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ABSTRACT 

The environmental test requirements that have been 
developed for flat plate modules purchased through 
Department of Energy funding are described. Con- 
current with the selection of the initial quali- 
fication tests from space program experience-- 
temperature cycling and humidity--surveys of 
existing photovoltaic systems in the field revealed 
that arrays were experiencing the following failure 
modes: interconnect breakage, delamination, and 
electrical termination corrosion. These coupled 
with application-dependent considerations led to 
the development of additional qualification tests, 
such as cyclic pressure loading, warped mounting 
surface, and hail. Rationale for the selection of 
tests, their levels and durations is described. 
Comparisons between field-observed degradation and 
test-induced degradation show a positive correla- 
tion with some of the observed field effects. 
Also, the tests are proving useful for detecting 
design, process, and workmanship deficiencies. The 
status of study efforts for the development of 
environmental requirements for field-related 
problems is reviewed. 

INTRODUCTION 

As part of the National Photovoltaic Conversion 
Program, the Department of Energy is supporting 
the development and deployment of flat plate 
photovoltaic modules and concentrator systems for 
experimental applications throughout the United 
States. To provide reasonable assurance of satis- 
factory performance of the flat plate modules in 
these and future field applications, a set of 
environmental qualification test requirements has 
been developed by the Jet Propulsion Laboratory's 
Low-Cost Solar Array (LSA) Project. The environ- 
mental test activity described in this paper is 
being closely coordinated with and integrated into 

the overall Photovoltaic Performance Criteria and 
Test Standards effort led by the Solar Energy 
Research Institute (SERI). An expanded interface 
with national standards writing organizations is 
evolving from these efforts, with resulting 
benefits for the entire photovoltaic community. 

TEST REQUIREMENTS DEVELOPMENT 

As a first step in developing environmental test 
requirements, the objectives of the tests and the 
distinction between qualification tests and other 
tests relating to reliability and life prediction 
must be understood. For many tests the procedures 
developed for qualification testing can be applied 
to these other testing areas. 

Qualification Test Objectives 

The purpose of the qualification tests described 
in this paper is to rapidly detect the presence of 
failure or degradation modes that may adversely 
affect the ability of the tested item to serve its 
intended function in the intended environment. 
The most common use of qualification tests is in 
verifying the durability of a final pzoduct design 
before mass production is initiated. The philos- 
ophy is that if the item passes the test with an 
acceptable level of degradation, the item is satis- 
factory as is. If an unacceptable level of degra- 
dation occurs, a failure analysis is conducted to 
determine whether the observed degradation is 
important to the item's intended use and, if so, 
to provide insight for a design modification. 

In addition to product verification uses, quali- 
fication tests serve a valuable need in the 
design, development, and process control phases 
of product generation. In the development testing 
phase, qualification tests are needed to provide 
rapid feedback of the relative strengths and 
acceptabilities of design alternatives. In process 
control applications, qualification tests may be 
used to indicate out-of-tolerance materials or 
processes. 

The key characteristics of qualification tests are 
quick turnaround and comprehensive failure mode 
identification. To meet the latter need, the goal 
is to excite all failure modes that will result in 
unacceptable field performance while not exciting 
failure modes that are uncorrelated with field 
performance. When developing tests, it is desira- 
ble to err on the side of identifying too many 
failures, but precautions should be taken to avoid 
initiating costly redesigns based on a failure 
subsequently attributed to a testing artifact. 

In contrast with qualification tests, reliability 
and life-prediction tests are designed to provide 
quantitative information on projected mean-time- 
between-failures (MTBF) or lifetimes. Such anal- 
yses are generally site or mission specific and 
often lengthy for products requiring MTBFs or 
lifetimes of many years. Life prediction test 
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development for terrestrial arrays is also ongoing 
at D L  (1). 

Approach 

The approach being used at JPL for developing 
qualification test requirements is a multiple 
iterative process consisting of identifying an 
environmental problem, fabricating experimental 
test apparatus, performing exploratory tests 
with varying levels and procedures, and reviewing 
resulting requirements with industry and other 
organizations (2). 

List of Environments 

To identify and prioritize the many environments 
to which a module could be exposed, a comprehen- 
sive list of environments has been constructed 
(Table 1). The list has been divided into three 
categories: natural, induced, and disaster. For 
each listed environment, an estimate of the degree 
of probable importance is provided as well as the 
investigative status of research into the environ- 
ment and whether or not an effect or problem 
associated with that environment has been observed. 
The probable importance is a measure of the like- 
lihood of module degradation coupled with a judg- 
mental weighting factor reflecting the probability 
that the environment is experienced during a mod- 
ule's service life. In general, most of the 
environments in the natural and induced categories 
have high probabilities of occurrence. Thus, the 
probable importance indicates the likelihood of 
module degradation. For the disaster category, 
the small probabilities of occurrence dominate 
even though the given disaster hitting an array 
field could cause complete destruction. Hence, 
their overall relative importance is judged 
"minimal." One exception is the hostile acts 
of individuals (i.e., vandalism). 

The investigative status indicates whether the 
research and development efforts are completed, 
progress, needed, or not needed. The status is 

in 
based 

on information from national laboratories and organi- 
zations as well as the photovoltaic industry. If a 
test requirement applicable to flat plate modules 
exists, a note to that effect is included in the table. 

CURRENT TEST LEVELS 

The environmental requirements currently being 
used to qualify modules are summarized in Table 2. 
Additionally, the table indicates the evolution of 
the requirements as a function of procurements 
(the blocks) and the time period when the tests 
were applied to representative samples from these 
procurements. The initial qualification tests 
for terrestrial solar cell modules were based on 
the experience gained during the development of 
solar arrays for the space program. Concurrent 
with the selection of the initial qualification 
tests, surveys of existing photovoltaic systems 
in the field revealed that arrays were experi- 
encing interconnect breakage, delamination, and 
electrical termination corrosion. These observa- 
tions led to the development of additional qual- 
ification tests. This section summarizes the 
rationale for the levels and durations of each 
of these tests. 

Temperature Cycling 

The temperature cycling test is intended to accel- 
erate thermal stress effects so that design weak- 
nesses associated with the encapsulant system, 
cells, interconnects, and bonding materials can 
be detected as a direct result of the test. A key 
consideration in the selection of the temperature 
range was to maximize the temperature excursion 
for accelerating the thermal stress effects so as 
to minimize the required test duration. A second 
moderating consideration was the desire not to 
eliminate reasonable material candidates by exces- 
sively exceeding the anticipated operating tem- 
perature range. The upper temperature limit (90°C) 
represents a relatively small temperature stress 
margin (13OC) above the estimated cell temperature 
(77OC) of a typical operating module on a hot 
summer day in the southwestern USA with good solar 
insolation. The lower limit (-40°C) was determined 
by considering (a) the low temperatures used in 
military specifications, (b) the subfreezing tern-. 
peratures that can and do occur within the 48 
contiguous states, and (c) a realistic low tem- 
perature near, but not below, the nil ductility 
temperature (i.e., glass transition temperature) 
for polymer materials and glass. In initial test- 
ing, two problems were identified: the lack of a 
specified ramp rate (i.e., the number of OC/h) 
affected test uniformity, and the test duration 
(approximately two weeks) resulted in a slow turn- 
around for design improvement verification. To 
establish an appropriate ramp rate, applicable 
military specifications were reviewed and facility 
capabilities examined. A rate of 1°C/min is com- 
monly applied in military specifications (3) and 
3OC/min in spacecraft component specifications. 
Since one of the primary purposes of this test is 
to detect problems caused by materials with dif- 
ferent temperature coefficients of expansion, but 
not to induce testing-caused thermal shock prob- 
lems, a maximum ramp rate of 10oOc/h was selected. 
The resultant test profile is shown in Fig. 1. 
The number of temperature cycles was based on the 
results of a special exploratory study which showed 
that the principal thermal stress degradation modes 
for modules could be detected during 50 repetitions 
of the six-hour high/low temperature profile. 
(Fig. 2) 

Humidity 

The humidity test is intended to accelerate 
moisture-induced degradation of encapsulants, 
metallization and interconnects, and bonding 
materials. A review of standard military test 
procedures and consideration of the types of 
encapsulation used for terrestrial modules led 
to the selection of Method 507.1, Procedure V, 
from MIL STD 810C (3), which is a humidity cycling 
test of seven days duration. The humidity cycle 
test profile is shown in Fig. 3. 

Structural Loading 

The cyclic pressure load test is intended to 
uncover design weaknesses of cell interconnects, 
encapsulant systems, and cells. Broken intercon- 
nects, a common field failure in early photovol- 
taic modules, were attributed by some people to 
mechanical fatigue from long-term response to wind 
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Fig. 1. Temperature cycling test profile 

gusting. The pressure loading level was based on 
an analysis of wind, snow, and ice loads throughout 
the United States as reflected in the Uniform 
Building Code. The specified level 2.4 kPa (50 lb/ 
ft2) satisfies the wind load code in 95% of the 
United States for height 524 m (80 ft) and allows 
0.6 kPa (12 lb/ft2) snow and ice load. The 
requirements for the number of pressure cycles 
was based on the results of special exploratory 
studies which showed that all of the fatigue 
effects were noted before 10,000 cycles (4). 

S U GHT 
CRACKING 

MED~UM~ 
AND CRACKING Warped Mounting Surface 

INTERCONNECT 

DELAMINATION 

The warped mounting test is intended to detect 
mechanical weaknesses of encapsulants, cells, and 
interconnects which could result in module failure 
when mounted on a nonplanar primary structure in 
the field. The height (+2 cmlm) that one corner 
of the module is raised is based on enpineering 
judgment . 

INTERCONNECTS 
ELECTRICAL OPEN 

0 50 1  00 
NUMBER OF CYCLES Hail 

The hail test is intended to characterize the 
susceptibility of a module's encapsulant, cells, 
and overall design to high-impact loading asso- 
ciated with hailstorms. The qualification test, Fig. 2 .  Observed temperature cycling degradation 

Table 2. Environmental qualification tests for flat plate solar cell modules 

Tests I Modules Present environmental 
test levels Block I 

(1976) 

\ 
X 

X 

Block 11. 
(1977) 

Block I11 
(1978) 

-40°C, +90°C, +lOOO~/h, 50 cycles 
(Blk. I, 100 cycles) 

Temperature 
cycling 

Humidity cycling +40°C, +23"C, 90% RH, 2 4  hlcycle, 
5 cycles (Blk. I, 70°C at 90% RH, 68 h) 

22400 Pa (+50 lb/f t2), 10,000 cycles 
(Blk. 11, 111, 100 cycles) 

Cyclic pressure 
loading 

Warped mounting 
surf ace 

Hail impact 3 hits at each of 3 points on module, 
application dependent 

Electrical 
isolation 

Leakage current 550 PA at application- 
dependent voltage (e.g., 1500 Vdc) 
(Blk. 11, 515 PA at 1500 Vdc) 

Wind resistance I X 
Shingles 

Underwriters Lab Standard UL 997 

I 
*PRDA - Program Research and Development ~nn~uncementh 
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which evolved from an exploratory testing pro- 
gram (5,6), consists of propelling ice balls of 
the required hailstone diameter at terminal veloc- 
ity at the three most sensitive points on the test 
specimen. Candidate points may include module 
corners and edges, cell edges, and substrate sup- 
ports. The selection of hail diameter is deter- 
mined by the user, based on his assessment of 
the hailstorm likelihood at his particular appli- 
cation. If his application is not in a hail 
region, he may elect not to perform a hail test. 
For solar collectors HUD recommends a hailstone 
diameter equal to 0.3 in. times the average number 
of hail-days per year at the application site (7). 

Electrical Isolation 

Insulation resistance and high-voltage withstanding 
tests are intended to verify the adequacy of the 
module design for working voltages. Previous 
small arrays were primarily used to charge batter- 
ies with low working voltages, up to 24 V. As the 
applications have become larger, the working volt- 
ages have increased. Working voltages as high as 
1500 V could be expected in large applications. 
As a result, safety considerations have become 
more prominent. 

These electrical breakdown tests, performed with 
commercially available power supplies and instru- 
mentation, apply voltage between the cell string 
and module frame (if any). Current leakage at 
1500 Vdc must not exceed a specified limit (550 P A ) .  
This limit was selected as being representative of 
unacceptable insulation integrity while also pro- 
viding a current limiting level to prevent further 
damage to the module from excessive arcing or 
breakdown. 

Wind Resistance 

The wind resistance test is intended to accelerate 
wind-induced fatigue of cell interconnects, encap- 
sulant systems, substrates, and cells of shingle- 
type modules (i.e., a specially designed flat 

Phenomenon 

Optical surface soiling 

Encapsulant delamination 

Vandalism (i.e., thrown or 
projected objects) 

Hail impact 

Severely cracked or 
mismatched cell 

Interconnect or 
interconnect/contact 
failure 

Electrical termination 
corrosion 

plate module that also functions as a roof cover- 
ing). After reviewing wind loading literature 
from the American National Standards Institute, 
American Society of Testing Materials, Underwriter 
Laboratories, and others, the testing requirements 
and procedures given in Underwriters Laboratories 
Standard UL 997, "Standard for Wind Resistance 
Testing of Prepared Roof Covering Materials," was 
selected. 

Exploratory Tests 

In addition to the qualification tests described 
above, several exploratory environmental tests 
have been performed, including rain, freezing, 
salt fog, fungus, and several combined environ- 
ments such as humidity-heat. Some of these tests 
are precursors of future qualification tests while 
others are intended for evaluation of performance 
in unusual environments or under specified oper- 
ating conditions. A description of these tests 
and test results for Block I and I1 modules has 
been published previously (8). 

TEST RESULTS 

qualification Test Results 

Environmental qualification testing for Block I, 
11, and I11 modules has been completed. Compari- 
sons between test results of Block I and I1 modules 
(8) indicate that the Block I1 modules had fewer 
design and fabrication deficiencies than Block I. 
Decreases in the frequency of occurrence of certain 
types of degradation were noted, especially delami- 
nation and damaged interconnects. However, the 
frequency of occurrence of cell cracking did not 
decrease. Comparison of Block I11 test results 
with those of Block I1 indicated similar trends: 
some decreases in frequency of occurrence of 
delamination and damaged interconnects; no decrease 
in cell cracking. When observed in-service degra- 
dation modes are compared to qualification-test- 
induced degradation, significant agreement has 
been noted (2,8). This is summarized in Table 3. 

Table 3. In-service degradation modes 

Field effect 

5 to 30% power output reduction 
/ 

No short-term power degradation 
observed. Long-term effects 
unknown. 

Reduced power output or open circuit 
(i.e., cracked cells) 

Reduced power output or open circuit 
(i.e., cracked cells) 

Cell backbiasing and overheating; 
reduced module power output 

Arcing and/or open circuit . 

Open circuit 

Similar phenomenonleffect observed 
in present qualification tests 

Yes, some delamination but not to the 
degree observed in the field (humidity 
cycling, temperature cycling) 

Yes, but not to the degree observed in 
the field (hail*) 

Yes (hail*) 

Yes (humidity temperature cycling, 
cyclic pressure loading) 

Yes (temperature cycling, cyclic 
pressure loading) 

Yes (humidity cycling, salt fog*) 

*Application-dependent qualification test 
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Three phenomena--optical surface soiling, encap- 
sulant delamination, and vandalism--are not ade- 
quately reproduced by any of the current qualifi- 
cation tests. 

These improvements in environmental ruggedness, 
as noted on the Block I1 and Block 111 modules 
test and most importantly in the field, reflect a 
maturing of photovoltaic module designs and fabri- 
cation processes. Thus, the program for develop- 
ing (and conducting) qualification tests on flat 
plate modules is performing its intended function, 
i.e., to provide reasonable assurance of satis- 
factory performance in field applications. 

Voltaee Bias-Humiditv Test Develo~ment Results 

A development test which combined voltage biasing 
with humidity was studied at JPL as a candidate 
for module qualification with respect to moisture- 
related failure mechanisms that are enhanced by 
the presence of an electrical potential between 
the solar cells and between the cells and the mod- 
ule frame. A detailed description of this bias- 
humidity testing program and the results is 
available (9). 

The significant conclusions from this program were 
(a) no observable effects (i.e., electrical perfor- 
mance and visual appearance) were noted after 
applying a forward or reverse voltage bias to the 
cells, and (b) a recommendation= to include a 
mandatory bias-humidity qualification test in flat 
plate module procurement specifications was made. 

ONGOING STUDIES 

Soiling 

Soiling of optical surfaces is causing the largest 
single degradation of power in field modules, up 
to 30%. The degradation has been especially evi- 
dent in modules that have used silicone polymers 
as encapsulants. A qualification test to aid 
manufacturers and their customers in assessing the 
"dust affinity" of flat plate modules is one of 
the most important needs of the current research 
and development efforts. 

Initial dust deposition-removal experiments using 
Block I1 minimodules, a standard air filter dust, 
and an experimental particulate deposition chamber 
(Fig. 4 )  are in progress. The test sequence is 
depicted in Fig. 5. The front surface of each 
test specimen is preconditioned to one of the 
following prior to dust deposition: dried, fogged, 
misted with a "simulated" smog, or a combination 
of these. 

The chill step is applied to those minimodules for 
which a moisture layer is desired on the surface 
(i.e., fogged condition). The three repetitions 
of the dusting-tapping-vacuuming step is necessary 
to increase the density of smaller-diameter parti- 
cles (510 P) retained by the surface. (The tapping 
and vacuuming steps remove loosely adhered larger 
particles.) Apparatus and procedures for simulated 
wind removal and simulated rain removal are being 
developed. Development of reproducible natural 
removal process simulations are a significant part 
of the soiling test development effort because 

TEST DUST DISPENSER 

Fig. 4. Experimental particulate 
deposition chamber 

I DUST (2'  ) ' DUST (2' ) 1 DUST (2'  ) 
I CHILL I j T A P  :TAP ,TAP I 3HR VACUUM I VACUUM I VACUUM 

L - - - A  p PHOTO p PHOTO I p PHOTO 

Fig. 5. Test sequence for dust deposition- 
removal experiment 

data from field experiments indicate that removal 
mechanics are the key to long-term soiling 
differences. 

High-Voltage Withstanding Capability 

The present qualification test for high-voltage 
withstanding capability is a go/no go-type of test 
of short duration intended to verify the adequacy 
of the module design for working voltages. The 
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effects on the insulation capability of the encap- 
sulation system when a high voltage is applied 
over a long period of time in a natural environ- 
ment are unknown. To determine long-duration 
high-voltage tolerance, an outdoor experiment was 
initiated at JPL recently (December 197C). Three 
minimodules from each of the Block I1 manufacturers 
are being used in the experiment (Fig. 6). One 
minimodule has an applied voltage of +I500 V rela- 
tive to ground, the second at -1500 V, and the 
third at no applied voltage. One-month results 
show no significant changes from the initial 
voltage withstand capability. This test is 
expected to continue for at least one year. 

Fig. 6. High-voltage withstanding 
capability test site 

CONCLUSIONS 

Improvements in environmental test tolerance by 
second- and third-generation photovoltaic modules 
indicate a maturing of the designs and fabrication 
processes. Thus, the qualification test program 
for flat plate modules should provide reasonable 
assurance of satisfactory performance in the field. 
It should be stressed that the limited field 
experience available does not warrant the assump- 
tion that all important failure modes have been 
identified. Indeed, it is likely that more com- 
plex and subtle degradation mechanisms such as 
cell metallization corrosion will only become 
evident after several years of field exposure; 
continuing comparison of test and service exper- 
ience will be needed to account for such phenomena. 
New qualification tests developed for flat plate 
modules are proving useful for detecting design 
and fabrication deficiencies. Temperature cycling, 
cyclic pressure load, and humidity have been 
especially useful. There is positive correlation 
between many of the observed field effects (e.g., 
power loss) and qualification-test-induced 
degradation. 

Module soiling is currently the most significant 
field-related problem that is not adequately 
accelerated and duplicated under controlled test 
conditions in the laboratory. Natural removal 

mechanics are key parameters in determining soil- 
ing retention differences between different 
module surfaces. 
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