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Abstract—Key reliability and engineering lessons learned from
the 20-year history of the Jet Propulsion Laboratory’s Flat-Plate

Solar Array Project and thin film module reliability research ac-

tivities are presented and analyzed. Particular emphasis is placed
on lessons applicable to evolving new module technologies and the

organizations involved with these technologies. The user-specific

demand for reliability is a strong function of the application, its
location, and its expected duration. Lessons relative to effective

means of specifying reliability are described, and commonly used

test requirements are assessed from the standpoint of which are the
most troublesome to pass, and which correlate best with field expe-

rience. Module design lessons are also summarized, including the

significance of the most frequently encountered failure mechanisms
and the role of encapsulant and cell reliability in determining mod-

ule reliability. Lessons pertaining to research, design, and test ap-

proaches include the historical role and usefulness of qualification
tests and field tests.

Index Terms—Photovoltaic, reliability, lessons learned, JPL FSA

project.

I. INTRODUCTION

 During the 10 years of JPL's Flat Plate Solar Array (FSA)
Project (from 1975 to 1985) the reliability of crystalline-sili-
con modules was brought to a high level with lifetimes ap-
proaching 20 years, and excellent industry credibility and user
satisfaction (1).  At the end of the FSA project, JPL engineering
and reliability personnel spent another 7 years working with SERI
(now NREL) developing reliability technology for thin-film mod-
ules.  These new thin-film technologies involved new cell ma-
terials with more monolithic structures, but were basically sub-
ject to the same reliability drivers and processes required to
achieve a reliable product from a laboratory prototype.

 At this point, ~20 years later, it is useful to review the
lessons learned from JPL's crystalline-Si and thin-film reliabil-
ity development efforts and apply the technology base, where
applicable, to enhance the reliability of today's modules.

To this end, this paper summarizes the key reliability devel-
opment lessons learned from the JPL module reliability devel-
opment history with particular emphasis on lessons of use to
new technologies and companies. For convenience, the lessons
are divided into four topical areas:  Reliability Management
Lessons, Reliability Requirement Lessons, Reliability Design
Lessons, and Reliability Testing Lessons.

II. FSA RELIABILITY MANAGEMENT LESSONS

 Critical to successfully managing PV module reliability is
understanding the value of increased or decreased module re-
liability at the PV systems level.  Reliability directly influ-

ences the economic viability of photovoltaics as an energy
source by not only controlling the total number and size of
revenue payments received from future sales of electricity, but
it also influences O&M costs, and the cost of money required
to build the PV system.  After considerations of present-value
discounting and escalation of the worth of electricity in future
years, a 30-year PV plant, for example, is worth 25 to 30 per-
cent more than a 20-year-life plant (2).  Based on this eco-
nomic sensitivity to plant life and the billion dollar cost of a
utility-scale PV power plant today, there is a strong incentive
to strive for a long life for such systems....and a large incentive
to allocate substantial funds for improving reliability.

A. Establishing an Overall Reliability Management Approach

During the 1975-1985 time frame, the FSA Project was a
key cog in what, in my opinion, was a very well implemented
overall DOE National PV Program (1).  Fig. 1 highlights the
key module engineering elements of the broad government/
industry partnership. These involved all aspects of the prob-
lem from requirements definition for future PV applications,
to design synthesis of candidate designs using current tech-
nologies, to thoroughly evaluating the designs in both labora-
tory and field applications, to identifying problem areas and
root causes, and to developing new improved technologies to
resolve identified design weaknesses.

B. Establishment of Mechanism-Specific Reliability Goals

A key step in managing the reliability development process
and achieving high reliability was establishing mechanism-spe-
cific reliability goals. This forced several disciplines on the
design process: first, it required that all failure mechanisms be
determined, and that the economic importance at the system
level be determined for each failure or degradation occurrence.

Fig. 1. Flow chart of US DOE PV Program module development
activities undertaken in the years 1975 to 1985.
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For some mechanisms, such as encapsulant soiling, the eco-
nomic impact is directly proportional to the degradation level
and is easily calculated. For others, such as open-circuit or
short-circuit failures of individual solar cells, elaborate statis-
tical-economic analyses that include the effects of circuit re-
dundancy, maintenance practices, and life-cycle costing were
required (2). Without such analyses, failure levels could not be
interpreted with meaning, and cost effective goals could not be
established.  Thus, the overall FSA reliability process included
the generation of the required system's level reliability assess-
ment tools, as well as the extensive tools required for failure
mechanism characterization, quantification, and resolution.

As an example, Fig. 2 illustrates a typical power versus time
plot for a 30-year life PV system, and then lists 13 principal
failure mechanisms for flat-plate crystalline-Si photovoltaic
modules, together with their economic significance.  Similar
data were also generated for thin-film modules (2).

The units of degradation listed in the third column of the
table provide a convenient means of quantifying the failure
levels of the individual mechanisms according to their approxi-
mate time dependence. For example, units of %/yr in the con-
text of component or module failures reflect a constant per-
centage of components failing each year. For components that
fail with increasing rapidity, (%/y2) is the unit used to indicate
linearly increasing failure rate. For those mechanisms classi-
fied under power degradation, the %/yr units refer to the per-
centage of power reduction each year.

Using the units described above, columns 4 and 5 indicate
the level of degradation for each mechanism that will result in
a 10% increase in the cost of delivered energy from a large PV
system. Because the mechanisms will generally occur concur-
rently, the total cost impact is the sum of the 13 cost contribu-
tions. To help manage the reliability development effort, col-
umn 6 lists a strawman allocation of allowable degradation
among the 13 mechanisms.  In this case, the reliability alloca-
tions are consistent with a 20% increase in the cost of energy

Fig. 2. Life-cycle energy cost Impact and allowable degradation
levels for crystalline-silicon module failure mechanisms

over that from a perfect, failure-free system with a 30-year
life.  This 20% shortfall is made up by having the eventual
wearout and array replacement occur after 35 years.

Although different degradation allocations could have been
chosen in Fig. 2, the important point is that these allocations
allow the significance of observed failures to be measured,
and goals to be developed to guide mechanism-specific re-
search and resolution activities.

III. FSA RELIABILITY REQUIREMENT LESSONS

Although Fig. 1, defines allowable goals for acceptable lev-
els of individual failures, the most fundamental requirement
that the module reliability design must address is the level of
applied stresses in the intended applications.  Experience with
crystalline-silicon modules during the FSA tenure suggests the
following environments play the key role (ordered from most
significant to least):

(1) System operating voltage
(2) Operating temperature & thermal cycles
(3) Ambient humidity level
(4) Ambient soiling level
(5) Solar exposure (ultraviolet aging)
(6) Maximum hail stone impact
(7) Presence of salt fog (marine environments)
(8) Maximum wind & snow loads (structural loading)

System voltage heads the list because it impacts a large num-
ber of reliability parameters including voltage isolation and
grounding requirements, electrochemical corrosion, hot-spot
heating, bypass diodes, and the number of series cells in an
array source circuit. Since the number of series cells affects
the array’s tolerance to open-circuit cell failures, system volt-
age indirectly influences the tolerance of the array to cracked
cells and interconnect open circuits (2,3).

Operating temperature also shares the top of the list by hav-
ing an accelerating influence on nearly every failure mecha-
nism including voltage isolation, corrosion, hot-spot heating,
photothermal degradation of encapsulants, delamination, in-
terconnect fatigue, and cell cracking.  All but the last two
mechanisms typically have an Arrhenius dependency on tem-
perature (log reaction rate inversely proportioned to recipro-
cal absolute temperature) with a reaction rate doubling for
approximately every 10°C increase in temperature (4,5). This
implies that an application that operates l0°C hotter than an-
other will last only half as long. Interconnect fatigue and cell
cracking are sensitive to differential expansion stresses caused
by the number of temperature cycles (2,3) and the high and
low temperature extremes.

Humidity, like temperature, has a strong accelerating influ-
ence on many of the degradation mechanisms including cor-
rosion, electrochemical corrosion, and electrical leakage cur-
rents (6).  Humidity can also lead to large differential expan-
sion stresses that aggravate delamination and fatigue.

The remaining environments of soiling, salt-fog, wind and
hail tend to be fairly site specific and have been found to have
important, but more limited influences on module reliability (2,3).



3

TABLE I -  JPL MODULE QUALIFICATION TEST EVOLUTIONA. Quantifying Application Stress Requirements

Once the important application-dependent and site-depen-
dent stresses are identified, a key difficulty is reducing them
to specific stress-time requirements against which the module
can be designed and verified. Some environments, such as
system voltage level, are easily identified; others such as hail
stone size, temperature and humidity extremes, and maximum
wind velocity, require reference to historical weather data and
considerations of statistical likelihood over the life of the in-
tended application. In general, two types of stress-time re-
quirements were found useful: (1) a statement of the actual
site-application requirement (such as 30 years of the operating
temperatures of a Boston roof-mounted array), and (2) an ac-
celerated qualification test against which the module can be
tested.

The site-application requirement is needed for detailed life-
prediction simulation analyses and, during the FSA Project,
was computed based on SOLMET hourly weather histories
for sites in the United States (7).  For example, time-varying
module temperature and humidity level can be computed from
the hourly weather data using heat transfer and water-sorp-
tion models that include the application thermal boundary con-
ditions. This results in an analytical model of the application
stress-time requirement.

Although the analytical stress-time model is very useful in
life prediction computer simulations, it fails to provide a re-
quirement that a fabricated module can be quickly and inex-
pensively tested to; this need is met by a qualification test.

 Ideally the qual test stress-time level is selected to correlate
to a given application stress-time environment; certainly this
is the desired goal. In practice, the stress profile of a given
qual test is carefully iterated based on analytical predictions
and field aging experience to provide a best possible correla-
tion. During the 10 years of the FSA Project, a number of
module qualification tests were developed and refined to the
final Block V sequence detailed in Table I (8,9). These test
levels were carefully selected and revised with time so as to
fail early module designs with a known history of field prob-
lems and to pass modules with good field performance. A
review of the experience with these tests provides important
lessons for designers of future PV modules:

Temperature Cycling and Humidity Cycling. Consistent with
their importance as key accelerators of degradation mecha-
nisms, the Block V temperature and humidity tests served as
the workhorse requirements in the JPL qual test sequence to
uncover failures caused by differential expansion and corro-
sion such as delamination of encapsulants, loss of cell metalli-
zation, and open circuiting of cell interconnects. The tests had
good correlation to field failures and were generally the most
difficult to pass. Typical failure mechanisms included encap-
sulant delamination, interconnect fatigue, cracked cells, cell
metallization corrosion, and warping of plastic parts. The 85°C
and 90°C upper temperature limits of these tests accurately
reflect upper-bound field operating temperatures, and the -40°C
reflects realistic ambient lows.

Hot-Spot Testing. The need for hot-spot testing is principally
associated with high-voltage applications, which can generate
substantial reverse voltages across a temporarily shadowed or
cracked cell, and thereby result in damaging hot-spot heating
levels. Such heating levels can destroy the module encapsu-
lant system, leading to arcing and electrical safety issues. The
complexity of the hot-spot heating phenomenon requires that
a number of cell and module parameters be properly accounted
for during testing.  This resulted in a carefully defined hot-
spot test procedure (10).  This hot-spot test was generally easy
to meet if generic bypass diode recommendations were fol-
lowed (11).

Mechanical Loading, Twist and Hail Tests. These Block V
qual tests were developed to define minimum mechanical-load-
ing requirements for modules intended for generic applica-
tions. The tests account for wind, snow and ice loads, module
mounting to non-planar support structures, and impact by hail
stones of 2-cm diameter and less. They are effective design
requirements and generally straightforward to meet with 3-
mm (1/8-inch) tempered-glass module designs. Annealed glass
may pass these tests, but often exhibits excessive numbers of
field failures caused by high thermal stresses in the glass re-
sulting from nonuniform solar heating of the module surface.
Applications with a significant incidence of large (>2-cm di-
ameter) hail stones may choose to design for a greater resis-
tance to hail impact.  The use of 5-mm (3/16-inch) tempered
glass is generally the maximum needed, and is adequate for 5-
cm diameter hail stones (1).

Voltage Standoff (Hipot) Testing.  This requirement was de-
veloped for modules intended for use in applications with sys-
tem voltages above 50 V.  Passing the test requires great care
in the design of the module’s electrical insulation system and
proved troublesome to meet. Typical problems include exces-
sive leakage current through partially conductive gaskets and
edge seals, and inadequately insulated electrical leads. It posed
special problems for thin-film modules made with tin-oxide
coated glass because the edge of the glass is often electrically
connected to the cells through the conductive oxide.

B. Post-FSA Reliability Research Thrusts

Although the FSA reliability activities made tremendous
progress in understanding and resolving module reliability is-
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sues, there were a few remaining reliability areas that were not
fully researched and reduced to engineering practice.  These
included electrochemical corrosion and wet insulation resis-
tance, photothermal aging, overheating of bypass diodes, and
soiling.

Wet Insulation Resistance and Electrochemical Corrosion. In
addition to voltage breakdown issues addressed by the Block V
Hipot test, an important additional degradation mechanism is
accelerated current leakage between cells and between cells
and the module frame resulting from high humidity and wet
operating conditions. Although no qual test existed during the
FSA project for electrical isolation under wet conditions, ex-
tensive research was carried out in the post-FSA timeframe
that led to extensive improvements in our understanding of
the relevant processes (12,13,14,15).

Key findings included the importance of conductance along
encapsulant free surfaces interfaces (12, 13), the strong role of
an encapsulant material's ionic cleanliness (14), and the enor-
mous acceleration (orders of magnitude) associated with hu-
midity level and wet surfaces (12,13).  Temperature, as ex-
pected, was also determined to be a strong accelerator.

Based on the research results draft test methods for wet in-
sulation resistance were drafted and published (14,15), and de-
sign guidelines were developed for limiting electrochemical
corrosion in both single-crystal and thin-film modules (13-15).

Photothermal Aging.  This requirement addresses the resis-
tance of module encapsulants to ultraviolet photothermal ag-
ing.  During the FSA and post-FSA years, a large body of
research was focused at understanding photothermal aging and
deriving accelerated test techniques suitable for characterizing
UV/thermal degradation effects and screening new material
developments (16,17).  A key result from this research was a
collection of PV encapsulant materials, like Ethylene Vinyl
Acetate (EVA), with greatly enhanced UV/thermal stability,
and a much better understanding of the long-term degradation
mechanisms associated with PV encapsulants and their inter-
facial bonds.  In particular, it was found that the dependency
of degradation on UV irradiance level was highly nonlinear
and not a particularly useful means of accelerating degrada-
tion.  In contrast, increased temperature was found to be a
highly predictable accelerator, following a classic Arrhenius
dependency (5).  This led to the recognition that a useful accel-
erated test could involve extended exposure at 1-sun UV, to-
gether with a carefully controlled elevated temperature such
as 85 to 100°C (18).

A second complicating factor in testing UV stability was the
coupled mechanism of the gradual loss of UV screens and
antioxidants introduced into encapsulant materials to protect
against photothermal degradation.  Thus, the working life of
these suppression additives was found to be a key factor in the
life of a PV encapsulant system (16).

  At the end of JPL's involvement in PV, the complexity of
UV degradation mechanisms and the lack of commercially avail-
able test facilities precluded the definition of a readily avail-
able accelerated qualification test for full-size PV modules.  To

Fig. 3. Flow chart of principal reliability problems as they arose
during the FSA's 1975-1985 tenure.

provide long-term photothermal stability, module designs of
the time relied on the use of materials and processes carefully
developed to be UV stable in specialized laboratory tests and
field experience.

Bypass Diode Overheating. Insufficient heat sinking and ex-
cessive current levels were determined to be the primary causes
of bypass diode failures. To meet this need, bypass diode de-
sign recommendations and a qual test procedure were devel-
oped to help achieve acceptable bypass diode thermal design
and implementation (10). The requirement limits the diode junc-
tion temperature under hot field conditions (100 mW/cm2, 40°C
ambient) to 50°C below the diode manufacture’s stated maxi-
mum allowable junction temperature.

Soiling. Front surface soiling by airborne contaminants can
lead to significant degradation of module performance in cases
where the illuminated surface is a polymer material. As with
photothermal oxidation, no short-term qual tests proved reli-
able for predicting long-term soling levels, but material selec-
tion guidelines and soil-resistant coatings were developed based
on long-term field tests (1,2,19). Glass was proven to be an
excellent low-soiling surface.

IV. RELIABILITY DESIGN LESSONS

In 1985, after ten years of fielding PV modules in large
demonstration systems, an excellent database of design weak-
nesses had been systematically uncovered as noted in Fig. 3.
As each problem area was identified, technical resolutions were
developed including design guidelines, improved materials and
fabrication processes, and analysis and test methodologies.
These we refer to as the reliability technology base that was
developed during the FSA tenure, and it is heavily documented
in dozens of reports that are relatively well organized by tech-
nical topic in some top-level summaries (1,2,13,16,17,18,20).

In lieu of repeating previous reviews of these individual tech-
nologies, we examine just one of the more intriguing and re-
curring issues in module design: the relative role of the module
encapsulant system in achieving module reliability.
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After many years of testing both bare cells and modules, it
became increasingly clear that the encapsulant is the most prob-
lem-prone part of the module, and it generally does not en-
hance the reliability of the solar cells over their performance
unencapsulated. For example, in tests at Clemson University,
bare crystalline-Si cells routinely demonstrated better reliabil-
ity than the same cells when encapsulated in any of a variety
of typical photovoltaic encapsulant systems (21). The principal
demonstrated function of the encapsulant is to structurally sup-
port the cells and isolate them electrically for safety reasons.
Secondary functions include providing an easily cleaned ex-
ternal surface and reducing the cell operating temperature by
increasing the surface emissivity.

Unfortunately, while attempting to provide these functions,
the module encapsulant often aggravates or creates a number
of failure mechanisms. These include cracking, yellowing,
delamination, accelerated corrosion, and differential expansion
stresses. In addition, the encapsulant may fail to perform its
intended function, resulting in voltage breakdown, excessive
leakage currents, increased soiling or increased operating tem-
peratures. The conclusion is that cells must be chosen with
good inherent reliability, and the encapsulant must be care-
fully selected to perform its functions while not degrading the
reliability and efficiency of the unencapsulated cells.

Aside from failures associated with the encapsulant, the part
of a crystalline-Si module second most likely to have a failure
is the electrical circuit. This includes solar cell electrical inter-
connects and solder joints, bus wires, and electrical terminal
components.  Typical failures include mechanical fatigue of
conductors, broken solder joints, corrosion of electrical termi-
nals, photothermal degradation of connectors and cabling, and
thermal warping of junction boxes.

The most reliable element of a crystalline-Si module is often
the cells themselves. Although cell reliability problems were
infrequent in the 1980s crystalline-Si modules, historical fail-
ure mechanisms included cell cracking, metallization delami-
nation (increased series resistance), and degradation of the anti-
reflective coating. This demonstrated high reliability with 1980s
crystalline-Si cells may or may not be achievable with modern
advanced-technology or thin-film cells.  Thus, establishing the
inherent reliability of unencapsulated cell structures is an im-
portant first step in the process of achieving high-reliability
long-life PV modules.

V. RELIABILITY TESTING LESSONS

Because the physics of most failure mechanisms is poorly
understood, achieving high reliability requires a strong reli-
ance on empirical characterization and testing. This can take
the form of laboratory accelerated tests, outdoor test racks, or
complete system application experiments. Each has its lessons.

A. Laboratory Testing

At the root of achieving long-life modules is ensuring that
all the important problems are identified early so that they can
be systematically addressed. The qualification tests described

earlier (Table I) have been found to be the most cost-effective
way to identify obvious reliability problems, and should be
applied as early in the design process as possible using proto-
type hardware manufactured with candidate materials and pro-
cesses. Even with careful attention to the lessons of the past,
new module designs almost never passed the qual tests on the

first try.

In addition to the qual tests, it is important to conduct long-
term life tests at parametric stress levels to achieve a quantita-
tive understanding of the parameter dependencies involved with
complex failure mechanisms. Photothermal aging and corro-
sion of cells and modules are obvious examples. Because of
the expense and many months required, this type of testing
must generally proceed systematically as part of an integrated
research effort, as opposed to being a part of a short-term
product development cycle.

B. Outdoor Test Racks

A second testing approach requiring extended test durations
is outdoor testing on field test racks. Unfortunately, the corre-
lation between this type of testing and observed failures in
field applications has historically been poor. Key problems stem
from the limited number of samples on test, and the absence of
many user-interface stresses such as applied voltages. This type
of testing is mostly useful for backing up the qual tests, to
catch a not-tested-for mechanism that might become visible
after a modest period of field aging. The tests can be enhanced
substantially by incorporating as many user-interface stresses
as possible and increasing the number of samples on test to a
maximum. Important user-interface stresses include module
operating point (open circuit, maximum power point, and short
circuit), array voltage biasing of the cell string above and be-
low the module-frame ground potential, partial shadows, and
increased operating temperatures.

Forcing an elevated, but reasonable operating temperature
such as 85°C or 100°C can be an effective way to accelerate
certain field aging mechanisms in a predictable way.  Simulta-
neous testing at two separate accelerated temperature levels
can allow determination of the degradation-rate temperature
dependence and therefore provides improved extrapolation of
degradation data to nominal field conditions.

C. Application Experiments

Because of the shortcomings of laboratory and test-rack ag-
ing, many problems are not acknowledged as such until they
are encountered in a large operating system. The large number
of modules involved in such systems is extremely useful in
quantifying the significance of the problem, and the user-inter-
face stresses are real. One failure out of 10 in a qualification
test, or in a field test rack, is often discounted as a curiosity;
10% failures in a large system is a problem.

Because of the often-present desire to field a large high-
visibility application as soon as possible, there is great pres-
sure to shortcut the laboratory-testing and design-qualification
process, and to go directly to the field. This almost always
results in tarnished reputations, slipped schedules, minimal learn-
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ing, cost overruns, and early application retirement. The high
cost of failure in the field, together with the need for field
testing argues for careful laboratory testing and test-rack ag-
ing, followed by thoughtful selection of a low-risk first field
application. This system should be instrumented to obtain quan-
titative data on failures, and be designed with failure contain-
ment features and failure contingency plans.

D. Failure Analysis

Aside from the testing method used to identify a reliability
problem, a thorough and careful failure analysis is a critical
next step. It is not sufficient to know that a module open-
circuited; one must determine where and why in order to ef-
fect a corrective action. Did an interconnect fail due to a faulty
design, or did someone forget to solder a lead to a solar cell?
The correct response is critically dependent on understanding
the true root cause of the problem.

VI. SUMMARY REMARKS

Achieving 30-year-life flat-plate PV modules requires a sys-
tematic approach to the identification of failure mechanisms,
to the establishment of allowable failure levels, to the devel-
opment of reliability design and test methods, and to the defi-
nition of cost-effective solutions. Based on this methodology,
the reliability of flat-plate crystalline-Si PV modules was
steadily improved from 5-year-life modules of the early l970s
to 10- to 20-year-life modules of the mid 1980s. It is expected
that current-day modules have much in common with their
1980s crystalline precursors and will be able to make substan-
tial use of the reliability design and test methods developed
during JPL's PV tenure. At the same time, however, new mod-
ule materials and processes will require a diligent reliability
program involving evaluation, testing, and the development
of new solution techniques unique to the attributes and pecu-
liarities of today's technologies.
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