

MEASUREMENTS AND MODELING

81120G

8112 0H

Inter-laboratory comparison of UV-light sources for accelerated durability testing of PV
modules (Invited Paper) [8112-15]
D. Philipp, K.-A. Weiss, M. Koehl, Fraunhofer-Institut fUr Solare Energiesysteme (Germany)

Reliability evaluation of a photovoltaic module using accelerated degradation model
[8112-16]

R. Laronde, A. Charki, D. Bigaud, ISTIA, Univ. d'Angers (France); P. Excoffier, GINGER CEBTP
(France)



81120l

UV-accelerated test based on analysis of field-exposed PV modules (Invited Paper)
[8112-17]
T. Shioda, Mitsui Chemical, Inc. (Japan)

LONG TERM/OUTDOOR TESTING

8112 0K

8112 0L

8112 0M

811200

8112 0P

81120Q

PVRessQ!: a research activity on reliability of PV systems from an user's viewpoint in Japan
(Invited Paper) [8112-19]
K. Kato, National Institute of Advanced Industrial Science and Technology (Japan)

Failure modes effects and criticality analysis (FMECA) approach to the crystalline silicon
photovoltaic module reliability assessment [8112-20]
J. M. Kuitche, G. Tamizh-Mani, R. Pan, Arizona State Univ. (United States)

PV system reliability: lessons learned from a fleet of 333 systems [8112-21]
A. Kaushik, SunEdison (India); A. Golnas, SunEdison (United States)

Methods for high-voltage bias testing of PV modules in hot and humid climate (Invited
Paper) [8112-23]
N. G. Dhere, S. A. Pethe, A. Kaul, FSEC, Univ. of Cenftral Florida (United States)

Performance degradation of grid-tied photovoltaic modules in a hot-dry climatic condition
[8112-24]
A. Suleske, J. Singh, J. Kuitche, G. Tamizh-Mani, Arizona State Univ. (United States)

Fire hazard and other safety concerns of PV systems [8112-25]
N. G. Dhere, FSEC, Univ. of Cenfral Florida (United States)

RELIABILITY OF THIN-FILM PV MODULES

8112 0R

811208

811201

81120V

Long-term performance analysis of CIGS thin-film PV modules [8112-26]
N. G. Dhere, A. Kaul, S. A. Pethe, FSEC, Univ. of Cenfral Florida (United States)

Characterization of damp heat degradation of CulnGaSe: solar cell components and
devices by (electrochemical) impedance spectroscopy [8112-30]
F. J. J. Pern, R. Noufi, National Renewable Energy Lab. (United States)

Metastable electrical characteristics of polycrystalline thin-film photovoltaic modules upon
exposure and stabilization [8112-28]

C. A. Deline, National Renewable Energy Lab. (United States); J. A. del Cueto, National
Renewable Energy Lab. (United States) and Abound Solar, Inc. (United States); D. S. Albin,
S. R. Rummel, National Renewable Energy Lab. (United States)

A novel approach for correlating capacitance data with performance during thin-film
device siress studies [8112-31]

R. L. Graham, National Renewable Energy Lab. (United States); L. A. Clark, PrimeStar Solar
(United States); D. S. Albin, National Renewable Energy Lab. (United States)



POSTER SESSION

vi

8112 0Y
811207
811210

Reverse bias test of c-Si single-cell PV modules [8112-34]
Y. Jin, K. Ikeda, T. Doi, National Institute of Advanced Industrial Science and Technology
(Japan)

The influence of different metal ions on light scattering properties of pattern microbial fuel
cells' bacteria Desulfuromonas acetoxidans [8112-36]

O. M. Vasyliv, O. . Bilyy, V. B. Getman, Y. P. Ferensovyich, R. Y. Yaremyk, S. O. Hnatush, Ivan
Franko National Univ. of L'viv (Ukraine)

Design and implementation of a power management module for a MUAV [8112-37]

H. Torres-Ortega, G. Garcia-Torales, R. Estrada-Marmolejo, J. L. Flores, Univ. de Guadalajara
(Mexico)

Author Index



Conference Committee

Symposium Chair

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

Conference Chair
Neelkanth G. Dhere, FSEC, 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)

Program Committee

David S. Albin, Nafional Renewable Energy Laboratory (United States)

Glenn B. Alers, University of California, Santa Cruz (United States)

Ward I. Bower, Sandia National Laboratory (United States)

Leila R. O. Cruz, Instituto Militar de Engenharia (Brazil)

Michael DeBergalis, DuPont (United States)

Takuya Doi, National Institute of Advanced Industrial Science and
Technology (Japan)

Fernando Fabero, Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas (Spain)

Werner Herrmann, TUV Rheinland Group (Germany)

Stephen J. Hogan, Spire Corporation (United States)

Michael Kohl, Fraunhofer-Institut fUr Solare Energiesysteme (Germany)

Ralf Leutz, Concentrator Optics GmbH (Germany)

Xavier Mathew, Centro de Investigacion en Energia (Mexico)

Robert McConnell, Amonix Inc. (United States)

Yoichi Murakami, Japan Electrical Safety & Environment Technology
Laboratory (Japan)

F. John Pern, National Renewable Energy Laboratory (United States)

Ivan Sinicco, Oerlikon Solar Ltd. (Switzerland)

Bolko von Roedern, National Renewable Energy Laboratory (United
States)

vii



viii

Session Chairs

1

CPV-PV Reliability: Joint Session with Conference 8108
Robert McConnell, Amonix Inc. (United States)
Ralf Leutz, Concentrator Optics GmbH (Germany)

Reliability and Stability of Organic Photovoltaics: Joint Session with

Conference 8116

Yue Wu, Solarmer Energy, Inc. (United States)

Karl-Anders Weiss, Fraunhofer-Institut fUr Solare Energiesysteme
(Germany)

PV Module Reliability
Jeremy Olson, APV Research (United States)

Encapsulant/Backsheets/Glass |
F. John Pern, National Renewable Energy Laboratory (United States)

Encapsulant/Backsheets/Glass I
F. John Pern, National Renewable Energy Laboratory (United States)

Measurements and Modeling

Takuya Doi, National Institute of Advanced Industrial Science and
Technology (Japan)

Ivan Sinicco, Oerlikon Solar Ltd. (Switzerland)

Long Term/Qutdoor Testing
David S. Albin, Nafional Renewable Energy Laboratory (United States)

Reliability of Thin-Film PV Modules

David S. Albin, Nafional Renewable Energy Laboratory (United States)

Bolko von Roedern, National Renewable Energy Laboratory (United
States)



Infroduction

The efficiencies and production volumes of photovoltaic (PV) modules are
increasing and their cost is reducing making them increasingly more attractive for
residential, commercial and utility scale operations. However, their reliability and
durability must be ensured over useful lifetime of 25-30 years so as to achieve grid
parity without subsidy.

Reliability of Photovoltaic Cells, Modules, Components, and Systems [V
Conference as part of the SPIE Solar Energy + Technology Meeting followed on
the successful organization of The Reliability of PV Modules Conferences during
the SPIE 2008-2010 Optics and Photonics events. This Conference provided a
useful platform to PV scientists and engineers from various companies, national
laboratories, and universities to discuss their research.

Thirty-eight abstracts were received and were included in the Program. Thirty two
presentations were made and manuscripts were received. All were reviewed by
at least two reviewers. A total of 29 manuscripts are being published in the
printed Proceedings. Two other manuscripts could not be revised in time for the
Proceeding in Print.

The conference was divided into one plenary session, eight oral sessions, and one
poster session extending over a four-day period from 22-25 August 2011. The
Plenary Session included a very interesting presentation on Solar energy grid
integration systems. Session one, titled CPV-PV Reliability was a Joint Session with
Conference 8108 included interesting presentation on Field performance of
concentrix CPV  systems; glass strength measurements for concentrator
photovoltaic (CPV) mirrors; durability of PV materials; and comparison of PMMA
and silicone-on-glass, efc. Session two on Reliability and Stability of Organic
Photovoltaics was a Joint Session with Conference 8116. It had interesting
presentations on bulk-heterojunction solar cells with stable morphology;
degradation in unencapsulated organic photovoltaics; using photothermal
deflection spectroscopy; Efficient polymer-based OPV with 7-year lifetime;
Luminescence imaging and defect investigations.

The all important issue PV Module Reliability in session three included a bold
assessment on factors needed to be improved for array models to correctly
predict "real-world" performance; and presentations on Accelerated aging tests
of PV grounding connections; Correlation between mechanical properties and
microstructure of copper-ribbons; heavy soiling and power output; Antistatic
coating for avoiding soiling; and crack development and growth.

Sessions four and five, titled Encapsulant/Backsheets/Glass | and Il included an
invited talk on standards for PV packaging materials and presentations on



Polymeric component qualification; Effect of stabilization compounds; optimizing
energy balance; edge sealing with getter; and ionomer encapsulants.

Session six entitled Measurements and Modeling included an invited presentation
on Interlaboratory comparison of UV-light sources; Reliability evaluation using
accelerated degradation models; UV-accelerated test; and Optical and opto-
electronic equipment.

Long Term/OQutdoor Testing of PV Modules was discussed in Session seven. It had
an interesting invited presentation on volunteer effort to provide assistance to
analyze PVRessQ!": a research activity on testing reliability of PV systems installed
by small-scale consumers in Japan; and presentations on Failure modes effects
and criticality analysis; lessons learned from a 400 in India; Normalization
technique; grid-tied photovoltaic modules; and Fire hazard of PV systems.

Sessions eight on Reliability of Thin Film PV Modules had very inferesting
presentations on Long-term performance analysis of CIGS thin film PV modules;
Metastable behavior of the electrical characteristics of CIGS photovoltaic
modules; Automated shading for cell-level failure detection; detection of damp
heat susceptibility of CulnGaSe: solar cell components; and the effect of growth
temperature on CdTe solar cell reliability.

As part of this conference a short course on design and reliability of photovoltaic
modules was offered. As usual the course attendance was amongst the top 10%.
The focus of the tutorial was on various packaging configurations, application of
concepfts of physics of failure to PV systems with several examples, development
of accelerated tests for various technologies, and the application of this
knowledge in development of new products and technologies.
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