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Executive Summary

The solar photovoltaic industry is expanding at rates that were only dreams a few years ago.
Multiple new manufacturers (some with new PV technologies) are seeking to gain entry into the
marketplace and existing manufacturers are aggressively expanding their manufacturing lines.
Changes in processes and production rates, evaluating materials from new suppliers, and
bringing new plants on line all offer significant challenges to product quality. Engineers in every
plant are concerned with assuring the quality and reliability of their products. It is very
understandable then that the desire for high quality, validated testing techniques is also at an all-
time high. Production and test engineers want to be assured (as rapidly and inexpensively as
possible) that their products will last for a long time (often 30 year lifetime is desired for
photovoltaic systems). They also seek data to assure that changes in production processes and
materials have not negatively impacted the longevity and reliability of the products. The need for
high quality test procedures, protocols, and data that can assess reliability and long term
performance has never been greater in this industry. Expanded understanding of accelerated
aging testing technology will be pivotal in furthering the credibility of this growing industry.

Discussions with industry and observations by U.S. Department of Energy (DOE) and
National Laboratory staff identified a growing interest in the problems and opportunities
associated with accelerated aging tests in photovoltaics. As a result, a technical meeting
was held near Baltimore, MD on February 22-23, 2006 to gather information that would
help DOE in its research planning and prioritization by establishing:

o the current status of accelerated aging tests in photovoltaics — what tests and
equipment are used, how they are applied, how the results are used, and the
limitations of current methods;

e where accelerated aging tests need to be improved — methods, applications,
understanding of results, capabilities, costs and other factors; and

e what the priorities should be for improvement

Nearly 70 of the nation’s leading PV researchers, module manufacturers, systems
integrators, and equipment manufacturers actively participated in the meeting. The
industry representatives described the types of decisions that can and cannot be made
today based on the current testing protocols. This information allows the R&D
performed in the DOE Solar Energy Technologies program related to accelerated aging to
be focused directly on the industry’s highest priority needs.

This report documents the meeting. The meeting format, technical presentations, and the
content of the breakout sessions in which industry representatives openly discussed and
debated the status, needs and priorities for accelerated testing are described in the body of
the report. The principal priorities resulting from the technical meeting are summarized
below in Table 1. This is followed by summaries of the status, needs, and priorities
established in separate breakout sessions held on photovoltaic systems, modules, and
devices. The overwhelming conclusion drawn from the meeting is that results from
current accelerated aging tests are much more than a research curiosity and are in daily
use throughout the industry as a decision-making tool. With new technologies and larger-
scale manufacturing processes continually being used, substantial expansion and
extension of the techniques are needed now to assure even better, more reliable PV
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energy systems. Additional, targeted technical meetings are planned for 2007 to evaluate
specific test protocol improvements.

Table 1: Priorities for Accelerated Aging Test Improvements

Priorities for Accelerated Aging Test Improvements

Crosscut

Crosscutting needs and priorities for accelerated aging testing:

e Reliable correlation between Highly Accelerated Lifetime Testing (HALT)
and actual performance in the field that will help HALT actually predict
lifetime as well as performance

e Understanding of true mechanisms and sources of failures and degradation
and their relationship to what HALT measures

e Open database that effectively deals with sensitivities surrounding
information on equipment failure, HALT results, and proprietary
information on materials and manufacturing processes

e Get beyond pass/fail modes of testing — need to predict impact of changes
Evaluate real world deployments to quantify successes and failures

e Test for multiple variable impacts, conditions more extreme than standard
test conditions, and components as they exist in a system or subsystem

Systems

Development of systems-level predictive model that utilizes comprehensive
component aging/lifetime data and yet-to-be-developed transfer functions to
accurately predict system lifetime

System test protocols, including field test protocol w/o acceleration

Modules

Establish correlation between time-to-failure in accelerated testing and time-to-
failure in field observations for dominant failure mechanisms, e.g. corrosion and
delamination in thin-film modules and corrosion and solder bonds in Si-type
modules.

Central clearinghouse (database) on accelerated testing and failure data is needed;
should contain existing DOE and DoD data, test protocols, and dominant cause of
failure (listed by applied stress or mechanism) with privacy maintained on data
sources

Devices

Thin films, particularly CdTe and CIS, need an improved base of scientific
knowledge (e.g. issues of water vapor, uniformity, encapsulation, etc.) to
understand root causes of current issues.

For established technologies, faster tests are needed for stability evaluations and
problem identification, especially for assuring quality control during design and
process changes.

Systems Breakout Summary

The Systems Accelerated Aging sessions had roughly 15 attendees representing industry,
labs, universities, and DOE. Assessing the status of accelerated aging came quickly since
there are no standard accelerated aging procedures for systems at this time. This may be
attributed to the business model currently in practice in which each system is a “near one-
of-a-kind” that is designed for the application and installed by an integrator/installer with
components that meet design requirements. Definition of needs quickly addressed where
effort should be focused. The industry needs models that integrate information on
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aging/lifetime prediction of components and a suite of transfer functions that will
accurately predict system lifetime; thereby assisting in system design. These models
need to incorporate information from accelerated aging, extreme climate exposure, and
degradation studies in lab and field environments. Data needs to be a result of
standardized test protocols in order to provide accuracy in the integration process.
Additionally, the models need to address a variety of PV applications; from ground
mounted systems, to trackers, to building integrated systems in environments such as
high humidity, high wind, salt spray, and extreme cold conditions.

The priority proposed was to take a systems level approach to develop a predictive
model. Comprehensive component lifetime data from standardized test protocols
combined with yet-to-be-developed transfer functions forms the basis of the model that
incorporates information from lab and field studies of components and systems that
exemplify real world stresses. The following table summarizes the status, needs and
priorities for systems accelerated aging tests discussed at the meeting.

Table 2: PV Systems Accelerated Aging Tests - Status, Needs, Priorities

PV Systems Accelerated Aging Tests - Status, Needs, Priorities
No standard accelerated aging tests exist for integrated PV systems — components and
subsystems at best

Lab-scale system testing is done under some controlled stress conditions

Field-aging is done at nominal (local) operating conditions — no acceleration

Inverters and Charge Controllers: Manufacturers standard testing includes HALT,
thermal, UL1741, component qualification, efficiency, performance, humidity, salt/fog,
moisture intrusion, HASS, and some field aging testing (unaccelerated),

Mounting hardware: Manufacturers’ standard tests include corrosion, static/dynamic
loads, vibration, parts qualification, grounding (limited), building code compliance, fire
codes, wind, tracking performance and controls, installer certification, shipping

Status

Wiring: Installer training and certification, manufacturer tests (e.g., code evaluations,
connectors, terminal strips, wire splices, moisture intrusion)

Switch gear: Manufacturer tests include meters, instrumentation, batteries, data
acquisition, installation (code, installer tolerance)

Software: Industry standard, UL1998, system performance, limited networking

Comprehensive accelerated aging on components; model data into a screening criteria for
system lifetime prediction

Protocols for testing systems; test matrix

Performance testing of systems in extreme field conditions

Operate systems that can be stressed and tested in field or lab to develop knowledge
beyond nominal

Transfer functions from testing to lifetime prediction—a predictive mechanism

System simulations in controlled conditions or chambers to help validate transfer functions

Study field-aged components and apply data to system models

Needs

Extreme conditions system testing (hot, humid, dry, salt, windy, seismic, etc.) — several
test facilities are available

Procedures and protocols to detect small change- early intervention; preventive approach

Test protocols for BIPV components for modular housing - specific to the application

Accelerated aging test capabilities for BIPV prototypes

Develop analysis framework for system integrators to predict system performance w/aging

From paper analysis to operational analysis

Accurate data/analysis of ~10kW building block size; larger systems will be scaleable




Accelerated Aging Tests in Photovoltaics 1/26/2007

Systems-level predictive model that utilizes comprehensive component aging/lifetime data
and yet-to-be-developed transfer functions to accurately predict system lifetime

Approach to apply existing and new tests at a systems level

Test facilities for: UV, temperature, humidity, wind, ambient conditions

Field data collection in key climates (e.g., CA) and extreme climates

Extraction of field-aged actual samples to broaden existing database of aged
systems

,§ o Model transfer function from accelerated aging tests to lifetime prediction

-E o Applicable to utilities, commercial, residential, off-grid, and BIPV

=] System test protocols, including field test protocol w/o acceleration

E o |dentify external existing resources, facilities and protocols that PV industry can use

e For components: standardized HALT protocols, test matrix, independent
performance and certification testing

Better tools for

e gathering accurate data from field (faster, remote operations, accurate, portable)

e communication (e.g. standard communication protocol for all inverters/systems)

e systems certification to provide assurance of system quality (including results from
models of aged system)

Modules Breakout Summary

The PV Modules Accelerated Aging breakout group had the largest number of attendees
with representatives from industry, university, and government laboratories. Comments
addressing the Status, Needs, and Priorities were freely expressed, recorded and
summarized in the table below. The highest priority item was to establish a correlation
between time-to-failure in accelerated testing and to time-to-failure in the field. In doing
this we noted that the same mechanism must be tracked and field environmental
conditions noted. A data base for different field failure mechanisms needs to be tabulated
and perhaps DOE has a start on this. The most useful diagnostic measurements are listed
as: I-V, IR camera, Hi-pot wet and dry, Visual inspection, Layer adhesion-peel and
torque shear.

Of a general nature, we agreed that we should have continuing studies by members of this
group to address the more commonly occurring mechanisms. Adhesion and corrosion
were mentioned along with solder bond and interconnect issues. The goal would be to
determine acceleration factors, i.e. establish correlation, for the dominant failure
mechanisms. The table below summarizes the status, needs and priorities for module
accelerated aging tests discussed at the meeting.

Table 3: PV Modules Accelerated Aging Tests - Status, Needs, Priorities
PV Modules Accelerated Aging Tests - Status, Needs, Priorities

Commonly used standardized tests include: Thermal cycle with and without current flow,
Damp heat exposure, Humidity-freeze cycling, Hail impact, Surface cut, 45° cut (UL[J
1703) evaluation by wet hi-pot, Dynamic and static mechanical loading, and other
elements of IEC 61215 or 61646 qualification test sequences

Non-standard tests commonly used include: ASTM: G154 70°C, >1,000 hours; B117 5%
salt solution, 35°C, 96 hr. cycle 48 hr wet, 48 hr. dry (salt/fog); D903 180° peel strength;
D1002 shear test single-lap-joint

Non-standardized tests for Flexible Modules include: Unique tests for flexible modules to
capture coiling, flexing and forming characteristics, heat/humidity/sunlight/high voltage,
delamination test TCOD 15, solder bond failure

Status
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Non-standardized tests for Rigid Modules include: vibration tests for shipping, dynamic
load testing, static load testing, non-uniform wind loading, dynamic testing in wind
tunnels, exterior temperature testing, current based TC50 and HF10, voltage bias

Needs

Needs in test protocols and in correlating lab test results with field observations

o Test capabilities/methodology validation: determination of what is an effective
accelerated test, how accelerated can you go? Identifying changes or degradation,
not just failure. Finite elements analysis. Combine and simulate multiple stresses,
high and low levels of multiple variables. Ability to monitor panels in-situ as they are
stressed. Ability to isolate stress concentrations.

e Accelerated tests for reliable predictions — how to establish warranties

o Correlation of accelerated tests to years in field.

o Common failure modes established, i.e. corrosion, thermal cycle, breakage, etc.

o Get to field to test/identify older modules to study for success/failure

o Documented field conditions: develop standard field test protocols to gain consistent
data;. What do they say about what to test — agreed conditions to warrant

o Documented causes of most field failures

e A meaningful test to predict end of life

¢ Some improvement testing for manufacturing problems

o Ability to apply voltage during humidity tests, UV

Improvements needed specific to HALT and HASS testing:

o HALT and real world tracking, correlation, testing

o HALT outdoor capabilities — concentrating, light, heat etc.

e HALT and HASS — are they only for new products? Apply more broadly to thermal
cycling, freeze, ER, use for comparisons

Needs in data collection and in accelerated aging data base development include:

Central clearinghouse/database for information, protocols, data

Documented module specifications, materials used, and characteristics

Detailed characteristics of material properties

Need to handle problems/failure anonymously

Collect data from manufacturers

Data on environment and installation conditions including product history

Data collection needs to be made in consistent, unbiased ways

Determine failures caused by damp heat and then vary to see what combination

causes specific failures including corrosion -- do damp heat tests really show what

happens in the field?

e Access to existing data — OTF 1200 module testing for pass/fail, lessons already
learned form JPL and past history on solder bonds, thin cells, lamination, interaction
of layers, etc.

e Energy output, other indicators like temperature, standardized ways of measuring in
field, wind speed, kWh ratings and what they say for tests under different conditions

New field tests: in different climates, exposure to conditions outside of standard tests,
combinations of conditions, stress/deploy/test.

Comprehensive tests for current and new materials and designs. Issues: alternatives to
aluminum, unframed modules, frame alternatives, different glass/encapsulant, polymer
aging and power delivery components like wire and connectors.

Resources/Approaches: Money for equipment and expensive testing; access to multiple
chambers and test runs; people to analyze and put information in useful form; work with
new universities to tap their resources; new collaborative activities; approach to make
module size samples uniform.
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Priorities

Establish correlation between time-to-failure in accelerated testing and in field
observations for dominant failure mechanisms, e.g. corrosion and delamination in thin-
film modules and corrosion and solder bonds in Si-type modules.

e Establish generic (most important for common module designs) problems/failure
mechanisms; e.g. (1) adhesion, (2) cracks in cells (especially thinner cells of the
future) and glass, (3) interconnect, (4) EVA

e Assess protocols in detail to correlate to failure mechanism

e |dentify acceleration factors for dominant failure mechanisms

Establish correlations of HALT to field results; Use of existing data, track the same failure
mechanism.

Central clearinghouse (database) on accelerated testing and failure data is needed;
should contain existing DOE and DoD data, test protocols, and dominant cause of failure
(listed by stress or mechanism) with privacy maintained on data sources

o Create checklist of ALT procedures (standard actions before getting a sample)

¢ Quantify total module production (# in field, # failed, modes)

¢ Inventory and document control modules’ characteristics

o Document environmental characteristics: UV, irradiation, climatological, installation

details

e Protocol, determine stresses and sequence of stresses

Most important diagnostic tests to acquire data for ALT, HALT and field returns: I-V, IR
camera, hi-pot wet and dry, visual inspection, layer adhesion-peel, torque-shear tests

Develop and assess testing protocols for emerging technologies

Devices Breakout Summary

Within the Device Testing group, we quickly realized that most device level issues fall
into two areas:

Testing of new technologies

2. Testing of existing technologies during design and process changes; and
periodically to assure quality control

1.

Among the PV technologies, existing silicon and III-V technologies fall into the latter
category; CIS and CdTe thin film technologies fall into the former and may require the
most emphasis. If and when new technologies are evaluated to be promising for
deployment, the same set of priorities should be extended to cover their needs.

The table below summarizes all of the status, needs and priorities discussed in the devices
breakout session. The group that met to discuss accelerated tests of PV devices had no
representatives outside thin film technologies so this portion of the report may not
adequately cover other technologies.

Status

Table 4: PV Devices Accelerated Aging

Tests - Status, Needs, Priorities

PV Devices Accelerated Aging Tests - Status, Needs, Priorities

Evidence that 1ll-V and X-Si are stable and rugged, except for a small light-induced
loss in some higher efficiency x-Si cells (except for thinner cells which are showing a
greater propensity for cracking).

Evidence that all thin films have some device level instability issues (which can vary by
device design and processing), and that CIS and CdTe have greater sensitivity to
water vapor than silicon. Evidence that despite this, properly made and encapsulated
devices may have adequate stability. Recognition that the challenge is to understand
the mechanisms and map the range of process variables needed to assure stability.

6
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CdTe: 56-day light and heat exposure of CdTe at Voc (60-90 C), Electron beam
induced current, laser soak (1-10 suns), monitor decay in photoluminesence intensity

Optoelectronic analysis of pre- and post-stressed devices

Uncertainty about gross- and micro-nonuniformity issues and impacts on degradation;
initial papers and some experiments

Early experiments with broadening the CdTe stress test to all thin films: temperature
(<= 100°C), light (<2 suns), moisture, diurnal cycle, efficiency over time (capture
degradation/stabilization)

Uncertainty if there are slow or delayed degradation mechanisms that might occur in
thin films after many years of apparent stability.

Needs

Recognition that thin films have the most existing and unknown problems, and among
the thin films, a-Si is the most fully characterized at the device level, and most issues
are well handled. Thus CdTe and CIS require the most attention at the device level.

Both CIS and CdTe need greater scientific understanding (complexity of issues
prevents understanding and fixing root causes)

CIS and CdTe need faster, simpler, non-proprietary tests that are not misleading

Cells must be tested enough to develop statistics; and in enough variety to span the
range of processes and process variations.

Correlation must be established between tests (e.g., the current 56-day test) with
day/night cycling and other real world conditions

A nonproprietary database should be developed to allow sharing. Issues of corporate
sensitivity must be addressed.

Small cells are not sufficient samples for establishing loss mechanisms: minimodule
with interconnect features are needed to span gap from full module to cells. Both
interconnects and area-nonuniformity are sources of loss mechanisms.

Testing and stressing must be continued as cells progress through often-rapid process
and design changes. New technologies and even established silicon and IlI-V devices
may be vulnerable to such changes and need to be periodically analyzed.

Some aspects of device testing require substantial investment in equipment and
people; locating them at one location can allow for shared solutions

Priorities

Thin films, particularly CdTe and CIS, need an improved base of scientific knowledge
(e.g. issues of water vapor, uniformity, encapsulation, etc.) to understand root causes
of current issues.
e Tests of CdTe and CIS devices are the highest priority;
e CdTe and CIS need faster tests for stability and problem identification
e Understanding of the greater sensitivity of CIS and CdTe to water vapor is
needed: what are the areas most prone to losses? All thin films could use
investigation of new water vapor barrier layers.
e All thin films need understanding of the chemical impact of EVA and other
encapsulation choices on devices
e All thin films (but especially CIS and CdTe) need tests of mini-modules for
uniformity and interconnect issues
e CdTe and CIS need development and validation of specific protocols for long
term performance assurance

For established technologies, faster tests are needed for stability evaluations and

problem identification, especially for assuring quality control during design and

process changes.

o Faster tests that correlate well with field observations of degradation are needed

e All device technologies need periodic tests and tests after changes in design or
processing.

A nonproprietary database needs to be established, including device data
(degradation, losses, analysis) and correlation with fielded arrays
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Introduction

Discussions with industry and observations by DOE and National Laboratory personnel
identified a growing interest in the problems and opportunities associated with
accelerated aging tests in photovoltaics. The U.S. Department of Energy Solar Energy
Technologies program engaged Joe Tillerson and Michael Quintana of Sandia National
Laboratories with Tom McMahon and Ken Zweibel of the National Renewable Energy
Laboratory, to explore the issues surrounding accelerated aging tests and define
opportunities for more effective testing and application of the results. Working with Dan
Ton from the DOE Solar program, this group organized a technical meeting with leading
PV researchers, module manufacturers, systems integrators and equipment manufacturers
to gather information that would help DOE in its research planning and prioritization by
establishing:

o the current status of accelerated aging tests in photovoltaics — what tests and
equipment are used, how they are applied, how the results are used, and the
limitations of current methods;

e where accelerated aging tests need to be improved — methods, applications,
understanding of results, capabilities, costs and other factors; and

e what the priorities should be for improvement

This report documents the technical meeting.

Background

The solar photovoltaic industry is expanding at rates that were only dreams a few years ago.
News reports abound regarding important and positive industry happenings and predictions of
even further growth, including:
e Venture capitalists “put more than $150 million into U.S.-based companies such
as Advent Solar, Energy Innovations, Heliovolt, Miasole, Nanosolar, and
PowerLight in 2005 -- double the investments in 2004.” '
e “Solar companies accounted for the three largest technology IPOs last year,
raising more than $800 million”*
e "To meet this strong demand, manufacturers are rapidly investing in production
capacity””
e “Given the rapid growth in new solar capacity, solar will likely make up some 5%
of the total annual capacity additions worldwide by 2010”*, and
e “Everything in the solar market is poised to explode: capacity, sales and
competition.”

! Makower, Joel, Pernick, Ron, and Wilder, Clint. “Clean-Energy Trends 2006”, CLEAN EDGE, p.4.

> Wong, Grace, “VC firms are seeing green in energy,” CNNMoney.com, April 26, 2006.

? Stauffer, Nancy, “Solar Power Through 2015: Re-evaluating Its Potential”, ESD Reports, Summer 2005.
* Stauffer, Nancy, “Solar Power Through 2015: Re-evaluating Its Potential”, quotation of graduate student
Michael Rogol, ESD Reports, Summer 2005.

5 Roston, Eric, “A Web Vet Gives Solar a New Shine,” TIME global business BONUS Section, December
4,2005.
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Multiple new manufacturers are seeking to gain entry into the marketplace and existing
manufacturers are aggressively expanding their manufacturing lines. New processes are being
validated to increase manufacturing capacity. New suppliers of component materials are coming
on line. Product markets are growing at unprecedented rates with significant federal and state
impacts. Emerging technologies are entering the marketplace. In this time of unparalleled
growth, the pressure to produce products is intense and the industry cannot afford large numbers
of failures that would cause a “black eye” for photovoltaic technology.

Changes in processes and production rates, evaluating materials from new suppliers, and
bringing new plants on line all offer significant challenges to product quality. Engineers in every
plant are concerned with assuring the quality and reliability of their products. It is very
understandable then that the desire for high quality, validated testing techniques is also at an all-
time high. Production and test engineers want to be assured (as rapidly and inexpensively as
possible) that their products will last for a long time (often 30 year lifetime is desired for
photovoltaic systems). They also seek data to assure that changes in production processes and
materials have not negatively impacted the longevity and reliability of the products. The need for
high quality test procedures, protocols, and data that can assess reliability and long term
performance has never been greater in this industry. Expanded understanding of accelerated
aging testing technology will be pivotal in furthering the credibility of this growing industry.

The DOE Solar Energy Technologies Program (SETP) has implemented a Systems-
Driven Approach to program planning, prioritization, and evaluation. The approach is
the basis for the DOE Solar Energy Technologies Program Multi-Year Program Plan°
that was released in January 2006; the plan documents program goals, identifies
applicable markets, evaluates reference PV systems that reflect where we are today, and
quantifies where to work to best achieve our targets. The most important metrics seen in
this effort are cost, performance, and reliability. It is reliability concerns that caused us to
convene this meeting on Accelerated Aging Testing.

This technical meeting on accelerated aging tests was therefore needed by both the PV
industry and the Department of Energy. By listening to the industry describe the types of
decisions that can and cannot be made today based on the current testing protocols, the
R&D performed in the DOE Solar Energy Technologies program related to accelerated
aging can be focused directly on the industry’s highest priority needs.

Meeting Organization and Methodology

The approach taken to achieve the goals of the meeting was to listen to invited
presentations by some of the technical experts in the audience and then to allow all of the
meeting participants to participate fully in breakout sessions that were explicitly designed
to capture the industry participants views as to the:

e status of accelerated testing today,

e additional industry needs for accelerating testing, and

e priorities for achieving the additional capabilities

6 »Solar Energy Technologies Program, Multi-Year Program Plan 2007-2011” U. S. Department of Energy,
Energy Efficiency and Renewable Energy, January 2006.

9
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To give the industry specialists the opportunity for maximum participation in their areas
of expertise, concurrent breakout sessions were held. Focus was on testing issues and
opportunities related to photovoltaic systems, modules, and devices.

The highly sensitive nature of reliability and failure mechanism evaluations was
acknowledged in the opening remarks. The social dilemma that often surfaces between
engineers (who see a tremendous need to share their technical struggles) and
marketing/management staff (who often fear impacts of improper sharing of sensitive
information) was also acknowledged. All participants were encouraged to share relevant
information without violating the trust that their companies place in them.

Sixty nine people attended the technical meeting on February 22 and 23, 2006 near
Baltimore, Maryland, representing systems integrators, module manufacturers (both thin-
film and crystalline silicon),

developers/manufacturers of DOE4  Oteed g
devices and system components,
and researchers, as shown in
Figure 1. DOE and National
Laboratory staff attended to hear
first-hand from industry,
universities and other institutions
about their experience with
accelerated aging testing and
their interest in new accelerated
aging test capabilities.

Lwremsrmity, Ieudmiry, 26

Figure 1: Attendee Affiliation

The technical meeting began with welcoming remarks and introductions from Dan Ton
and Joe Tillerson, who explained DOE’s interest in the topic and the goals of the
technical meeting. The systems-driven approach being used in the DOE solar program
was described briefly to the audience to establish the context for the meeting. This was
followed by nine presentations from leading PV experts who were asked to explain their
experience and perspective on accelerated aging testing in the PV industry, and their
thoughts on key issues. These presentations gave the entire group a solid foundation of
information on accelerated aging tests throughout the industry that the participants then
used as a starting point for further defining the status, needs and priorities for future
development. The presentations were:

e Accelerated Aging Tests — Types and Status Tom McMahon, NREL
e Accelerated Aging — Needs for Systems Design

and Performance Issues Colleen O’Brien, PowerLight
e Highly Accelerated Lifetime Tests (HALT) and Highly Accelerated Stress

Screening (HASS) — How Applicable to PV? Jim Loman, GE
e Using Accelerated Testing in the Development of New PV Products

and Processes John Wohlgemuth, BP Solar

e BOS and System Component Requirements for Accelerated Testing
Chuck Whitaker, BEW Engineering
e Devices, Interconnects and Module Design — Accelerated Testing
Peter Meyers, First Solar

10



Accelerated Aging Tests in Photovoltaics 1/26/2007

e Inverters and HALT Applications Ray Hudson/Harry McLean, Xantrex
e Quality Assurance — Accelerated Testing in Manufacturing Environment
Alex Mikonowicz, Shell Solar
e Accelerated Testing Challenges for Flexible Modules,
Arindam Banerjee, Uni-Solar

These technical presentations are summarized below.
Technical Presentation Summaries

Accelerated Aging Tests — Types and Status, Tom McMahon,
NREL

Tom McMahon reviewed five types of accelerated tests and what to expect. Definitions
of failure, reliable PV, acceleration factor, types of stress, Arrhenius T and RH, and a
response variable were given along with some examples. Criteria were given for dividing
cell failure from module packaging related failure. Modes and mechanisms for thin-film
modules were cited. An extensive list of 64 references was given.

The expectations for ideal accelerated testing are that they result in virtually no field/use
failures, are quick, easy/inexpensive, and standardized to cover ALL module/component

types.

There are problems applying “text book™ accelerated testing to PV. The PV use
environment is MUCH MORE SEVERE than
for consumer products. Higher stress in field
causes shorter time-to-failure and implies
more field failures. Higher stress causes
additional failure mechanisms. It is likely that
accelerated testing doesn’t catch all of them
and there are more field failures. The use
times for PV are much longer, up to 30 years.
There is a lack of large numbers of identical
modules for accelerated testing and
correlation with field deployed modules. Cost
and efficiency pressures are greater --
changing a product requires re-validation of
accelerated tests with field results. Diagnostic
studies are complicated by the de-
encapsulation process.

Accelerated test decisions in the PV industry
involve two main questions: What decisions
can be made from accelerated testing? What
decisions can’t we make now, but need to?
Service life prediction is in this latter
category. So are failures that have occurred
in the field that weren’t caught with existing  Figure 2: SnO, Delamination
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tests. These can be a result of known design/supplier changes, or unknown material or
component changes. The images in Figure 2 show delamination first noted from field
returns, caused by a glass supplier that changed the barrier layer, unbeknownst to the PV
manufacturers using these glass supersrates, causing multiple problems.

There are five types of accelerated testing: Qualification tests (design flaws, fabrication
error, etc.); UL tests (Safety) ; Screening (rank ordering); Service life prediction(time-to-
failure, predicted energy output, etc.); Exploratory (to uncover new failure mechanisms,
reveal new failure mechanisms found from field returns, HALT and HASS etc.)

Failure: When the PV product no longer meets the needs/requirements of the
user/certifier. A nebulous statement such as this needs some numbers before it has any
quantitative significance for engineering studies.

Reliable PV: A “reliable PV module has a “high probability” that it will perform its
intended purpose adequately for 30 years, under the operating conditions encountered.
As an example (with numbers added): A PV module fails to provide service if its power
output decreases by more than 30% before 30 years, i.e., 1%/yr, in its use environment.
A "high probability" could mean that 95% of the modules in the field will achieve this
success. By "use environment," we mean any and all use environments that the PV
module will experience during service.

Acceleration Factor: How much indoor chamber stress testing accelerates the time-to-
failure as compared to time in use environment. This depends on stress (use site) and
mechanism being studied.

Types of Stress: Temperature (T), Relative Humidity (RH), I (cell-to-ground or cell
bias), V (cell-to-ground or cell bias), T-cycling, H-freeze, UV,... applied singly, together,
or serially; user induced stresses (incorrect wiring, improper module mounting or
handling, etc.);

There is an exponential dependence for T and RH. T usually has a simple Arrhenius
failure rate function. RH sometimes is given the same exponential dependence with 1 to
3% RH equated to 1 °C.** How do we develop tests and acceleration constants for other
stresses or combinations of stress that are found in the field? Do we want isolated stress,
simultaneous stresses, or sequential stresses?

Sensitive Parameter (Response Variable): Quantity derived from I-V (light and/or dark);
Hi-Pot current; Visual area damaged; Individual cell shunt resistances. An example of
“Area” used as a sensitive parameter is illustrated in Figure 2 shown earlier, involving
SnO gelaminationRP’%’”. BP and EPV have developed accelerated tests to screen SnO
glass

Figures 3a through 3d illustrate IR Camera diagnostics. In Figure 4 individual cell shunt
resistance using the two-terminal method is shown. Figure 5 is the Calculated
Acceleration Factor “a”'> " for Yearly Distribution of Module Temperatures at Three
Sites. Figure 6 shows delamination failure.
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Figure 3 a-d: IR Camera Diagnostics -- Cells to Systems

CELLNUMBER

S

Figure 4: Individual Cell Shunt Resistance: Two Terminal Method
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Table 5 below documents the
potential failure modes and
mechanisms of thin film PV cells®”
(*Numbers refer to references
provided in Appendix A)

Criteria for cell and module
failure:* Cell-related failures are a)
caused by use-environment stress,
such as temperature, that packaging
cannot protect against; and b) cells
must tolerate low levels of pollutant
. gases or water vapor. These levels
will depend on technology and
related device processing.

Figure 6: '"Bubble" Type Delamination Failure

Packaging-related failures involve:

a) Pollutant gas (admitted from the outside or generated from within) or water vapor
levels are elevated at the cell, cell interconnect, or bus-line interconnects to levels that
induce damage that diminish module output power.

b) Loss of electrical isolation of cells from ground, loss of structural integrity, or visual
defects that are unsatisfactory to the user.

c) Use of incompatible materials; thermal expansion mismatch, creep, loss of adhesion,
galvanic corrosion, etc’

The following conclusions were offered

e Specific problems of applying text book accelerated testing to PV industry
products were identified
Field failures will continue to plague PV until those problems are resolved.

e Accelerated test terminology was presented. (Types of accelerated tests, failure,
reliability, acceleration factor, types of stress, sensitive parameter)

e Failure modes and mechanisms for cells and modules were reviewed.
Be aware of “pitfalls.”
Importance of field (use-condition) testing emphasized.

" See: “Pitfalls of Accelerated Testing,” W.Q. Meeker and L.A. Escobar, IEEE Trans. on Reliability, vol.
47, No 2, June 1998
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Table 5: Potential Failure Modes/Mechanisms for Thin Films

Failure Mode [Effect on I-V Curve |P0ssible Failure Mechanism

[Main junction; increased Loss in fill-factor, Isc, and Voc Diffusion of dopants, impurities, etc.;
Jrecombination24 electromigration

Back barrier; loss of ohmic Roll-over, cross-over of dark and Diffusion of dopants, impurities, etc.;
contact (CdTe) light I-V, Rseries increases corrosion, oxidation, electromigration
Shunting26—28* Rshunt decreases IDiffusion of metals, impurities, etc.
Series; Zn023*, A129*, Mo 23" |Rseries increases Corrosion, diffusion

[De-adhesion of SnO2 from Isc decreases and Rseries increases [Na-ion migration to SnO2/glass interface

Isoda-lime glassS7,59*

[De-adhesion of back metal Isc decreases Glass warp age, Lamination stresses
contact
Failure Mode Effect on [-V Curve |Possible Failure Mechanism

Interconnect Degradation

a. Interconnect resistance; Rseries increases Corrosion; electromigration

Zn:Al/Mo or Mo,23 Al

. *

Jinterconnect49

b. Shunting; Mo across Rshunt decreases Corrosion; electromigration

. . . p

isolation scribe23

Busbar Degradation Rseries increases or open circuit Corrosion; electromigration

Solder Joint Rseries increases or open circuit |Fatigue, coarsening (alloy segregation)

Encapsulation Failure

|a. Delamination36-38° Loss in fill-factor, ISC, possible open|Surface contamination, UV -degradation,
= ircuit hydrolysis of silane/glass bonds, glass
b. Loss of hermetic seal warpage, cracking of glass edges, thermal

expansion mismatch
c. Glass breakage p

d. Loss of high-potential
Jisolation50,56,57

Accelerated Aging — Needs for Systems Design and
Performance Issues, Colleen O’Brien, PowerLight

Colleen O’Brien, PowerLight, described accelerated life testing of PV modules and system
accessories. She indicated that accelerated life testing is done on various components by
PowerLight, component manufacturers and third-party testing groups to assure the reliability of
their PV systems. Much more than just modules, systems reliability requires testing of structural
components, wire, custom electrical components, inverters, and mounting materials (Styrofoam,
mortar, adhesives, fasteners, etc.). Practical examples were provided of the importance of
qualifying structural materials (e.g. anodized aluminum) and their mechanical loading (wind,
seismic, etc.). Detailed testing has shown that some design code improvements are needed for
better estimation of both wind and seismic loads.

Accelerated life testing was indicated to be important to the accuracy of energy predictions, to
purchasing decisions, and to warranty considerations. Light-induced degradation issues were
quantified. The importance of field observations was highlighted by the discussion of some field
failures that can’t generally be predicted by current accelerated life testing of modules; these
include some design flaws, manufacturing defects, and installation errors. Connector failures,
delamination, and solder bond failures were some of the most common failure modes observed
to date in the field. Ms. O’Brien highlighted the loss of power resulting from solder-bond
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degradation as a potential risk for systems, especially those with long-term power purchase
agreements. Numerous IR images were shown that emphasized the value of these observations in
analyzing reliability issues.

Specific areas where test improvements would aid the PV industry are:
e Wind design guidelines specific to PV systems
Mechanical integrity of PV modules, especially in non-uniform, dynamic loading
Solder bond integrity in modules
Understanding effects of 25 year exposure to thermal cycling
Performance and longevity of modules in very hot environments
e Longevity of electrical components and connections
It was noted in closing remarks that improved testing techniques can significantly help the
industry because enormous financial strain can occur if components fail while under warranty.

Highly Accelerated Lifetime Tests (HALT) and Highly
Accelerated Stress Screening (HASS) — How Applicable to PV?,
James Loman, General Electric

Dr. James Loman, General Electric, made a presentation on GE’s approach to applying
HALT testing to photovoltaics. Description of HALT as a technique put the entire
audience on the same plane as far as understanding HALT and the objectives of applying
it. GE is in a unique situation since they have a strong corporate history of applying
HALT to product development and were able to apply rationale as well as procedural
knowledge to their module testing. Dr. Loman described some results obtained in their
conversion to lead-free solder, results related to QA/QC of vendor supplied materials, and
results used to evaluate lifetime of encapsulant materials. Dr. Loman was the first of
many attendees who proposed the need to develop transfer functions based on accelerated
testing. The presentation began with a discussion of why GE is concerned with
accelerated aging:

GE Warranty on PV Modules
e Workmanship for 5 years
e <10% Power Degradation at 10 years
o <20% Power Degradation at 25 years
Field Data
e Data on AstroPower PV modules with similar materials- 6 years to 10 years old
e Degradation is only a few % at 10 years- but data sets are small

Dr. Loman then provided a definition of HALT from GE’s perspective:

e HALT is a test technique that uses extreme temperature, vibration, temperature
change rates, and combinations of temperature and vibration step stresses (and
other product specific stresses) to rapidly identify marginal design and
manufacturing processes in a product.

e HALT quickly stresses a product from ambient to lower operating limit, to lower
destruct limit, upper operating limit, upper destruct limit, vibration operating
limit, vibration destruct limit, and finally with combined temp/vibe fast change
rates.
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HALT should be used as part of the design process to rapidly expose design
weaknesses by: combining a wide range of temperature (-100°C to + 170°C),
rapid rate of temperature change (60°C/min), multi-axis vibration (6 degrees of
freedom, 2Hz-10KHz, up to 60Grms), power and frequency cycling, and other
product specific extremes.

Figure 7 illustrates why GE performs HALT, in particular the relative importance of
reliability processes/tests during the design phase. Examples of some of the key failure
modes GE’s HALT has helped them address include:
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improper component installation; power resistors too low to surface (mfg)
incorrect component lead spacing; broken transistor, resistor (design layout)
incorrect power resistor pad design on the solder side (design layout)
improper component installation; passive parts are installed too high (mfg)
intermittent components during the vibration tests; relays (supplier)

bad solder joints; developed early cracks

failed component; Mylar cap mounted without lead-formed stress relief (mfg)
flux contamination under the conformal coating (mfg)

asymmetric solder joints on the IC which will lead to premature solder joint
failure (mfg)
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Figures 8 through 12 illustrate the application and results of GE’s HALT effort.

Conclusion

HALT testing uses high levels of stress to induce failure or degradation

Attempt to excite failure modes that could occur in the field and limit life

HALT testing and Physics of Failure analysis provide a valuable way to uncover failure
modes and also to simulate 25 year life

Further investigation of transfer functions from HALT test to predicted life is needed
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* Hapid thermal cycle was used to determine durability of cell-solder-tabbing interface

* PbSn solder
« SnAg solder {Pb fres)

ACCELERATED PROFILE FIELD PROFILE
L T TEA
o )
':'-\._-H . bﬂ .
i Tl b ]
= / = 0 1";. ‘-'r‘
s ..-Ilr X 1", i 2 !’ -
40 r U‘J h U b
I!.ﬁ:.-au-. *Clmin 0 min a o .
b | .In i
Thane, mununtes Thue, botrn

Sclemaiic of Accelemmied sl Field Teoperaiwe Profile
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= Rapid thermal cycle to failure in HALT test of Pb free certification modules
uncovered an unexpected failure mode: Open circuit of interconnect between cells
+ This failure mode is not reported on GE/ AP modules (Pb5n solder)

+ Failure in tabbing was due to low tensile strength copper from new supplier- not
related to the Pb free solder

» Revised specification for Cu tabbing based on the finding,

+ Units also failed in the same mode in qualification test per IEC 61215

« HALT was a value added, quicker way to find an issue

Intermittent open- due to micro-crack
Possible Crimp Failure Causes

1y Cu grade

2y Crimp Profile

Cross Section T

e tral e |

Figure 10: Unexpected Failure Mode Found by HALT

= Reliability wsis as specilied in IEC&1215 are a form of HALT Test
= A5 an example, consider 1000 hours of damp haat
= Test conditions: 85°C Tempearature, 85% RH
= Typical environmental condition (East Coast USA): <10 10 +d0= G, 10% 10 100%RH
- DH- allows the ability to distinguish batween different deslgn approaches
= Da-lamination
« AR coating fading

« Bond strength- example follows

= SHill being investigated: transfer function lrom DH est to lield lite

Figure 11: Damp Heat Applied to a PV Module

20



Accelerated Aging Tests in Photovoltaics 1/26/2007

Felpla®y Wliale - L1 - ves WakBosm
Prrol sl - Bl

Fre aamp neat

Post domp heat-
3 different material
gu= formulations

- ST |

w2 4R 44 o

o] i
i o | B g TR
dH1 o]
{1

& il B |
Pl T 0 )

TH 1, i LR

Figure 12: Pre- and Post- Damp Heat Data Example

Using Accelerated Testing in the Development of New PV
Products and Processes, John Wohlgemuth, BP Solar

John Wohlgemuth explained how accelerated tests are used at BP Solar to verify product
reliability with the goal of a 25-year lifetime. Dominant failure mechanisms are
identified, usually from field experience, and accelerated tests are developed to screen for
these. Although life prediction is desirable, it hasn’t been done yet, but the rank ordering
of the durability of materials/processing is accomplished with these tests.

He explained the diagnostic tools and how they are used. Three examples where
accelerated tests were used as a screening tool were explained: 1) new interconnect
equipment, 2) new backsheet materials, and 3) corrosion of the SnO superstrate glass.

Finally the importance of learning “the reaction rates for various failure mechanisms”
was stressed. The presentation opened with a discussion of “How do we test the
reliability, long term durability and even the safety of PV modules built using new
materials or with new processes?” A key point is outdoor field testing is a must, but it
takes much too long to be of much use. Wohlgemuth further indicated, “We can’t wait 25
years to introduce a new product and therefore we must use accelerated tests to qualify
new PV products and processes.”

Next accelerated stress tests were discussed. First, failure mechanisms must be identified
from outdoor exposure. Then stress tests are developed that accelerate the same failure
mechanisms, and then these accelerated tests are applied to modules with new materials
and processes with hope that the tests are still valid for studying the previously identified
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failure mechanisms. That is the ideal, but the last point was that this is not always the
case.

Overall reliability efforts were discussed in terms of field experience, and accelerated
stress tests. Field Experience includes analyzing commercial warranty returns, deploying
and monitoring individual modules over long time periods, and monitoring the
performance of PV systems over time. Then there are accelerated stress tests.

The accelerated stress tests used by BP solar include:

Thermal cycle with current flow

Damp heat exposure (Sometimes with applied voltage)
Humidity-freeze cycling

Dynamic and static mechanical loading

UV plus heat

The condition and duration of testing is guided first by the qualification test sequence
(IEC 61215 or 61646). BP Solar extended the thermal cycles to 500 and the damp heat to
1250 hours when it went to a 25 year warranty. These are the minimum test durations.
Sometimes BP tests longer to build their understanding. Sometimes they change the
conditions to understand the failure mechanisms and the acceleration rates.
e For UV BP tries to simulate 25 years of exposure. Typically they test through the
glass for a long time (~26 weeks) and direct exposure for a short time (~ 3 weeks)
e Usually use qualification test protocol, but may deviate to better evaluate failure
mechanisms.
e Not every accelerated test failure is going to cause a problem in the field!

The measurement tools BP uses include:
PV Performance (I-V curve)
Dry Hi-Pot

Wet insulation resistance

Visual inspection

Discoloration

Embrittlement

Delamination

Corrosion

IR camera

Adhesion of layers, boxes, frames, etc.

When analyzing test results, BP doesn’t just go by pass-fail criteria. A module design that
loses 4% of its power after 500 thermal cycles is not as robust as one that loses 1% of it
power during the same test. BP uses other tools to understand why one set lost 4% and
the other only 1%. This leads to a better understanding and ultimately to more robust
products. BP also uses accelerated tests to qualify new products and processes, first by
running their modified qualification sequence and reviewing the results carefully. Did the
modified modules suffer any greater degradation than the standard product? If yes, then
they must understand why and determine if this will lead to reliability, durability or
safety issues. If there is a potential to degrade field performance the change is rejected.

22



Accelerated Aging Tests in Photovoltaics 1/26/2007

Examples of where this is applied include new interconnect equipment, new back sheet
material, and thin film corrosion

In the case of new interconnect equipment, it is evaluated using thermal cycling with
current flow. In addition to power loss, BP utilizes IR to find broken interconnects or
damaged solder bonds. In one example after 200 thermal cycles the power was down
only 2%, but IR showed some interconnects were broken, as shown in the accompanying
figure.

The module shown in the
pictures was continuously
cycled during the tests.
After 400 cycles it was
down ~ 4%, but more
interconnects were broken.
Some modules made with
new equipment passed 500
TC with less than 5%
power loss. However,
others had 2 interconnects
on the same cell break and
so lost a large fraction of -

their power. (Determined Figure 13: Example of Broken Interconnects Shown By IR
by # of cells per diode). By

making educated modifications to the new equipment and its process, we stopped the
interconnect breakage. This equipment is now used to build quality products.

New backsheets were tested through the standard qualification sequence. The module
tested performed very well especially in damp heat (85°C/85% RH) with no measurable
power loss. However, during the course of the damp heat testing the adhesion between
the EVA and the backsheet decreased as shown in Figure 14.
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Adhesion Strength in
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Figure 14: Curves Generated by Adhesion Strength Testing

Is this loss of adhesion a problem for the field? BP used a 1000 hour Damp Heat test
based on JPL analysis of cell metallization corrosion and a rate constant that doubled for
every 10°C rise in Temperature. So BP performed the test at 65°C/85% RH for 4 times
the duration. Theses results are also plotted on the chart. BP found that adhesion does not
have the same behavior as corrosion: in this case the acceleration rate must be greater
than a factor of 4. It turns out material undergoes a phase change just below 85°C so any
test at 85°C or higher will be much more severe than at lower temperatures.

When BP Solar manufactured thin film modules, they were qualified through IEC 61646
including 1000 hours of damp heat. However, these modules experienced early field
failures due to corrosion. BP tried performing the damp heat test with applied voltage
and found it could duplicate the observed failure after only a few days of exposure. This
led directly to development of a product that did not suffer from this corrosion
mechanism.

Future protocols need to include the capability to evaluate the reaction rates for various
failure mechanisms occurring during the damp heat test and equate them to long term
field data to get a better prediction of module lifetime. How many years of operation in
Miami does 1000 hours of damp heat exposure at 85° C/85% RH represent for each
failure mechanism?
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More data is needed in order to develop a model to equate performance in the thermal
cycle test to outdoor performance in various climates. How many years of operation in
Arizona does 500 thermal cycles from -40° C to +85° C represent?

In his conclusion, Wohlgemuth indicated that without accelerated aging tests it would be
extremely difficult, if not impossible, to determine before implementation whether a
proposed change in a module material or process would have a major impact on long
term reliability and lifetime.

While accelerated aging tests can not tell you how long a particular module design will
last, they can be used to determine whether changes are likely to improve the reliability
and lifetime or to have a detrimental effect on the reliability and lifetime.

Accelerated aging tests also assist in identifying those failures observed in the field, and
help to eliminate them. For new technologies accelerated aging and field exposure are
both necessary in order to develop reliable, long lifetime modules.

BOS and System Component Requirements for Accelerated
Testing, Chuck Whitaker, BEW Engineering

Chuck Whitaker, BEW Engineering, presented information on field stresses that need to
be considered when accelerated aging of Balance of System components is configured.
Initially, Whitaker described
the BOS as everything but the

modules and then broke out the PV BOS (re)defined
components into the inverter, '

electrical (ac and dc), Everything but the modules...

structure(s), site, and Inverter - [nvertar, Transf A

monitoring/control, detailed in
the accompanying figure. This
laid a foundation for things to
come/consider in the systems
breakout session. The
presentation did an excellent Sile - Fencing/security, Drainage
job of identifying field stresses Monitoring and Cantral - Sansors
beyond the highly recognized Collection/Data Processing, Comm
temperature and humidity
factors including high level
insolation, wind, dirt, high
voltage/current, transportation,
animals, and vandalism. One  Figure 15: PV BOS (Re) Defined

of the really important stresses that is not often mentioned is utility caused transients.
Existing electrical and structural tests were outlined as well as the shortcomings of some
of these tests. Whitaker’s summary made it a point to encourage the industry to “know
the environment and never underestimate” these environmental factors in defining
accelerated aging tests.
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The basic structure of the presentation was to define BOS, aging factors, existing tests,
field observations, and present conclusions. The following figure presented an
interesting perspective on accelerated testing in other industries:

Key aging factors include:
* Voltage
o DC: currently 600/1000 nominal, 1200/2400 coming
o AC: Low (£600V) and Medium (<60kV) Voltage
* Current
o Hundreds of Amps
* Secondary Mechanisms

o Soiling

o Critters

o Vegetation

o Shipping, installation, operational damage
o Vandalism

Existing inverter tests discussed during the presentation included:
e Inverter
—  Surge withstand, hi-pot testing in UL 1741
e Transformer & Switchgear

— IEEE CPMT Technical Committee on Accelerated Stress Testing and
Reliability (TC-ASTR)

— Thermal Endurance Testing: IEEE Std 1 Recommended Practice for
Temperature Limits and the Rating of Electrical Equipment and for the
Evaluation of Electrical Insulations (IEC 60085), IEEE 98 Std For
Preparation of Test Procedures for the Thermal Evaluation of Solid
Electrical Insulating Materials, IEEE 101 Guide for the Statistical
Analysis of Thermal Life Test Data. IEC60216 Guide for the
Determination of Thermal Endurance Properties of Electrical Insulating
Materials

— Electrical Endurance Testing: IEEE 1043 /[EEE Recommended Practice
for Voltage-Endurance Testing of Form-Wound Bars and Coils

— Multifactor Stress Testing: IEC 60034-18-33 Functional Evaluation of
Insulation System-Multifactor Functional Evaluation

Existing electrical tests discussed included:

e Combiners, junction boxes
— NEMA 250 Enclosures for Electrical Equipment (1000 V Max)
— IEC 60529 Degrees of Protection Provided by Enclosures

e Conduit, Wire, Fittings
— Wire and cable are subjected to numerous mechanical, electrical, thermal,

UV, and moisture tests

e Diodes, Fuses, Transient Surge Suppression Devices
— Numerous [EEE C62.XX procedures related to surge devices (ac)
— UL listing/recognized fuses & diodes

e Grounding
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— NEC specifies how to ground in multitude of situations, presumably this
has come about through testing and field experience to see what holds up
mechanically and electrically.

Existing structural tests discussed included:
e Supports
— Standard mechanical/structural load and flexure certifications are
customary for UL-listed products and for large custom systems.
— Some engineers are performing wind tunnel testing
e Tracking Apparatus & Controls
— None specific to PV

Next, field experiences applicable to accelerated aging tests for BOS were discussed for
inverters, electrical and structural systems. For inverters experience includes early
chalking of powder coats, pitting of unprotected metal, and UV degradation of displays
and buttons/knobs. IGBT, Electrolytic Capacitor, wiring harness, connector, cooling
system, failures have been reduced substantially, though not eliminated Utility steady
state & transients voltage are underestimated—"they don’t make 130V light bulbs for
nutin’” Transformer field failures are related to improper sizing or installation errors.
There are some field examples of failed switches, usually dc. Most ac switchgear issues
appear to be related to sizing/installation errors.

For electrical systems, field data on combiners and junction boxes have shown failures
caused by water intrusion and dc ground faults are more common than designers
expected, which has led to modifications in NEMA selection, terminals, and fuses.
Conduit, wire, and fittings experience is only compromised by workmanship, (with the
exception of mislabeled non-UV wire) rarely by flaws attributable to a lack of adequate
life cycle testing. For diodes, fuses, and transient surge suppression device experience it
was noted that Siemens GmbH no longer uses array fuses unless required by module
manufacturers. Aging and high voltage operation of TSS devices remain a source of
concern In the case of grounding/transient protection, it is rare to get data on adequacy
of grounds long after installation. NEC-compliant systems do not seem prone to
premature grounding integrity failures.

Field experience with structures varies by component. For supports there are few field
issues related to structure failure. Those that do occur are usually due to underestimating
wind/snow load or overestimating roof deck strength. Tracking apparatus, including
controls, were formerly PV’s Achilles Heel. Many trackers failed in field service due to
leaks, corrosion, mechanical damage, rodents, and electrical surges. Improvements have
been incremental and mistakes have been repeated by some. For fasteners, existing non-
PV testing is probably adequate. For finishes it is obvious that existing testing hasn’t
been adequate for PV, but all that might be needed is to raise the bar via more severe
versions of existing tests.

The final conclusions from the presentation were:
e Know your environment: Don’t underestimate the level of voltage, temperature,
current; consider steady state and transients
e Assume installation errors will occur—minimize installation steps, test for errors
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«0 [ earn from the mistakes of others
0 Don’t try to hide your products short comings with a little paint...

Devices, Interconnects and Module Design — Accelerated
Testing, Peter Meyers, First Solar

Peter Meyers of First Solar presented information on an attempt to find a faster stress test
for their CdTe cells and modules. Although much faster than their 56-day light and
temperature test, their new test did not correlate with module reliability in the field (see
Figure, Ryq = 0%). Cells that degraded under the increased stress did not significantly
degrade outdoors, since the stress test (by going to a much higher temperature) accessed a
physical mechanism that does not occur in the field. This null result showed that simply
raising the temperature of a stress test may not lead to a better, faster test; it may indeed
lead to a test that shows degradation irrelevant to actual experience. Thus developing
new, faster, simpler tests for thin films remains unresolved.
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Figure 16: ALT versus Field Stabilization

Inverters and HALT Applications, Ray Hudson/Harry McLean,
Xantrex

Harry McLean and Ray Hudson, both from Xantrex, teamed to present a well developed
HALT application for inverter development. Xantrex has invested significant effort to
develop their HALT application and their success was demonstrated as the presenters
walked the audience through reliability techniques, application of these techniques to the
manufacturing process, HALT fundamentals and benefits, and finally some of the issues
and solutions that HALT testing have identified. Steps to integrate a dedicated reliability
engineer into all development and manufacturing processes showed the depth of
commitment necessary. Application of HALT to Xantrex product development is a true
success story worthy of recognition in an industry segment that battled major reliability
issues just a few years ago.

Both high and low volume manufacturing activities were shown to benefit from the
Design for Reliability approach used by Xantrex. Goals for the reliability techniques are:
e Design in wide operating margins
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Make the product simple to build

Analyze failure modes

Verify assumptions through environmental and HALT testing
Make key features easy to test

Screen units as produced

The “Bathtub Curve” concept (see Figure 17) was introduced to show the significant
impact of HALT. This curve indicated reductions in workmanship flaws early in
production, minimization of failure rates during product lifetime, extension of product
life, and less wearout failures are likely when using HALT. Seven other benefits of

HALT were noted as:
1. Quickly determine design & process limitations.
2. Determine & increase design margins.
3. Dramatically reduce infant mortalities as well as dramatically improve long-term
product reliability (both reduce field return rate).
4. Reduction of development time and cost.
5. Eliminate design problems before launch.
6. Obtain statistical information on margins for HASS/A.
7. Sustaining engineering tool to assess product changes.
|
viearout
& Failures
o Useful Life - - 5
o Various Design and Process Flaws
@
T
=
™ Workmanship
L

Flaws The impaet of HALT

HALT Froduct Life
& HASS =t

Figure 17: The Bath Tub Curve

Ways in which HALT differs from qualification testing were noted in that HALT is not a
pass/fail test but rather a process of discovery and design optimization. The application
of HALT plays a critical role in improving the inservice reliability of a product through
better, more robust designs and manufacturing processes. Finally several examples of
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HALT applications on Xantrex products were provided that clearly demonstrated product
improvements made as a result of the testing.

Quality Assurance — Accelerated Testing in Manufacturing
Environment, Alex Mikonowicz/Bob Weiting, Shell Solar

Three questions drove the focus of this presentation:
— Can accelerated testing in a manufacturing environment be useful?
— Can the costs be recouped?
— Do sales, distribution, resellers, installers, eventual customers care?

Each question was thoughtfully discussed and resoundingly answered “YES!” Three
approaches were identified to accomplish this: to use portions (block 5) of IEC 61215, to
continuously “sample” products from the production line, and to selectively increase test
requirements (being careful not to destroy the product). Difficulties or ‘realities” of
adapting the existing test to a manufacturing environment were recognized. In particular,
qualification of new materials and processes as well as material substitutions were noted
as leading to conflicts in protecting the customer, warranty performance, and the sanity of
the testers. Shell’s approach is to conduct the majority of IEC 61215 on two modules of
finished goods, to selectively test new materials to failure (or far beyond design
requirements), and to “qualify” all processes and materials. Principal things that the
industry does not have are:

e ameaningful test to predict end of life

e suggested tests for life affected performance (i.e. UV degradation of polymers,

cables, junction boxes, etc.)

Visual

o suggested tests for EVA, back sheet Inspection
materials, RTV, etc. v
. Electrical
Initial tests and performance
Finally, Dr. Mikonowicz offered advice on inspection atsTC
what the labs can do to support PV L
: . Insulation Test
manufacturing as: ( dry t|1i—pot)
e suggesting tests that can be correlated ]
to life expectancy of module Control Wet leakage
performance ontrols | current test
e operating long term site installations J ) 3
to measure performance over time and Humidity-Freeze Test | | Thermal Cycle Test | | Damp Heat Test
in several environments within the (10 cycles) (200 cycles) (1000 hrs)
U.S. v
N Visual
. Inspection
Accelerated Testing J
Challenges for Flexible  Slectical |
Modules, Arindam Banerjee, Final tests and atSTC
Uni-Solar inspection v
Insulation Test
Arindam Banerjee presented the AT (dry hi-pot)
testing protocol in use at United Solar to I 2
. . 13 . Wet Leakage
screen aqd verify prpduc‘F re11ab11}ty, His Current Tost
presentation was unique in that his product
is a thin-film, flexible, and sold into the Figure 18: Testing Flow Diagram
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power market. As such it must pass all the IEC qualification tests as well as, in some
cases, additional flex stress testing.

He explained the decision making process and important elements/properties being
tested. In the conclusion he explained the importance of developing accelerated tests to
catch failures that might occur in the field. Summaries or examples of some of his key
viewgraphs follow.

United Solar Accelerated and Evaluation Tests for materials include:
* Material analysis: AES, SEM, IR, etc.
» Optical tests: transmission / reflection
» Peel test: 180° peel strength (ASTM D903)
» Shear test: single-lap-joint (ASTM D1002)

Module tests include Humidity-Freeze (HF) testing for 10-50+ cycles, -40°C to +85°C,
85%RH. Thermal Cycle testing includes 200+ cycles, -40°C to +90°C. Damp-Heat
testing includes 1000+ hours, +85°C, 85% RH. Insulation testing goes up to 6 kV, wet or
dry, and the Wet Leakage Current test is conducted up to 6 kV. A testing flow diagram is
shown in the accompanying figure. Other accelerated/performance tests include UV
Exposure: continuous UVA, >1000 hrs, 70°C (ASTM G154). Salt Fog testing : 5% salt
solution, 35°C, 96 hr cycle 48 hr wet, 48 hr dry (ASTM B117). Surface Cut testing:
45°cut (UL-1703), evaluation by wet hi-pot. Hail Impact: 1" diameter, 23 m/s, 11
locations. Static Load: 50-90 1b/ft2, 1 hr -
application to each side, 2 cycles.

Examples of tests unique to flexible modules
include the cyclic flex test. These are
necessary because Uni-Solar modules are
flexible. Some applications require coiling,
flexing, or forming. The cyclic flex (fatigue)
test is used to evaluate encapsulant,
interconnect, and busbar integrity. Twist and
Dynamic Mechanical Loading tests are not
performed — they are more applicable to rigid
flat-plate modules. In the cyclic flex tests
modules are attached to a mandrel, 6-12
inches in diameter. Tension is applied to the
module to ensure contact with the mandrel,
and then the cycling is motor driven. In the
accompanying figure, A identifies the mandrel
and B the tension applied to the module. The
module is coiled around the mandrel
clockwise then counterclockwise (=1 cycle,
~0.2 Hz). Widthwise or lengthwise flexing is
possible. The number of cycles can be one to  Figure 19: Cyclic Flex Test
thousands. The next figure shows the module

coiled around the mandrel.
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The second example of a test
unique to flexible modules is
the Deposition Film
Adhesion Test. In this test
both tensile and compressive
stress may be applied to the
film. As shown in the
accompanying figure, a 1”
wide sample is formed
around a conical mandrel
resulting in a variable and
increasing stress towards the
top of cone (1-4%). The
percent compressive and

. .-1-— '...l

tensile strain is measured at
film adhesion failure which is
dependent on film thickness and cone diameter. This is faster and less subjective than
tape test for thin, malleable substrates.

Figure 20: Cyclic Flex Test Apparatus with Flexible Module

Figure 21: Deposition Film Adhesion Test

Specific tests and test plans are used for design evaluation and qualification of alternative
materials; materials from alternative suppliers (supplier evaluation/ qualification);
alternative product designs; alternative/improved production processes; performance of
encapsulating materials such as interlayer adhesion, insulation, etc.; cell substrate and
module backing plate corrosion resistance; interconnect design and material acceptance;
and module/cell design electrical performance acceptance.

The following table summarizes important aspects of Uni-Solar accelerated testing.
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Table 6: Uni-Solar Accelerated Testing

[Accelerated Test

Evaluation / Acceptance Test Examples (in addition to
IEC 61646 and UL 1703 acceptance)

Humidity-Freeze,
Damp-Heat, and
Thermal-Cycle
Tests

[nsulation test (wet hi-pot) - dielectric properties of
[encapsulating films at various temperatures. Very important
immediately after exposure to HF and DH tests. Up to 6 kV
[totally immersed.

Peel and shear tests at various temperatures - encapsulation
adhesion and bonding at material interfaces.

Surface cut test - outer encapsulation cut test followed by wet
|\\i-pot, up to 6 kV totally immersed. Increasing cut force until
f:

ailure.

HF or DH with
voltage or current
|bias

Eon movement (electromigration) under high humidity, high
emperature, and voltage bias

|Cyclic Flex test

[nterconnect and busbar fatigue, encapsulation integrity

Light Soak test S-W degradation of new/improved deposition recipes, also
lused to help establish stabilized module power ratings
Salt fog test [nsulation test (as described earlier)

[Corrosion resistance of cell substrate, backing plate, terminals
for coastal or marine applications

The following figure shows an example test plan for a copper busbar.

1/26/2007
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Figure 22: Example Test Plan for a Copper Busbar

In predicting field failures from accelerated testing, ;
Uni-Solar has found that some accelerated tests are i

fairly accurate predictors of field behavior. For Grip.
example, the Light Soak Test. This test is similar to ~
IEC 61646 section 10.18 Light-Soaking test /

conducted for 1000 hours, cell held at NOCT. |
Indoor metal-halide illumination or another suitable
light source, >800 W/m?, is used. It was found that
the electrical performance of United Solar products
after the light-soak test correlated with field
observations.

-
At

DTl

.ﬁ.h:;r i -2l
Plofe — ]
Another example of field failure correlation to
accelerated testing is the Peel Test. HF and DH
tests are used to evaluate adhesion properties of
encapsulating films. The peel test is performed
after HF or DH exposure (ASTM D903, 180° peel).
The peel test has been used to confirm weak - x
encapsulant adhesion. Subsequent root cause
analysis identified a contaminant in supplied
material. Figure 23 illustrates the peel test method.  Kel: ASTM D33-98 Standard Test
Method For Peel or Stripping
Field observations and customer feedback are Strength of Adhesive Bonds

important sources of information regarding Figure 23: Peel or Stripping Test
reliability. Field data helps to identify conditions

anp -
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for which to develop accelerated tests. For example, encapsulant delamination was
discovered due to contamination which resulted in corrective action with the supplier.
Information on copper busbar failures resulted in busbar design changes and verification
by cyclic flex testing. Laminating film adhesive failures resulted in Uni-Solar moving to
a new supplier. United Solar’s testing protocol has contributed to a very low observed
product return rate.

Future advancements in accelerated aging tests that Uni-Solar desires include more
accurate prediction of module lifetime, electrical performance, integrity of encapsulation,
bonding to roofing substrates. Faster test procedures for design evaluation and
qualification testing are desired — Time is money! Can 50 HF test be substituted for 1000
hour DH test? An evaluation of the pros and cons of 50 HF cycle test versus 1000 hour
DH test is needed. Can HALT/HASS be used to predict long-term field performance
and module lifetime? Can HASS be used to quickly determine design weaknesses/flaws?

In conclusion, United Solar uses industry accepted accelerated tests as decision-making
tools in the product development process. Flexible modules have unique properties that
require unique tests. Several tests have been developed by United Solar to evaluate
flexible module performance. Accelerated tests followed by appropriate evaluation tests
have been shown to predict potential field failures. Field observations are a tool to
evaluate and develop accelerated tests and associated acceptance test criteria. Faster and
more reliable accelerated tests are needed to reduce cost and improve quality.

Accelerated Aging Breakout Groups

With the information from these presentations fresh in their minds, the participants were
organized into three breakout groups to cover accelerated aging test issues for Devices,
Modules, and Systems. When a company sent more than one person they were asked to
divide up among the breakout groups, but the attendees were free to attend the breakout
session they preferred. Each group had a facilitator to help record results and keep the
discussion moving forward. Each group also had a National Laboratory expert to help
spark discussion, answer questions about DOE/Laboratory research, and capture the
technical content of the discussions: Ken Zweibel for Devices, Tom McMahon for
Modules, and Michael Quintana for Systems.

To help start the discussion, each breakout group was given a set of potential
questions/issues to consider. Facilitators emphasized that these questions and topics were
purely for sparking discussion and the groups would not be limited to these topics or
required to respond to each item on the list. Most groups did use the lists as a guide, but
set their own priorities for what to discuss and how to organize their results. Over the
two days each of the three groups was asked to focus first on defining the current status
of accelerated aging testing for their topic area, then on defining needs, and finally
prioritizing needs.

Personnel from the National Laboratories and DOE were asked to participate, but to let
representatives from industry and universities take the lead in the discussions. DOE and
National Laboratory personnel made valuable contributions by providing information and
following up with questions, but let the other participants establish what was most
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important to discuss. Facilitators were instructed to prompt their groups for details and
specifics and to make sure the groups kept the discussions moving toward information
and results that would meet the goals of the technical meeting, and to give everyone a
chance to contribute.

In the final breakout session each group was asked to reach a group decision on the top
priorities for advancing accelerated aging testing, rather than relying on votes. This
approach was chosen to encourage the groups to organize and combine needs into
broader categories, and focus on common interests. This wasn’t a problem for any of the
groups. At the end of the breakout sessions the meeting reconvened and each group
presented its results. Many of the attendees stayed after the meeting to participate in an
informal discussion of the meeting results that helped further define many of the needs
and priorities developed by the breakout groups. There was a general interest in
continuing to meet as a group as DOE works on HALT issues to help work out the details
of what kinds of tests are needed, comment on protocols, help resolve issues with
proprietary data, and generally work as a group to sustain progress. The group decided
that it would be premature to start organizing meetings at this point, until there was some
indication whether DOE would be able to dedicate the resources needed to really pursue
improvements in HALT.

The results from these breakout sessions are summarized below.

Systems Breakout Sessions

The Systems Breakout Sessions at the Accelerated Aging Testing in Photovoltaics
Technical Meeting were assembled to address accelerated aging for complete systems.
These sessions drew participants from industry, utilities, universities, national labs and
DOE. The sessions on day one and two were charged with identifying the status, needs
and priorities for accelerated aging of photovoltaic systems. Given the nice cross-section
of participants, the results reflected a global view of the work that has been done as well
as future needs.

In the initial session the group was to define the status of accelerated aging for PV
system. Immediately the participants defined a complete system as a combination of all
components including modules. However, since there was a separate module session in
this meeting the group thought it appropriate to exclude modules. This became a difficult
proposition at times because there are potential system failure mechanisms associated
with the modules that are not considered when discussing module stresses. A good
example that was brought up is that the environment stresses the ground connections to
module frames causing corrosion and consequently failing the ground. While the failure
could be attributed to corrosion at the module frame, module manufactures currently do
not address grounding continuity as a reliability aspect of the module.

Excluding modules, the group set off to understand the role of accelerated aging in
systems including the inverter, meters, switchgear, wiring, instrumentation/data
acquisition, mounting hardware (including trackers), installation (installer qualifications),
packaging/transportation, software and in some cases batteries/charge controllers. /¢
should be noted that the author believes that the group missed PV system-specific
hardware, such as distribution transformers, that is required under some utility
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Jurisdictions that may not be required elsewhere. A more concise description of a PV
system may be generated by considering everything from the utility interconnect back to
the system mounting points.

STATUS

Once the group defined the system, there was consensus that there are no accelerated
aging tests currently applied to complete systems. Participants listed current tests that
might become part of a comprehensive accelerated aging protocol. These tests ranged
from the truly accelerated tests such as HALT, thermal cycling, salt spray, vibration,
crush, and drop tests to tests that may be considered more like extreme environment tests.
These might include the qualification tests, long term field aging (high UV, high bias
voltage, grounding, humidity, temperature, etc), environment induced corrosion, wind
loading, UL, code compliance (e.g. fire and building codes), and operation and safety
tests.

Participants noted static and dynamic tests are performed sporadically but need to be
comprehensive where environmental stresses oscillate. It was also acknowledged that
many of the aging tests are performed by OEM manufacturers and the PV industry is
dependent on procurement specifications to assure the component’s ability to withstand
the stresses. A good example is wiring. Wiring must withstand temperature, humidity,
abrasion, UV, flexure, etc. and still maintain dielectric strength, conductivity, code
compliance, etc. over thirty years service.

Additional discussion explored the status of controls, data acquisition, communication
and software. Participants recognized that considerably more sophistication can be
expected in these areas although there is little in the way of aging tests.

NEEDS

The second session focused on identifying the accelerated aging needs for PV systems
applications. Some immediate barriers were recognized. Primarily the complete system
is too large and cumbersome to be tested. Each system will be different as components
will change. Most importantly, the participants felt that any attempt to apply accelerated
aging to the system level has to have standardized metrics and procedures that measure
small changes in systems.

Participants immediately identified an approach, i.e. comprehensively test components
and model the pieces into screening criteria. This approach needs to have an analysis
framework that assists the integrator in system design and is user friendly. An
enhancement to this effort, a complete system simulator, was also suggested. An
associated need that got very strong support is the development of transfer functions that
allows the individual component data to be integrated into a model.

All other needs discussed supported the aforementioned model. Strong support was
voiced for testing system in extreme climates. Hot, dry, humid, cold, windy, salt spray,
UV, etc. extremes can be found in the continental US, providing potential data points.
Another similar suggestion was to test operational systems in the lab or field by
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increasing stresses and observation of system interactions; e.g. high voltage bias tests.
Support was voiced for development of test centers. Along with this approach came
encouragement to extract components from fielded systems and study them in the
laboratory.

Finally, there was recognition that PV has still one frontier that needs to be developed
and will need significant accelerated aging information. Building integrated
photovoltaics is still very much in its infancy. BIPV needs to be stressed to simulate the
use environments, these can be very different from outdoor applications. Participants
recognized that BIPV will have multiple functions. Some requirements may take
precedence to the PV energy generation. A good example is that, in a high value
installation, BIPV window application may place higher priority on sealing than energy
generation; making accelerated aging of the seals much more important than something
like corrosion of a connector.

PRIORITIES

Setting priorities for accelerated aging for systems was a fairly straight forward exercise.
Standardized accelerated testing protocols for components are mandatory for the data to
be of value. Once the data is available, transfer functions need to be developed to
integrate the results into a predictive model. Long term testing is needed to compare to
accelerated testing and for model validation. Finally, a feedback mechanism to assist
manufacturers in assessing corrective measures and a continuous improvement process
will produce highly reliable systems.

Table 7: PV Accelerated Aging Tests - Status, Needs, Priorities

PV Systems Accelerated Aging Tests - Status, Needs, Priorities
No standard accelerated aging tests exist for integrated PV systems — components and
subsystems at best

Lab-scale system testing is done under some controlled stress conditions

Field-aging is done at nominal (local) operating conditions — no acceleration

Inverters and Charge Controllers: Manufacturers standard testing includes HALT,
thermal, UL1741, component qualification, efficiency, performance, humidity, salt/fog,
moisture intrusion, HASS, and some field aging testing (unaccelerated),

Mounting hardware: Manufacturers’ standard tests include corrosion, static/dynamic
loads, vibration, parts qualification, grounding (limited), building code compliance, fire
codes, wind, tracking performance and controls, installer certification, shipping

Status

Wiring: Installer training and certification, manufacturer tests (e.g., code evaluations,
connectors, terminal strips, wire splices, moisture intrusion)

Switch gear: Manufacturer tests include meters, instrumentation, batteries, data
acquisition, installation (code, installer tolerance)

Software: Industry standard, UL1998, system performance, limited networking

Comprehensive accelerated aging on components; model data into a screening criteria for
system lifetime prediction

Protocols for testing systems; test matrix

Performance testing of systems in extreme field conditions

Operate systems that can be stressed and tested in field or lab to develop knowledge
beyond nominal

Needs

Transfer functions from testing to lifetime prediction—a predictive mechanism

System simulations in controlled conditions or chambers to help validate transfer functions

Study field-aged components and apply data to system models

Extreme conditions system testing (hot, humid, dry, salt, windy, seismic, etc.) — several
test facilities are available
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Procedures and protocols to detect small change- early intervention; preventive approach

Test protocols for BIPV components for modular housing - specific to the application

Accelerated aging test capabilities for BIPV prototypes

Develop analysis framework for system integrators to predict system performance w/aging

From paper analysis to operational analysis

Accurate data/analysis of ~10kW building block size; larger systems will be scaleable

Systems-level predictive model that utilizes comprehensive component aging/lifetime data
and yet-to-be-developed transfer functions to accurately predict system lifetime

Approach to apply existing and new tests at a systems level

Test facilities for: UV, temperature, humidity, wind, ambient conditions

Field data collection in key climates (e.g., CA) and extreme climates

Extraction of field-aged actual samples to broaden existing database of aged
systems

,§ o Model transfer function from accelerated aging tests to lifetime prediction

-E o Applicable to utilities, commercial, residential, off-grid, and BIPV

=] System test protocols, including field test protocol w/o acceleration

E o |dentify external existing resources, facilities and protocols that PV industry can use

e For components: standardized HALT protocols, test matrix, independent
performance and certification testing

Better tools for

e gathering accurate data from field (faster, remote operations, accurate, portable)

e communication (e.g. standard communication protocol for all inverters/systems)

o systems certification to provide assurance of system quality (including results from
models of aged system)

Modules Breakout Sessions

The PV Modules Accelerated Aging breakout group had the largest number of attendees
with representatives from industry, university, and government laboratories. Member’s
interests and backgrounds were widely varied. Many were in the business of producing
and selling PV modules with a minority of the expertise in the thin-film area. Others
were users and buyers of PV modules. A common understanding of what constitutes a
failure was developed. Comments addressing the Status, Needs, and Priorities were
freely expressed, recorded and summarized in the table below. The highest priority item
was to establish a correlation between time-to-failure in accelerated testing and to time-
to-failure in the field. In doing this we noted that the same mechanism must be tracked
and field environmental conditions noted. The failure mechanisms selected for
correlation study should be dominant causing the shortest time-to-failure. This is in lieu
of a generic 20- or 30-year lifetime predictive, accelerated aging test protocol By now
we all understand that such a testing protocol is un-attainable.

Field experience for PV products, in general, and modules, in particular, was highly
sought after. A data base for different field failure mechanisms needs to be tabulated and
perhaps DOE or DOD has a start on this.

The most useful diagnostic measurements are listed as: I-V, IR camera, Hi-pot wet and
dry, visual inspection, layer adhesion-peel and torque shear. It was pointed out by many
that a sensitive parameter(observation) was of great value in detecting failure
mechanisms long before degradation in power output. The value of the IR camera image
was expressed by several.
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Of a general nature, we agreed that we should have continuing studies by members of this
group to address the more commonly occurring mechanisms. It was suggested that the
best time for a follow-up meeting may be after the Solar America Initiative awards are
made. Then participants will know what their support will be. We agreed that adhesion
and corrosion along with soldier bond and interconnect related failure were most
dominant and, therefore most worthy of study by this group. The goal would be to
determine acceleration factors for these dominant failure mechanisms. The table below
summarizes the status, needs and priorities for module accelerated aging tests discussed
at the meeting.

Table 8: PV Modules Accelerated Aging Tests - Status, Needs, Priorities
PV Modules Accelerated Aging Tests - Status, Needs, Priorities

Commonly used standardized tests include: Thermal cycle with and without current flow,
Damp heat exposure, Humidity-freeze cycling, Hail impact, Surface cut, 45° cut (UL
1703) evaluation by wet hi-pot, Dynamic and static mechanical loading, and other
elements of IEC 61215 or 61646 qualification test sequences

Non-standard tests commonly used include: ASTM: G154 70°C, >1,000 hours; B117 5%

‘g salt solution, 35°C, 96 hr. cycle 48 hr wet, 48 hr. dry (salt/fog); D903 180° peel strength;
-a' D1002 shear test single-lap-joint
b Non-standardized tests for Flexible Modules include: Unique tests for flexible modules to
n capture coiling, flexing and forming characteristics, heat/humidity/sunlight/high voltage,
delamination test TCOD 15, solder bond failure
Non-standardized tests for Rigid Modules include: vibration tests for shipping, dynamic
load testing, static load testing, non-uniform wind loading, dynamic testing in wind
tunnels, exterior temperature testing, current based TC50 and HF10, voltage bias
Needs in test protocols and in correlating lab test results with field observations
o Test capabilities/methodology validation: determination of what is an effective
accelerated test, how accelerated can you go? Identifying changes or degradation,
not just failure. Finite elements analysis. Combine and simulate multiple stresses,
high and low levels of multiple variables. Ability to monitor panels in-situ as they are
stressed. Ability to isolate stress concentrations.
e Accelerated tests for reliable predictions — how to establish warranties
e Correlation of accelerated tests to years in field.
¢ Common failure modes established, i.e. corrosion, thermal cycle, breakage, etc.
o Get tofield to test/identify older modules to study for success/failure
o Documented field conditions: develop standard field test protocols to gain consistent
data;. What do they say about what to test — agreed conditions to warrant
7)) e Documented causes of most field failures
© o A meaningful test to predict end of life
8 ¢ Some improvement testing for manufacturing problems
Z o Ability to apply voltage during humidity tests, UV

Improvements needed specific to HALT and HASS testing:

e HALT and real world tracking, correlation, testing

o HALT outdoor capabilities — concentrating, light, heat etc.

e HALT and HASS — are they only for new products? Apply more broadly to thermal
cycling, freeze, ER, use for comparisons

Needs in data collection and in accelerated aging data base development include:
e Central clearinghouse / database for information, protocols, data
Documented module specifications, materials used, and characteristics
tallad charactarictice af-matarial nrana rfiac

aAnmcu oiraravicrisucs vririalciial PIUPUI UCTS

Need to handle problems/failure anonymously 40
Collect data from manufacturers
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o Data collection needs to be made in consistent, unbiased ways

e Determine failures caused by damp heat and then vary to see what combination
causes specific failures including corrosion -- do damp heat tests really show what
happens in the field?

e Access to existing data — OTF 1200 module testing for pass/fail, lessons already
learned form JPL and past history on solder bonds, thin cells, lamination, interaction
of layers, etc.

e Energy output, other indicators like temperature, standardized ways of measuring in
field, wind speed, kWh ratings and what they say for tests under different conditions

New field tests: in different climates, exposure to conditions outside of standard tests,
combinations of conditions, stress/deploy/test.

Comprehensive tests for current and new materials and designs. Issues: alternatives to
aluminum, unframed modules, frame alternatives, different glass/encapsulant, polymer
aging and power delivery components like wire and connectors.

Resources/Approaches: Money for equipment and expensive testing; access to multiple
chambers and test runs; people to analyze and put information in useful form; work with
new universities to tap their resources; new collaborative activities; approach to make
module size samples uniform.

Devices Breakout Sessions

Within the Device Testing breakout group, we quickly realized that most device level
issues fall into two areas:
1. Testing of new technologies
2. Testing of existing technologies during design and process changes; and
periodically to assure quality control

Among the PV technologies, existing silicon and I1I-V technologies fall into the latter
category; CIS and CdTe thin film technologies fall into the former and require the most
emphasis. If and when new technologies are evaluated to be promising for deployment,
the same set of priorities should be extended to cover their needs.

We discussed the intrinsic stability and degradation mechanisms of PV cells in the
Device Reliability group. The group meeting to discuss Device Reliability numbered
about 25. However, there were no representatives outside thin films, and we felt our
report may not adequately cover these topics. Thus although we felt that the issues in
traditional wafer silicon and for III-Vs for concentrators were minimal, this was not a
finding based on the stated views of experts in those areas. This could be an area for
further understanding.

Within thin films, it was clearly expressed that reliability is a major issue, even to the
point of sometimes transcending cost and efficiency. For example, severe intrinsic
degradation mechanisms could prevent a technology from being competitive, either due
to unacceptable annual losses, module failures, or a loss mechanism that only revealed
itself in a long-term catastrophic manner. Each of these requires substantial
understanding and possible improvements. For example, no known method exists for
predicting 30-year lifetime, and as illustrated in the negative findings of the First Solar
report (below), the effort to develop such tests is challenging or even impossible. As a
pragmatic result, we may approach the problem through aggressive HALT tests in which
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individual degradation mechanisms are identified and addressed, even if we cannot be
certain that the mechanisms will occur under actual (and milder) outdoor circumstances.

As an example of an attempt to develop a long-term test, Peter Meyers of First Solar
presented information on a stress test for their CdTe cells and modules. Although much
faster than their current (and partially validated) 56-day light and temperature test, it
turned out that their new test did not correlate with module reliability in the field (see
Figure 24, Ryq = 0%). Cells that degraded under the increased stress did not degrade
outdoors, since the stress test (by going to a much higher temperature) accessed a
physical mechanism that has not been observed in the field. This null result showed that
simply raising the temperature of a stress test may not lead to a better, faster test; it may
indeed lead to a test that shows degradation irrelevant to actual experience. Thus
developing new, faster, simpler tests for First Solar CdTe remains unresolved.

There is one existing protocol for a known loss mechanism in thin films: the 50° C, 1000
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Figure 24: ALT and Field Stabilization Correlation

hours light soak test for amorphous silicon devices. This test shows the advantages and
problems with such protocols. Although it cannot establish degradation in specific solar
locations (since temperatures and spectrum vary), the test can give a sense of the
expected range of degradation of amorphous silicon devices. This is about 20% for
contemporary devices. More importantly, this same test showed that after the initial
degradation, the devices stabilize. This stabilization was essential to the survival of
amorphous silicon PV.

Because thin films have not been in the field to the same degree that x-Si has, there is
little publicly available, long-term module reliability data, and what there is shows the
usual mixed pattern of early deployments in any PV technology. Thus the status of the
reliability of thin films is not only an open question, it remains a key question for
potential buyers. This question has both intrinsic device level components and
encapsulation issues. At the device level, there are also questions of area uniformity, are-
related defects, and monolithic cell interconnection.

We identified the following testing needs and priorities:
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1. CdTe and CIS need an improved base of scientific knowledge to understand
root causes of losses.

2. CdTe and CIS need faster tests for stability and problem identification. Other
technologies do not express the need for these tests because they believe that
fielded systems show that long-term device reliability already exists.

3. All device technologies need periodic tests and tests after changes in design or
processing. Thus even existing technologies need re-testing.

4. Understanding of the greater sensitivity of CIS and CdTe to water vapor is
needed: what are the areas most prone to losses? All thin films could use
investigation of new water vapor barrier layers.

5. All thin films (but especially CIS and CdTe) need tests of mini-modules for
uniformity and interconnect issues.

6. All thin films need understanding of the chemical impact of EVA and other
encapsulation choices on devices.

7. A nonproprietary database needs to be established, including device data
(degradation, losses, analysis) and correlation with fielded arrays.

8. CdTe and CIS need development and validation of specific protocols for long
term performance assurance.

Although these issues seem almost universally associated with thin films, that was (1) a
function of the attendees and (2) may understate the needs of the other technologies. This
latter is not just because the technologies were not represented (which was both because
of a lack of the right mix of attendees and also because the issue was not perceived as
serious enough to warrant attendance) but because when changes are made in devices,
they can become newly vulnerable.

Clearly, the vulnerability of thin films to degradation mechanisms is a high priority.
Fielded systems are not old enough to show clear trends, and problems must be caught as
soon as possible. Thus understanding, fixing, and validating degradation mechanisms in
thin films are high priorities. Another important priority is to continue vigilant testing of
existing technologies as they are changed and improved.

Table 9: PV Devices Accelerated Aging Tests - Status, Needs, Priorities

PV Devices Accelerated Aging Tests - Status, Needs, Priorities

Evidence that IlI-V and X-Si are stable and rugged, except for a small light-induced
loss in some higher efficiency x-Si cells (except for thinner cells which are showing a
greater propensity for cracking).

Evidence that all thin films have some device level instability issues (which can vary by
device design and processing), and that CIS and CdTe have greater sensitivity to
water vapor than silicon. Evidence that despite this, properly made and encapsulated
devices may have adequate stability. Recognition that the challenge is to understand
the mechanisms and map the range of process variables needed to assure stability.

CdTe: 56-day light and heat exposure of CdTe at Voc (60-90 C), Electron beam
induced current, laser soak (1-10 suns), monitor decay in photoluminescence intensity

Optoelectronic analysis of pre- and post-stressed devices

Uncertainty about gross- and micro-nonuniformity issues and impacts on degradation;
initial papers and some experiments

Status
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Early experiments with broadening the CdTe stress test to all thin films: temperature
(<= 100°C), light (<2 suns), moisture, diurnal cycle, efficiency over time (capture
degradation / stabilization)

Uncertainty if there are slow or delayed degradation mechanisms that might occur in
thin films after many years of apparent stability.

Needs

Recognition that thin films have the most existing and unknown problems, and among
the thin films, a-Si is the most fully characterized at the device level, and most issues
are well handled. Thus CdTe and CIS require the most attention at the device level.

Both CIS and CdTe need greater scientific understanding (complexity of issues
prevents understanding and fixing root causes)

CIS and CdTe need faster, simpler, non-proprietary tests that are not misleading

Cells must be tested enough to develop statistics; and in enough variety to span the
range of processes and process variations.

Correlation must be established between tests (e.g., the current 56-day test) with
day/night cycling and other real world conditions

A nonproprietary database should be developed to allow sharing. Issues of corporate
sensitivity must be addressed.

Small cells are not sufficient samples for establishing loss mechanisms: minimodule
with interconnect features are needed to span gap from full module to cells. Both
interconnects and area-nonuniformity are sources of loss mechanisms.

Testing and stressing must be continued as cells progress through often-rapid process
and design changes. New technologies and even established silicon and IlI-V devices
may be vulnerable to such changes and need to be periodically analyzed.

Some aspects of device testing require substantial investment in equipment and
people; locating them at one location can allow for shared solutions

Priorities

Thin films, particularly CdTe and CIS, need an improved base of scientific knowledge
(e.g. issues of water vapor, uniformity, encapsulation, etc.) to understand root causes
of current issues.
e Tests of CdTe and CIS devices are the highest priority;
e CdTe and CIS need faster tests for stability and problem identification
e Understanding of the greater sensitivity of CIS and CdTe to water vapor is
needed: what are the areas most prone to losses? All thin films could use
investigation of new water vapor barrier layers.
e All thin films need understanding of the chemical impact of EVA and other
encapsulation choices on devices
e All thin films (but especially CIS and CdTe) need tests of mini-modules for
uniformity and interconnect issues
e CdTe and CIS need development and validation of specific protocols for long
term performance assurance

For established technologies, faster tests are needed for stability evaluations and

problem identification, especially for assuring quality control during design and

process changes.

o Faster tests that correlate well with field observations of degradation are needed

e All device technologies need periodic tests and tests after changes in design or
processing.

A nonproprietary database needs to be established, including device data
(degradation, losses, analysis) and correlation with fielded arrays
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Appendix C: Final Agenda

Accelerated Aging Tests in Photovoltaics
(Research Curiosity or Decision-Making Tool?)

Wednesday, February 22, 2006

8:30  Welcome — Ray Sutula
8:40 Introductions and Meeting Goals — Joe Tillerson
8:50  Session 1 — Three, 25-minute presentations
Accelerated Aging Tests — Types and Status -- Tom McMahon, NREL
Accelerated Aging — Needs for Systems Design
and Performance Issues -- Colleen O’Brien, PowerLight
Highly Accelerated Lifetime Tests (HALT) and Highly Accelerated Stress
Screening (HASS) — How Applicable to PV? -- Jim Loman, GE
10: 05 Break
10: 25 Session 2 — Three, 25-minute presentations
Using Accelerated Testing in the Development of New PV Products
and Processes -- John Wohlgemuth, BP Solar
BOS and System Component Requirements for Accelerated Testing --
Chuck Whitaker, BEW Engineering
Devices, Interconnects and Module Design — Accelerated Testing --
Peter Meyers, First Solar
11:40 Lunch
1:15 Session 3 — Three, 25-minute presentations
Inverters and HALT Applications -- Ray Hudson/Harry McLean, Xantrex
Quality Assurance — Accelerated Testing in Manufacturing Environment --
Alex Mikonowicz, Shell Solar
Accelerated Testing Challenges for Flexible Modules -- Arindam Banerjee, Uni-Solar
2:30  Breakout Group Assignments: Devices, Modules, or Systems
2:50 Break
3:10 Breakout Session 1  Focus: Current Status or Capability
4:45 Adjourn
6:30 Reception

Thursday, February 23, 2006

8:00 Breakout Session Assignments

8:15 Breakout Session 2  Focus: Industry Needs for Decision Support
9:45  Break

10:05 Breakout Session 3 Focus: Priority of Advanced Testing Needs
11:05 Summary Reports from Breakout Groups

12:30 Adjourn
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Appendix D: Presentations

Accelerated Aging Testing in Photovoltaics

{Research Curiosity or Decision-Making Tool?)

Teohrioal Mesting
Ealtimons, MO

dae Tilerson, Tor Wocishss Michsad Subleme ded Ken Deeibes!

February 22-23, 2006

-

The goals of the meeting are:
" {0 ascess the status of accelerated

testing as a decision making tool in the
PV industry and

* to determine if substantial enhancements
are needed in the DOE program to better
support the industry in this area

-

« DOE Desire: Help PV Industry
* R&D must reflect indusiry needs

 Transparency must be seen in
planning

 Never enough $5% — priorities must
be established

—

1/26/2007

= Organizing Team

* Support Team
= Participants
* Industry Leaders
* Universities, DOE, and Mational Laboratories
* All technologies
* All parts of the industry — cells to sales

Bl

Approach:
* Listen to some of the technical experts
* Determine status of testing today
® |dentify what industry nesds
* Establish priorities

* Document the meeting

o i e |

FY03 - Thinking

£
Fynod4 - Prnmisiﬁ%&%

FY¥05 - Produci

M Arwd et mraled [Ae S04
T guaiels v Plarcmege i ifaraedl
piegravmmslie opdinms gl do
weralln wowenl deciadias n G

FY0& - Impacti =

sy e
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« Basis for Multi-Year Program Plan

» Reference Systems reflect where we
are today

» Targets show where we need to be

» Analyses quantify where to work to
best achieve targets

« Mast important metrics are cost,
performance, and reliability

» Reliability is why we are here today

7

' 1'i'5i'li‘|.iril::',.lI

Elephant in the Living Room —

« Reliability and Failure Mechanisms are
understandably sensitive information

 Engineers see tremendous need to
share struggles

- ZEDs and Marketing fear impacts of
improper sharing

» Thanks to all for sharing what you can
without viclating trust

7

izga ar Flesen Orosiy
Gmwing iz BroaShurten

Posys Dadronica Do haa

& B g Teisson Ta -1 e T gh REToom Call ik
Saw ooy i Eihing .ln:lr._rn-"rnm Creazmdsi o, 5o

R ard wecion Dopirg Layzet Framing

TeEuiag EEE
-
Raality

Complicates

Geiougping s

LY,

P adan
Nazmea D&k

Czzrza Fadagirg Thar-ul
e, bgrsion
Capazioe

Wiy crazhios Ooos

[Armrdirg Fuass

» Rapidly changing manufacturing

» Process being changed to reduce cost
» New technologies being introduced
= Markets growing — federal & state

» Pressure to produce products is

» Industry cannot afford a “black eye”

1/26/2007

capacity

impacts

immense
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| = Accelerated Aging
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Failure
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Botential Failure Modes and Machanisms of
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Conclusions:
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HALT Testing: How Appicable Lo 7

Why Are We Concerned With Accelerated Aging?
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HALT Applied to Photovoltoic Module
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HALT Applied to Photovoltoic Module
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HALT Applied to Photovoltoic Module
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Using Accelerated Testing in the
Development of New PV Products
and Praocesses

J. Wohlgemuth
EP Solar International

INTRODUCTION

* How do we test the reliability, long term
durability and even the safety of PV
modules built using new materials or with
new processes’

* Outdoor field testing is a must, but it tales
much too long to be of much use. (We can’t
wait 25 years to introduce a new product.)

* Therefore we must use accelerated tests to
gualify new PV products and processes.

DOE Waikabey {:}""' Fabaiany 92 9008

ACCELERATED STRESS
TESTS

We can’t wait 20 or 25 years to see if a change will
impact reliability or lifetime.

Must identify failore mechanisms from outdoor
ETpOUre.

Then develop stress tests that accelerate the same
failure mechanizms.

Then apply these accelerated tests to modules with new
material: and processes with hope that the tests are sl
valid for studying the previously identified failure
mechanizm:.

(This is not always the caze.)

v O

Overall Reliability Efforts

Field Experience
— Analyzing comumercial warranty returns
— Deploying and monitoring individual
modules over long time periods
— Monitoring the performance of PV systems
over time.

Accelerated stress tests

DOE Warksbeg {:}ll R

Which Accelerated Stress Tests do we nuse?

+ Thermal cycle with current flow

* Damp heat exposure (Sometimes with
applied voltage)

+ Humidity-freeze cycling

* Dwnamic and static mechanical loading

+ UV plus heat

How do we select the conditions and duration?
First gurdelizme 13 the quabficatsen test sequesce (IEC 61215 ar
61646)

EF Solar excemded the tivermal cycles to 500 and the damp hear to
1150 bours when we went bz I35 year warranfy.

Theze are the mintmum et durations. Sometimes we test longer
to build our understamding.

Somermes we change the condidons co underieand che Exilure
mechanizms: and the acceleration rares.

For UV we try to simulare 25 vears: of expocure. Typically we test
thrzugh che glaz for a long dme (~26 weeks) and direct expesure
for a zhort mme |~ 3 weeks

Uzually wse qualificacion test protocol, but may deviate o better
evaluate failzre meckanizms, :

Mot every sccelerated test failere iz goizg to canse a problem in due
field!

DOE Warksbag {:}'I' T
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Measurements Tools

* PV Performance (I-V curve)
* Diry Hi-Fot
» Wet insulation resistance
* Visual inspection
o Discalorsdon
o Embritclemesnt
o Delamination
o Corroziem

» IR camera
» Adhesion of lavers, boxes, frames, etc.

1/26/2007

Analysis

» Don't just go by pass-fail critena.

* A medule design that loses 4% of its power afier
500 thermal cycles is not as robust as one that
loses 1% of it power dunng the same test.

* Use other tools to understand why one set lost 4%
and the other only 1%

* Thiz will lead you to a better umderstanding and
ultrmately to more robust products.

How do we use accelerated tests to
qualify new products and processes?

= First step i3 to nm our modified qualification
SBfUEnCE.

* Beview results carefully.

= Dhd the modified modules suffer any greater
degradation than the standard product?

= Ifyes, then must understand why and determune if
this will lead to reliability, durability or safety
153ues.

* Ifthere i3 a potential to degrade field performance
the change 13 rejected.

T QH- T

Examples

» New interconnect equipment
= New back sheet material

* Thin film corrosion

NEW INTERCONNECT
EQUIPMENT

* Evaluated using thermal cycling with
current flow.

* In addition to power loss, utilize IR to
find broken interconnects or damaged
solder bonds.

* In one example after 200 thermal cycles
the power was down only 2%, but IR
showed some interconnects were broken.

R Tt {}"I' S

IR Scan showing broken interconnects

i
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Continued Testing of New

Interconnect Equipment

* Continued cycling the module in pic

+ After 400 cycles it was down ~ 4%, bot more
interconnects were brolen.

* Some modules made with new equipment passed 500
TC with less than 5% power loss

* However others had 2 interconnects on same cell
breal: and so lost a large fraction of their power.
(Determined by # of cells per diode)

* By making educated modifications to the new
equipment and ifts process, we stopped the
interconnect breakage.

* This equipment iz now u:ed to build quality produocts.

NEW BACK SHEET

Twvtwd chrongk mtxndard qualiBzarion requescs.

Moduls perfocmed very well srpecially in damp bear (550550 RH) widk
== meszuzable pawer lazz.

Hemwver, duriap the oswrze of e dazp beat cezting the adbeiza
Eerwess che EVA and ke backshaet decreazed a: showe io the aesz 2Ede,
Iz char Bazz of sdbazicn » probiem for che fld?

LODE haor Doz Hear teze war bazad oo JEL azalysiz of coll menlliznman
corresiza aod waz baed o= oa rars comviaer chat dewbled Szx wvery 10 C
wize in Temperature,

Sz parformed the teze ar 50858 BH far & time: the daraciza.

Eazuler alze platred an chart

Adbazion dos: met hars roms ebaviar ax cerrosien, = thi cxow the
acosleration rade muzr b preacer than » facrar of 4

Twro: swt muterisl exderges: 3 phazs chongs puct belaw 35°C 2o any twae
ae35°C er higker will be muck =ore wvers chaz ae lowsr compasammre.

IR« T

Badhsion Sangih in
DiH B5ACIES %, RH wi. DHESCIEEY RH
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Lo s
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" 100
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THIN FILM CORROSION

EF Solar used to produce a-5i modules.

These modules were qualified through IEC 61646
incloding 1000 bours of damp heat.

However, these modules experienced early field failures
due to corrosion.

Tried ]:-erl’urnm'n% the damp heat test with applied
voltage and found it could duplicate the observed
failure after only a few day: of exposure.

W nsed damp heat with applied voltage to determine
the corrosion mechanism

This lead directly to development of a product that did
not suffer from this corrosion mechanism.

S R poor o

FUTURE NEEDS

Evaluate the reaction rates for varions failure
mechanizms ocourring during the damp heat test.
Equate to long ferm field data to get a betfer prediction
of module lifetime.

- How mazy years of operadon o Miam: does 1000 beours of
damp bear exposure ae 85% 850 BH represeac for each
frilure mechanizm®

More data is needed in order to develop a model to
equate performance in the thermal cycle test to outdoor
performance in various climates.

- How mamy years of operadon in Arizoms dees 300 thermal
cycles from 40" C o +85° C reprezent”

DOE Wikl {:}H- N

CONCLUSIONS

Witheut accelerared sging cectz i wonld be excremely difficale, if
not impossible, o determize before implementation whether a
propeced change in & medele marerial or proces: would have 2
major Gopact on Lu:ug term rebability and Hfetime.

While accelerated azins bests can mot cell you how long a
parcicular modulbe desi n'ml.l.llsr. they can be used to decermine
whether changes are Ekely to improve the reliability and bhfetime
or to have a detrimental effect o che reliability and Gfetime.
Accelerated aging teses alse wssist in identifying those failures
chzerved in the feld helping you to eliminate

For new technologies accelerated aging and Seld exposure are
both necezzary in order co develop reable, long lifetime modules.

[ @ 13 )
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Accelerated Aging Testing for
PV Balance-of-System Components

Chuck Whitaker, Tim Townsend
Bahnke, Erdman, & Whitaker Engineering, Inc

Aooelerated Aging Testing in Photowoltaics Conferenos
Baltimers, M0 February 22, 2006

1/26/2007

Introduction

« Try to give a “systems” perspective an
accelerated testing needs for the rest of the
system:

- Define BOS

- Agimg Fachtors

- Existing Tests
Field Obsarvations
- Conclusions

BEW

Accelerated Tests in Other Industries

k:

PV BOS (re)defined
Everything but the modules...

» Inwverter - Inverter, Transformer, Switchaear

+ Electrical, AC & DC - Combiner & Junction Boxes,
Canduit, Wire, Fittings, Diodes, Fuses, TS50, Grounds,
Trenches, Vaults

+ Structure - Supports, Tracking Apparatus & Controls,
Foundation, Fastenars, Finizhes

+ Site - Fencing/security, Drainage

+ Monitoring and Control - Sensors & Wiring, Data
CaollectiondData Processing, Communications

Aging Factors

+ Sunlight
- 1200+Wim? steady state, 1500W/m? transient
+ Temperature
- Ambient - 50°C and higher (Death Valley or sum
exposed, wind protected side yard)
- Module - 90°C or more (direct roof mounted)
- &nd don't forget cold temperature
«
« Humidity/moisture
+ Wind

BEW

S
How Hot is Too Hot?
Jume thrw August 2005
L]
ﬁ |
o o= Z ;
i = I I e
£« A ol
B F P -r..'L =
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LI
g k]
a
1
]
] ] L1 L8 a0 {iiil 121
irredance (Wimt}
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How the MEC Sees it...

Table 390017 Allvwable Ampacities of Single-Insulated Conductors Rated 0
Through 2000 Yolts in Free Air, Based on Amblent Air Temperaturs of 30°C

Aging Factors

+ Yoltage
- DL cwrrently &0071000 nominak, 1200/ 2400 coming
- A Low (2600V) and Medium (260kV) Voltage
= Current
- Hundreds of Amps
+ Secondary Mechanisms
- Soiling
- Critters
- Vegetation
- Shipping, installation, operational damage
- Vandalism

{B&"F}
Tempersturs Rating of Condustor
Ambient {See Table 310.13.)
Temp. -
T &0°C T3 C @0eC
(140°F) | 167F) | (194
21-25 1.8 1.05 1.04
26-30 1.00 1.00 1.00
arip.
51-55 041 0.67 075
S6-80 - 0.58 v |
&1-70 - 0.33 0.58
w T1-80 - - 041
Sl
Existing Tests - Inverter
* Inverter

Surge withstand, hi-pot testimg in UL 1741

= Transformer & Switchgear
[EEE CPMT Technical Commities on Acoelerated Stress Testing
aned Rediability {TC-ASTR)
Thermal Endurance Testing: 1EEE Std 1 Recomenended Practice for
Temperature Livsits snd the Fahng of Electrcal Equipment and jor e
Evaluation of Elsztvical Insulations (IEC G0085), IEEE 98 £4 Far
Pregaration of Test Procedures for the Thermal Evalustion of Salid
Elertriral Insuiatimg AMaterisls, I[EEE 101 Gaide oo tee Statistical
Anaiysis of Therma! Life Test Dita. IECS0216 Guide forr the
Dretermination of Thermal Endurance Properties of Elecinical
Imswlating Materials
Electrical Endurance Testing: 1EEE 1043 IEEE Recommmended
Praztice for Valtsge-Endurance Testing of Form-Wourd Bars and
Coils
Efulbifactor Stress Tecting: 1EC &0034-18-33 Funstional Evafuation

off Insulation Systeme-Multiictor Fimchonai Ersluation

L

Existing tests - Electrical

» Combiners, junction boxes
NEMA 250 Enclosures for Electrical Eguiprment (1000 ¥ Max)
1EC 80529 Degrees of Frotection Provided by Enclosures

« Conduit, Wire, Fittings
Wire and cable are subjected to numercus mechandcal, eleckrical,
thermal, UV, and meodsbure besks

» [Modes, Fuses, Transient Surge Suppression Devices
MNumerous [EEE C62 XX procedures related o surge devices (ac)
UL listingfrecopnized fuses & dindes

« Grounding

MNEC specifies how to ground in multitud e of situations,
presumably this has come about through testing and field
experience o see what holds up mechanically and electrically.

Existing Tests - Structure

+ Supports
- Standard mechanical/stmactural load and flesure
cerfifications are customary for UL-listed products
and for large custom systems.

- Some Mfgs are performing wind funnel testing,

« Tracking Apparatus & Controls
- None spedific to PV

BEW

Field experience applicable to
accelerated aging tests for BOS

D-14
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Inverter

» Inverter

Early chalking of posvder coals, pitting of unprotected metal,
ared UV degradation of displays and buttonsknohs.

IGET, Electrobytic Capacitor, wiring harmess, connector, cooling
system, failures have reduced substantially, thowgh not
eliminated

Utility sbeady state & transients voltage are underestimated
they don’t make 130% light bulbs for mutin®

» Transformer

Field failures are related to improper sizing or installation errors

» Switchgear

Some field examples of failed switches, usually de. Most ac
switchgear issues appear to be related to sizingfinstallation
rrors

BEW

Electrical

Combiners, junction boxes
* fedd data hawe shown failures caused by water introsion and do
grourd fadis are mone commson tham designer expocted, which has
lod 1o meadificntions in MEMA sslectian, terminas, and s
Conduit, Wire, fittings
* With the exception of mislabeled pon-UV wire, feld experienoe is
anly compromised by workmanship, rarely by flaws attribatable 1o
& lack of adequate life cycle wsting,
Diodes, Fuses, Transiznt Surge Suppression Devices
= Stemnens GmbH no konger uses amray fuses unless required by
miaduli erfg
* Aging and kigh roltage operation of TES devices rewunin a
sowree of concerm
Grounding/transient protecticn
* Rase to get daia on adequacy of grounds kang after irstallation
NEC-coanpliant sysemns do Pl Se8m Proms 1o prematuns
grourdieg ntegrity failures.

BEW
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Structure

- Supports
* Farw flelel Issues related bo sirwchane fallare; wually due o
urdenestimating wirdfsnow load, oversstimating rood deck
strength
= Tracking apparatus including controls

& FVs formaer AchiBes Heel. Mary trackess fafled in iSld service dus
o |eadcs, corrosion, mechanical damage, rodents, and slecerical
SUrges. Improvemaenss have been increme sl ard mistakes have
iy epreatid By S0

- Fasteners
® Bxisting ron-PV esting is probably adiguats
- Finishes
= Dbviowsly, exlsting tesing hase't boen adequate for PV, but all that

might be nissded Es 1o ragse thie bar via moee severe versiors of
existing st

BEW

Conclusions

« Know your environment: Don't underestimate
the level of voltage, temperature, current;
consider steady state and transients

= Assume installation errors will occcur—minimize
installation steps, test for errors

« Learn from the mistakes of others

« Don't try to hide vour products short comings
with a little paint...

EEW
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Background and Motivation for .
ALT Development Program - —

* Mameplate Performance of First Solar modules is based
upon exfenzive fizld testing data and continnows in-
honse stress testing of current product
Present qualification procedares worl: well and oar
customers report that First Solar meduales perform at
or above expectations

* However, even & good program can be impraved
Taday’s presentation describes preliminary efforts to
develop an ALT protocol that is a) faster and b) more
precize than current procedures

*  Although these inifial attempts at ALT protocol
development were not successful, the gensral approach
seelns promising and worl: continues

T
Frst Seodaw
ALT
Predicting Baseline Field Performance -
awork in progress
Peter Mevers and Mile Ross
Firzt Solar, LLC
2728 secoshunind dging in 7Y hiscing 1
Falirvae XD
First Solar Array Performance =
B T

TEF Array 3 - Tucson Electric Power - Springerville, Arizona
»  Laongest rupsing, commercial Firse Solar array (operagenal May 2003)

»  Afrer jzifinl 3% drop, array kas mabstained & siabilized performamnce.
with degraduton rate <. 5%'vear, afrer adjusting for seassmal variadon.

B A
. P ara— T

al LN | —T
- B L 11
S ST T e

271 dcpabondnd dgiag ok 7Y Motiag ¥
Fahrvae MO

1710 Accrloriind dgag in PV hisding ]
Talimars M
Premises of Approach to .
ALT Development —_—

—
First Sodaw
Siable bazalios perfermance & ackieved after 2z inigal siabdbzadiza
perind
+  Chazge: in maduls
azd b packagiap-relaced
+  Chazges sbassved duriag stabiliaaizon peried ars device-relaied
+  Chazge: in devies serformazcs doriey che seabilization pericd ars
charactorized by :[n.l:l: in IV serve parssssters thar exn be deveribed by
s2# or mere “smabilisanics moedes”

i: ance can b

' d mez a] devics-relaced

+  Biabilizatics mode: reflect lundsoeoial =schaznm: that depead o=
maeerial prepastiss sod devics sructors (aor adévesed bare)
Imgace af specshic viabiinizon medes depesds oo Dbricatiza proces:

+  Ldeal ALT predice: busslins performancs
Iz arder ez pradac bazelias parfssmance ALT mont sfimclace came
mecharivmy recpaeesile for Seld stabdizysan

+  Mare chan coe ALT may be required (Tt iz 2ot asceary oz smploy a

smele ALT prsdscall

1719 Accdoeed dgag in FY Meoirg 4
Tahimae WD

ALT Development Program -
Approach Farst Sodaw

* Produce modules wiing a Desizned Experiment (L, )
* Monitor module performance in field to determine
baseline performance
= Analyze data for
= Stabilization mede:
- Dependence of seabilization mode: on process variation

= Correlate ALT results with field baseline performance

plable s dcpshurded dging w TV Reiag L]
Fahriare MO

Layout of Designed Experiment =
w5l X

+ Ly, Dwige

= 11 prace: varishls

= 11 “evafitiear” - qpecilic procoo varkvilam

= “mirvich bui dea’l rosk™ preduciien lise procoes valme

— Twe bvek por varable — ogp=r o lewor pracem cemiral llmiie

— Y4 mesdubks mislod in e Deld array with s posser paiet irscker

— Meminsly ! meslules per SR g oand
v “Emeer plaes” pulled for ALT escting

Frocess Varlables - high and low waluag
L] T ﬁ__l__l_ﬂ__l__l_ L, L3
. ==
T T 1 T g
é T L I| 1 0
z ! 1 m T
2 T T T t ™
L8] T X T I T I
T T T 1 T T
1314 Accrorded dgag in PV Menirg £

Tahimae MWD
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Data was relatively “well behaved™ .

F-...___..--—-\.“—""'
+  [zifial modch perfarmacce diglyyed 5t Sola
mosd separatics by procw diti
+  Wladule: wers pazizdically remared from
fiald, memanred ap imdsor mmalatar, azd "n " L] sl a
replaced ix fiald 1o | a ="
+  Baslins parformance was achisved i
relatively quickdy i Ry
+  Basline perfzrmance displayed pocd i — T
wepararan by process variakl ——
= d =] u
1 - - . -
id 1 E ﬂ
1. J o
ok — ("
i y By ) =% H
N ey e Tr T T
Pl s dpolurund dgiag r 7Y Motiag ?

Fabmae MO

1/26/2007

Search for Modes —_—
First Sodaw
= Approach - keep ir simple; ook ar IV curves
1, = Joc_ *Foc, * Jupse, * Vmpoc,
where Jmpac = Jmp/Jic; Vimpoc=Vmp/ Voo (and
Jmpue*Venpoo=FT)
= Efficiency chamge: a: & funcoon of sores, =
Adesia) | || APecia) | || .L'lq-_lfrlll ‘Ilpw:ll
| | "l |

W | Iw_.

L 1P i) :||-! 1-

. l'_]:.lug\e:in Efficiency with stres: i Ihmapptn:nmml by

Vo5 PR ———— o
I_|._”I.|asll_‘_..l'u.'l'.l'l*_:“:_nfl. T _,‘ﬁ‘_..lr'rr‘w'\.r . _'lr'n'u-\'..rl

Jae, I-’Ja._‘ T Frigaic,
plus kagher order tenzs.

» Treateach term a3 » separate Srabikracon Aede

1714 dcciloeied dgag in FY Moding L ]
Falimare WD

Stabilization Modes separate by condition e

Frst Sodaw
[RrT—
Nl g il m
17 Ve
|
H
1
!

» Logs mode variation is explazed by comdizion ths 3 LGOCY vAnation

A1 dcpclerund dgiag 7Y Motiag ¥
Falimae &

Quantifying Results et —
First Sodaw
v Experumental dependence of Del Efficiency on seabibization
modes can be obinized from regreszion amalysis

Dl m A, * DalPog & 4, * Dallie+ A o, * Dallospee + A, ¥ Dl oo
v Apalysiz of Variamee (ANOVA) for esch Mode iz quamtzed
by rum of square: (35q) [Faq adj = #5%]
*  FResults for All Dara:

All Data |

Regrassion Cosficenis B Bl L L

oaa aim|  osm|
.0} el

Oul EY | Cwl Vac | Cwl Juc Jrpes | epos
T [ L] L ] L) T
=l il &1 [ Kl
ﬂ" ] RN 1%

171 dcceloeied dgag in FY Medirg M
Takimare, T

Rezults of Analyzes by Process Variable F.:E..-.;:_
] ol

Procese Varlable B = -1

Disl EH | Dial Vac | Cwidex | Jmpac | Vnpos

(Y e I I O e
[ E ry i [
T i |1§-.__ﬂ L]

Process Varlabla B = +1

Csl EH | Dl Viac | Cwldez | Jmgac | Vpos

L 247 adld DTy 211 (18 ]
FE M2 ] o4 14 FI]
= o T T Ly

» Differences are statistically sigmificant, but are they
real?

Y11 dcoalurnd dgiag 7Y hotiag 1
Fahma LD

Example; Effect of Process Variable “B —
Frst Seoela

*  Erperimental variagon of slope
[regression coefficient) of Del
Effictency on Srakilizagen Made

»  Naote thar variagon by proces:
wartable expected to depend emly
wealdy oo proces: variadon

53]

[T

I O

- B E
] = il
e i
id = i1
2 1
p .
Y eemesan T3
171 Accelonied Agag in PV hModira n
Takrmare WL
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Aore sigmificant — magnitude of stabilization .
modes depends on process variables T—
Frst Secdaw

Progess Vinable

C ] A H
Diel
Vac
Dl |y I
T i i |

L i == 1 7 |Ba
Veped i i i

Conchizion: Fiald dama is anslyzable in termms of stabilization modes

kb dzcehurand dgiag & 7Y hMedlag ¥
Falware RO

Preliminary ALT Protocol —
Farst Seodaw
+  Taigial ALT praeacal imrahed - —
::;-ll-l?;l:?nuipwlml i n
+  Duwwice: nades destwers cemipr of | )
call: sot from reb=adulez - o I_:
Unminaticz b
+  Duries performases meazared O
roall G & sitm T T T T T
+  ALT parfermance projecied —
maing corvs fireme Varisties of gy b periomeaes 1

preiowd by curve Aing for drips lrem i
e glain inwi wers sirvowd g s

IR TaiEe. ietes ludalied 1o X
Pavg) Tuvg, whors Pl i prediced vades wel
Favg v e v age of T on one plur

+ Dwmezzacraced reprodecibibiy
maiag virips freos same place:

172 Acculosed Agag in FY Medira ]
Takimare WD

Comparizon ALT to Baseline L-—-—-
Performance First Solas

* Sister plates from each D ——
of twelve condition: were
stressed nsing ALT

* ALT resulis were
compared to bazeline
field performance A S D

* Mo correlation obzerved
— for this specific ALT
protocal

B T PET T

114 dcochrnd dging & 7V Mottag 15
Balmae R

Summary —_—
; 2 . First Soda
Firz Selar conszas: ta rely 2a it correst, sffecive fald acd s=-bouas
wmaduls eeting pragram
Erogzes oo develapmeat of 2z tmproved ALT ba: besz desansziramd ia
weveral azeaa
= Eamwline fkeld parformuanoe can be ticied | anad epiimiced) borod on
Fafrkesilan praces anm device H’I‘:ﬂ.ﬂ"
— Enitiol chaler of clabdlboikan modd e we e
Hypoibeze: - roppect cijeccves far facors wesk
= CHher proiecels my be meors eflecibsr - albogh this il AL profecod waa
nat mmrfel predicier there sre mary peaobk varistens
- MNerw ibaa ars ALL praiscod may b= required
= Adstional axbilpatin meder may = dEcrvers] thoe imprase ALl seowrsey
nadl com ol iy

Firze Selar baz reinaned cmeer places frees see: of medale: choe bave Been

o che fisld far up o 5 years
- Nipier plaiee can br nmd is develep L1 projacals
= “lprredl” ALD resubisars keesrn frem (el dats

1714 dcoculoeed dgag in FY Moding 12 ]
Takimare, T
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xamtrex

VErSUS oy voSume prodicls ]

HAL T or mal
AN ovendew of HALT
+« & HALT case sludy on a PV produci

« DR A

HALT Application for Inverters

Reforances;

. e T LT TR [ P ———
l—.‘- YT,

KA Product Reliability Banefits xantrex

Batih!

000" par vear
'I"!'I?"' wWarranby i : « Highar velums nesds RMigh lirsl pass yield, re-work
Wy list price §2,500 4 thie plant s Inbolerable

« Lang megged life obviously reguires & ralisbie

| —| degagn
s Industrial Products + Baoth gituations benalit from ths sams fschnagues
« L0 s par year
« 3 YEAr wWarranky Jurgk the seale i different
« Ay list price 550,000
Which product banefits mare inom using design fo
reliability fachnigyuas? #
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Design for Reliability

« FEwer parts

Well snderstood previoushy used designs

WY E CpETE
DEEraT=0n ohdi
prodiuct lits

§ Lo endure yield and
1 FAR® ¢ ! comdibions anrsd during

mangi

« Raliability testing validates any incremental changes

+ Must understand naw designs vy waell!

Wide operating margins to enswre operation ower
wide range of conditions and during product life
+ Raliability testing to validate entire design

Dlder Xanimx Produs

il
A
i
-'-
@ B s
[ T2
L
L
i
1 1 f

] Rk ok & .o
aw D71 T
a ke L= o] L (o
e - K AN e
= =g S
e #il (1RId T

1/26/2007

The Hellability Techmigues

+ Destign in wide operating margins

« Hiks the product simple b build

« Analyze failure modes

+ erify assumptions through environmental and HALT
LESTENg

-
| = Make key leatures exsy Eo best

| - =« Soreen units a8 produced

The Bathtub Curve

s
| N —— #  Haltaw
; | b T S — T
| .
=
£
z
= i
- of Pl g1 i i P
o "
- ™
HALT i L
& HASE HALT

Parts which hawve an elevated failure history

Presonfed i Eabidar and grapnd farmals
it Ao mht i ol lily aralyss
sty capaciors = based on Arhenus model
Companants Siressed Bayond dorabng limes

orenl stfabsboal canfdoron:
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The Benefits of HALT

xantrex

1/26/2007

HALT Fundamenlals zantrex

« Chuchly doterming desgn & procoess lmitatons
1§

! .:.".'..I i g !
« Dearmatically reduce infant mertalfies as wall as &0

atically improve  longeberm  product  relinbility

+ Raduchon of developmeent tme and cosl

%k gho degagn probissms bafore 1aginch
« Oidain slofabeal nle fion manging far FASEA
« Businining ongineoring focl o aszess  produc

changes

HALT & a design process ruggedization tool
for the desligners,

xantrex

The application of HALT plays a
criical role in improving the in-
senvice reliability of a product
through better, more robust
designs, and manufactunng
Processes

Goal: - Better Products and
Accelerate Time to Market

tosl you pass of fad, il i 2 process

mpiavamar ool Tor the desgn ongmnosn

# Thers a0s no "pro-establinhed 1% - this prosuct
lormines the kmds

+ Bespga 1o e

¢ Product mondoeing dunng siresensg

xambrex

+ Liquid nitrogen coaled
T ol -

-+

« RapElvrde dhiesl wibratiam
e e

i
.

= Combined enveronmen
R, - J i
v Live ambienl nojbe

Fl— -

HALT Process i

«Thermal Step Siress

. Cold Step Stress

+ Hol Slap Siress jwop at 140
« Rapid Thermal Transitions

e

» Wibration :"-I':F'|| e |atae gt SDG4mE

- Combined Emarcnments

Each st ep above will inciude
+ Power cycling
« o coimer charachezalon
« gk ard e IngUl vallagos
+ Othors as neodod
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CEMTRe
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L iy Lo 1

Stress

Xartrex

a mangin discovery proc

4K T & al & f % fica 1 {3
Monk b Lk i s -
1 YOry o = ZaTN
Lower Lz=m LUpoar
Cowabruci Dpratng Mg Crpmmbireg
L (8" ] o Limni
. ¥
i

i &
Cerubiuct

Lt

Stress

Following the HALT Process Results in

Zantnex
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y dessgn & assembly

» Fossibie earier product launch
= Much higher overgll MTEF levals
= Feduction in lotal engin ng cosls

i & WLy

« Risdiuiction n proiuct

Delighted Customers!

COSlS
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Accelerated Testing in a Mfg. Environment

Abia Bl relenvad i
Febnasry &&-3 -k

1/26/2007

Accelerated Testing in a Mfg. Environment

= Questons o be asked
- Can scoeleraled 183ng in @ mia, Ernvirorment be useful?
= Can this Costs be retouped™

= Dogs e sakes distrisution, resellers. instalers, avenisl
ushommer carg?

« A thee Ardweer Y
YEIN

ot B

Accelaratad Tasting In a Mig. Envirenmant

= How o accomglish’
— Somie possibilites:
Use partions of [EC 61215 (hosk S)

Continuoushy “sample” pradect of P line

Selacivaly Increass 1as! regquinemena (baing carefdl nod
B oy theé produc] )

Accelerated Tasting in a MIg. Enviranmant

= The Tealines”

—IEC G1218 (block 5) is a mindmurm design
ctandard 1or a Nat plate phdlowsltas moduke

= oSt accelerated esing ¢udtdds the rather
narrow window' of matenals usad in moduls
ConSmucgn

Accelerated Testing in a Mig. Environment

» The confick
Qualfication of “new materials”
= QuaiEication of “new processes”
— Substitlution of form, T, of funclion malerials
o Dy DiweSes in & rapid coniroiied manor
and probect the customer
= and pratect e warranty perronmance

and Kesp wour sanity

:....u———"“_ff— sl

Accelerated Testing in a Mig. Environment

-
a
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Accelerated Testing in a Mfg. Environment

= Whal we do

— Buy a sample of two madules oul of finish goeds
& conducl the mapoaty of IEC 61215

Selectively fest new materiats to falure or far
beyond the design requirements
=“0uality” all processas and materials

e
T

el =r=ill .--__@

1/26/2007

Accelerated Testing in a Mfg. Environment

- What we do nod have
A meaningiul fest 1 préadicl @nd of Iife

(A5 3 manufachurer we nave neither the
rescurces of time to accomplish this)
Suggested tests for life atfected perfarmance, | &

LW degradalion of palyrmers, cables, junchon
boxes 21C,

Fuggested tests Tor EVA, DaCk sheel materials,
RTV efc

—
—

b e == .-_—_@

Accelerated Testing in a Mfg. Environment

= VWhal can the s do for the migs

— ANy Sends of “suggested” 18515 that can be
comalatad 1o the life expaciancy of moduke
performance (nod stamdards)

— Dperate long beom site installalions and measwne
pEronmance over lime

Dperate 100G tenm sibé instafations and measune

perafmance i Several anvironments within e
U3

—
Ed B

Accelerated Testing in a Mfg. Environment

» Thanks for Listéning
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UNITED SOLAR OVONIC LIY-S@LAR

1/26/2007

INITED SOLAR QVONIC LNESRLAR

ACCELERATED AGING TESTING -
Research Curiosity or Decision Maldng Tool

DOE, Maritime Institute, Marvland
(February 22-23, 2006)

Accelerated Testing
Challenges for Flexible Modules

T Call, M. Walters, and 5. Guha

United Solar Ovonic Corporation
3300 Lapeer Road, Auburn Hills, MI 48326

Advantages of UNI-SOLAR Products

# Unbrealable and flexible

# Superior performance under cloudy conditions and in
hot weather — more EWhEW

# Lightweight

= Aesthefically pleasing

= Mot affected by worldwide shortage of silicon

# Low material and processing cost

# Triple-junction, spectrum splitting device

+ Environmentally safe

= Boll to roll technology

# Applications: Building-inteprated, ntility power, remote
stand-alone, battery charging, marine/EV

= More than 65 U5, patents, many more worldwide

T lu-..ur-. [ﬁHI - CUET - I-hl-

- "‘E'a-u

:-'-Il Lk -

L =
o e

UNITED SOLAR OVONIC LNFESEY AR
CAPACITY EXPANSION
6 f i

Capacity | W)

i i E s 5 R
o . Telpegap,
F i 5w Tl pie junction

WE 2w
E Samsgup Tendem

Tees 1880 Tobs 2000 2005

“fear
“I am very proud that the Department of Enerzy has

been able to partner with Uni-Solar and that the resulis
have been zo putztanding.”
— Secretary Bodman®s letter dated July 22 2005

UNITED SOLAR OVONIC LT SELAR

EWh/EW
Customers do not buy efficiency or power; they buy electricity
— cenfs1dWh is the most important parameter
= Dur moduoles produce more EWhEW
= Less cents/LWh
SANTA CRUZ TEST SITE - ENERGY PRODUCTION
] Orver a period of two years,

gﬁﬁw the Uni-Solar array has

produced 2% more
glectricity than the crystalline
== silicon array for the same 2.5
!lll !lll'lll = .kﬁpﬂ“rmhﬂg
pitesiei! PR (santa Cruz, CA site).

UNITED SOLAR OVONIC LYFSELAR
WAsSH
MACHINE
|
BACK REFLECTOE

DEPOSITION MACHINE

I

AMOEPEOUS SILICON ALLOY
DEPOSITION MACHINE

I

ANTI-EEFLECTION COATING
DEPOSITION MACHINE

Front End Roll-To-Roll Deposition
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UMTED SOLAR OVONIC m
QAmo QAT
CUTTING OF SLAES SEORT PASSIVATION BONDING OF
AND COUFONS | a%p cELL DEF@NITION [ ELECTRODEE
GaRc [eagc ] —eagc]
Ll
CELL I ETACK
e DFTERCONNECTION CELLE
QAIQe
i
FRAMING AND LV AND HL.FOT INSFECT ANT

FOEISHING TESTS SHIr

Back End Module Assembly Operation

LNITED SOLAR OVONIC

LFESQLAR

Accelerated Test Standards

Accelerated test standards followed by United Solar:
» IEC 61646 — Thin-Film Terreswial Phooveltaic (P
Modnles- Desizn Crualification and Type Approval.

* ASTM standards, such as

3154 Standard Practice for Operating Fluorascent Lighs
Apparatus for TV Expasure of Mowmetzllic Materials

B117 Standard Practice for Operating Salt Fog Apparats

* TUL-1703 - Safery Standard for Flat Plate Modules

UNITED SOLAR OVONIC LEFSEL AR

TUnited-5olar Accelerated and Evaluation Tests

Material Tests

= Material analysis: AES, SEM, IR, efc.
» Optical tests: fransmission |/ reflection
= Peel test: 1807 peel strength (ASTM D903}
* Shear test: single-lap-joint (ASTM D1002)

[NITED SOLAR OVONIC

Module Tests E
- Humidity-Freeze (HF) Test “vwei

10-50+ cyeles,

-40°C to +85°C, 35%EH
* Thermal Cycle Test

200+ cycles, -40°C to <00°C
» Damp-Heat Test —

1000+ hours, +85°C, 854 RH
* Imsulation Test

Up to 6 1V, wet or dry Pt
* Wet lealiage current fest

Upto 6 KV

UNITED SOLAR OVONIC LIT-SELAR

Other Accelerated / Performance Tests

(=

» UV Exposure: continnons UVA, | M | | SR |
=1000 brs, T0°C (ASTM G154) =25 | | p— |

« Salt Fog: 5% salt solufion, 35°C, haa i
26 hr cycle 45 br wet, 48 br dry | J— | | [P—
{ASTM EI1T)

* Surface Cut: 45°cut (UL-1703), | il Laark | ER—
evaluation by wet hi-pot

* Hail Impact: 1° diameter, 23 m/s, | [emeen | | Tompesut ze
11 lpcations

+ Static Load: S0-90 IkftL, 1 br | Fam (LY | | ro—

application to each zide, 2 cycles

LNITED SOLAR OVONIC LYFSELAR

United Solar Flexible Modules
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[UMITED SOLAR OVONIC

LFEsS@LAR

[WITED SOLAR OVONIC

FESRLAR

Examples of Tests Unigue to Flexible Modules
Example 1: Cvclic Flex Test

Why?

Modules are flexible. Some applications require coiling,
ﬂemg, forming.

= Cyclic flex (fatizue) test uzed fo evaluate encapsulant,
inferconnect, and bus bar integrity.

» Twist and Dynamic Mechanical Loading fests are not
performed — More applicable to rigid flaf-plate modules

Cyclic Flex Test
*  Test modnle is atached o
mandral, §°-127 diamester ~——
+ Cyeling is motor-driven
+ Tension iz applied o the
module to ensure contact with
the mandrel.

UNITED SOLAR OVONIC LIFSEL AR

[INVITED SOLAR OVONIC

Cyelic Flex Test (cont....)
» DNlpdule is colled aronnd the mandrel clockwise then counter-
clockwise (= 1 cyvcle, 0.2 Hz)
» Widthwize or lengrhwizse flexing is possibla
» Dumber of cycles: 1-1000°s of cvcles

LIFSaLAR

* Both tensile and compressive siress may be applied to the film.

* A1 wide sample is formed around a conical mandrel resulting in
a variable and moreasing stress towards the top of cone (1-424].

* Y compressive and fensile strain is measured at film adbesion
failure which is dependent on film thiclmess and cone diameter.

» Faster and less subjective than tape test for thin, malleable
substrates.

UNITED SOLAR OVONIC LIFSELAR

[NITED SOLAR OVONIC

LIFSELAR

Accelerated Tests as Decision Making Tool

Specific tests and test plans are  [nogu, g or
used for design evaluation and POCHS il

gualification of: T
Form teas plan

+ Alternative materials iy cpsr
* Material: from alternative -
suppliers (supplier evaluation' ——
gualification)
* Alternative product desizns

P o aco plimce
et Al revsmy

production processes

+ Alternative improved
Coneduct Coampcim
paduciion |rves—~f Aoooprable® D—how  acion
MR [ 2=

Accelerated Tests as Decision Making Tool {cont...

Accelerated environmental tests are uzed for material,
design, and process evaluation, Examples:
* Performance of encapsulating materials such
as interlayer adhesion, inzulation, etc.
+ Cell substrate and module backing plate
COrTOsion resistance
+ Interconnect desizn and material acceptance
+ Module'cell design elecirical performance
acceptance

)
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[IWITED SOLAR OVONIC

LFFSOLAR

Accelerated
Test

Evaluation [ Acceptance Test Examples (in
addition to IEC §1646 and UL 1702 acceptance)

Cyclic Flex et

Interconnect and busbar fatigue, encapeulaten integriry

Lighe Sonk text

5-W degradation of newimproved depozition recipes, alsa

uzed to help establizh srabilized module pewer radngs

UNITED SOLAR OVONIC LFN-SOLAR
Accelerated Evaluation / Acceptance Test Examples (in
Test addition to IEC 61644 and UL 1703 acceptance)
Humidiry-Freeze, | Insulation cest {wet hi-par) - dieleceric properties of
Damp-Heat, and | sncapruladng filme ar variow: cemperamres. Verry
Thermal-Cycle imporrant immediately after expecure ro HF and DH oene.
Testz Up e 6 KV rotally immerzed
Peel amd chear teses at variows temperamres -
encapruladon adhesion and bondizg ar marerial mterfaces.
Surface cut test - curer encapsulanon cut test fallowed by
wet hi-poc, up co 6 kW totally immersed. Increazing cuc
foree wntil failure.
HF or DHwitk | Izn moverzear (elecrromigradoz) uzder hizh umidity,
valraze or kigh cemperacure, and voltaze bia:
current bia:
¥
UNITED SOLAR OVONIC LIFS@LAR
Example Test Plan: Copper Busbar
Bl g i i bl
TP AT modisy
l |
| I 1 I 1
Pasl b 1 0 Hamaidy 188 e 22 Teawwal | Gyl Pl TS
ancpaa T Cycize L H fiely

Gale foz rest Izrulngon rest (as described earber)
Correzion resizramce of cell subsrrace, bacling plate,
rermzinals for ceaseal or marine apphcation:
u
UNITED SOLAR OVONIC LNESEY AR

J_I_l

T HaWublp
Fwis

Cyigh =

10 b
o b

I_l_l

Pasl bl
SR T

Predicting Field Failures from
Accelerated Testing

Some accelerated tests are fairly accurate predictors of field
behavior.

Example #1: Lizht Saak Test
— similar to IEC 61644 secton 1018 Light-Sealing fest
— 1000 hours, cell held at NOCT
— indoor metal-halide illumination or other suitable light
source, =500 Wim?
— Electrical performance of United Solar product after
the light-zoal: test correlate with field abzervations.

['NITED SOLAR OVONIC

LIFSGLAR

United Solar Indoor Light-Soak Test Station

LNITED SOLAR OVONIC LIFSELAR
« 1.00
= —— 25MVEEZ 180
E 095 F —— 155
D [
& i
= 090 |
E -
2ot
] A00 800 1200

BExposare (hrs)

Plot showing typical 5-W degradation due to light
soaling at NOCT for United Solar product
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UNITED SOLAR OVONIC

LFFS@LAR
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#7-

HF and DH tests are used ta
evaluate adhesion properties of
encapsulating films.

Peel test is performed after HE or
DH exposure (ASTM DA0A, 150
peel)

Prediction example: The pee] fest
has been used to confirm wealk
encapsulant adbesion. Subsequent
root cause analysis identified a
contaminant in supplied material

Haé: ASTNI DQ-FE Standerd Tact
wiwthed far Fesl ar Sippayg
Serenpek =f Adkgsys Bonds .

UNITED SOLAR OVONIC LIESEL A0

Role of Field Observations
» Field observations and customer feedbacl: are important
sonrces of information regarding reliability

* Field data belps to identify condifions for which to develop
accelerated tests

* For example:
— Encapsulant delamination due to contamination:
resulted in supplier corrective acton
— Caopper bus bar failure: resulted in bus bar design
change and verification by cyclic flex test
— Laminating film adbesive failure: resulted in new
supplier
* TUnited Solar’s testing profecaol has contributed fo very low
abserved product return rafe.

UNITED SOLAR OVONIC LFFSELAR

Future Advancements in
Accelerated Aging Tests?
Desire for more accurate prediction of madule lifetime, electrical

performance, integrity of encapsulation, bonding to roofing
substrates.

Faster test progedures for desizn evaluation and quakification
testing are desired — Time & mowey!

Can 50 HF test be substituted for 1000 hour DH test™ Evaluation of
the pros and cons of 50 HF cycle fest versus 1000 hour DH fest.

Can HATL T/HASS be used to predict long-term field performance
and module lifetime?

Can HASS be used to quicldy determing desizn wealmesses flaws?

UNITED SOLAR OVONIC LTESaE AR

Conclusions

* United Solar uses induostry accepted accelerated fests as
decision-maling tools in the product development process.

* Flexible module: have npique properties that require
unique tests. Several tests have been developed by United
Solar to evaluate flexible module performance.

* Accelerated tests followed by appropriate evaluation fests
have been shovn to predict potential field failures.

» Field observations are a tool to evaluate and develop
accelerated tests and associated acceptance fest criteria.

* Faster and more reliable accelerated tests are needed fo
reduce cost and improve quality.
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Appendix E: Glossary of Terms and Acronyms

AC alternating current

AES Advanced Energy Systems, an
inverter manufacturer

ALT accelerated lifetime testing

AR antireflective

a-Si amorphous silicon

a-Si:H hydrogenated amorphous silicon
ASTM American Society for Testing and
Materials

ASTM: G154 Practice for Operating
Fluorescent Light Apparatus for UV
Exposure of Nonmetallic Materials
ASTM B117 Test Method of Salt Spray
[Fog] Testing

ASTM D903 test methods for peel or
stripping strength of adhesives

ASTM D1002 standard test methods for
apparent shear strength

BIPV building-integrated photovoltaics
BNL Brookhaven National Laboratory
BOP balance of plant

BOS balance of systems

BP — British Petroleum, a PV
manufacturer

BSF back-surface field

Btu British thermal unit

c-Si crystalline silicon

CCGT combined-cycle gas turbine
CdTe cadmium telluride

CIGS copper indium gallium diselenide
CIS copper indium diselenide

CPV concentrator photovoltaics

DC direct current

DER distributed energy resource

DHW domestic hot water

DNFA Determination of Noncompetitive
Financial Assistance

DOD U.S. Department of Defense
DOE U.S. Department of Energy
EERE DOE Office of Energy Efficiency
and Renewable Energy

EFG edge-defined, film-feed growth
EPAct Energy Policy Act of 2005

EPRI Electric Power Research Institute
EPV — Energy Photovoltaics, a PV
manufacturer

ES&H environment, safety, and health
EVA ethylene vinyl acetate encapsulant
FSEC Florida Solar Energy Center

FY fiscal year

GaAs gallium arsenide

GalnNAs gallium indium nitrogen
arsenide

GE General Electric, a PV manufacturer
GFDI ground-fault detection/interruption
GW gigawatt

GWp peak gigawatt

HALT highly accelerated lifetime testing
HASS highly accelerated stress screening
HCE heat-collection element

HF humidity-freeze test

HF10

HIT heterojunction with intrinsic thin
layer

Hi-pot high potential (or high voltage)
testing

IEC International Electrotechnical
Commission

IEC 60034-18-33 Functional Evaluation
of Insulation System-Multifactor
Functional Evaluation

IEC 60529 Degrees of Protection
Provided by Enclosures

IEC-61215 Crystalline silicon terrestrial
photovoltaic (PV) modules - Design
qualification and type approval

IEC 61646 Thin-film terrestrial
photovoltaic (PV) modules - Design
qualification and type approval

IEEE Institute of Electrical and
Electronics Engineers

IEEE CPMT Institute of Electrical and
Electronics Engineers Components,
Packaging and Manufacturing Technology
Society

IEEE Std 1 Recommended Practice for
Temperature Limits and the Rating of
Electrical Equipment and for the
Evaluation of Electrical Insulations (IEC
60085),

IEEE 98 Std For Preparation of Test
Procedures for the Thermal Evaluation of
Solid Electrical Insulating Materials,
IEEE 101 Guide for the Statistical
Analysis of Thermal Life Test Data.
IEC60216 Guide for the Determination of
Thermal Endurance Properties of
Electrical Insulating Materials

IEEE 1043 IEEE Recommended Practice
for Voltage-Endurance Testing of Form[]
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Wound Bars and Coils, Conduit, Wire,
Fittings

III-V materials are chemical compounds
with at least one group III (International
Union of Pure and Applied Chemistry
group 13) element and at least one group
V element (International Union of Pure
and Applied Chemistry group 15).
IGBT integrated gate bipolar transistors
IPP independent power producer

IR infrared

Isc short circuit current

ISO International Organization for
Standardization

I-V curve current-voltage curve

kV kiloVolt

kW kilowatt

kg kilogram

kWe kilowatt electric

kWh kilowatt-hour

kWht kilowatt-hour thermal

LCOE levelized cost of energy

LEC levelized energy cost

m? square meter

MBE molecular-beam epitaxy

MMBtu million Btu

MPPT maximum power-point tracking
MTBF mean time between failure
MTBI mean time between incident
MYPP Multi-Year Program Plan

MY TP Multi-Year Technical Plan

MW megawatt

MWe megawatt-electric

NAS National Academy of Sciences
NCPV National Center for Photovoltaics
NEC National Electrical Code

NEMA 250 National Electrical
Manufacturers Association standard
250 for Enclosures for Electrical
Equipment (1000 V Max)

NFPA National Fire Protection
Association

NOCT nominal operating cell temperature
NRC National Research Council
NREL National Renewable Energy
Laboratory

O&M operations and maintenance
ORNL Oak Ridge National Laboratory
PCU power control unit

PPMA polymethyl-methacrylate

PV photovoltaics

PWEF present worth factor

1/26/2007

QA quality assurance

QA/QC quality assurance/quality control
QC quality control

QD quantum dot

R&D research and development

RH relative humidity

RTV room temperature vulcanizing
sealants

S&TF Science and Technology Facility
SAM Solar Advisor Model

SBIR Small Business Innovative Research
SDA systems-driven approach

SET Solar Energy Technologies

SETP Solar Energy Technologies Program
Si silicon

SNL Sandia National Laboratories

SnO — tin oxide

SolarPACES Solar Power and Chemical
Energy Systems

SRCC Solar Rating and Certification
Corporation

S-W Staebler Wronski cell degradation
SWTDI Southwest Technology
Development Institute

TC-ASTR Technical Committee —
Accelerated Stress Testing and Reliability,
of the IEEE CPMT

T temperature

T-cycling temperature cycling

TBD to be determined

TC-50 IEC Technical Committee 50
Environmental Testing (transformed into
TC104)

TCO transparent conducting oxide
TMY typical meteorological year

UL Underwriters Laboratories

UL 1703 Underwriters Laboratories
standard for flat-plate PV modules and
panels

USH2O0 Utility Solar Water Heating
Initiative

UNDP United Nations Development
Programme

USSC — United Solar Systems
Corporation

UV ultraviolet

V voltage

Voc open circuit voltage

W watt

W, peak watt

WGA Western Governors’ Association
x-Si crystalline silicon

E-2
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