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ABSTRACT 

A 20-year, or 1 onger, 1 i f e t ime  f O r  ~ h o t o v o l t a i c  
modules i s  a necessary element o f  a v iab le  
technology base addressed t o  large scale terres-  
t r i a l  photovol ta ic  appl icat ions such as res iden t i  a1 
or cent ra l  s ta t i on  power generati  on. An important 
ingredient  i n  the successful achievement o f  t h i s  
1 if etime ta rge t  i s  understanding f a i l u r e  mechanisms 
re la ted  t o  temperature, humidity and e l e c t r i c a l  
bias, inc lud ing  forecast ing t h e i r  long-term e f f e c t s  
i n  d i f ferent  app l ica t ion  environments. This paper 
describes t h e  resu l t s  o f  a research program aimed 
a t  i d e n t i f y i n g  key temperature-humidity-bias 
degradation mechanisms and developing an ana l y t i ca l  
s t r uc tu re -  f o r  assessing the s igni f icance of the 
mechanisms r e l a t i v e  t o  20-year operation a t  various 
s i t es  i n  the United States. The approach i s  based 
on measuring the ra te  dependence o f  the mechanisms 
on s i t e  stress levels, and then using the measured 
r a t e  data t o  ana l y t i ca l l y  estimate f i e l d  l i f e  based 
on computer models o f  the s i t e  environments. The 
combined ana ly t i ca l  and accelerated parametric t e s t  
concept i s  presented i n  a generic context and then 
i l l u s t r a t e d  using r e s u l t s  from 
temperaturelhumi d i t y  t e s t i n g  of 80 photovol ta ic  
modules. Typical f i e l d  environments are computed 
for  r oo f  -mounted and ground-mounted arrays and are 
cor re la ted  through two module f a i l u r e  mechanisms t o  
accelerated t es t s  used t o  assess 20-year l i f e  
expectancy. 

As p a r t  o f  the  U.S. Department o f  Energy's na t iona l  
photovol ta ics program, the  Jet  Propulsion 
Laboratory's Flat-Pi  ate Solar Array Pro jec t  i s  con- 
duct ing research d i rec ted  a t  achieving the  tech- 
nology base required f o r  f u tu re  large-scale photo- 
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v o l t a i c  applications. An important element ot  t h i r  
technology base i s  the  a v a i l a b i l i t y  o f  photovol t a i c  
module designs w i t h  greater  than 20-year 1 if etimes. 
To understand the  temperature-humidity and 
e lec t r i ca l -b i as  degradation mechanisms of t y p i c a l  
photovol ta ic  modules and mater ia ls  and t o  be able 
t o  forecast  r e l a t i v e  product l i fe t imes a t  various 
f i e l d  s i tes,  a ser ies  o f  accelerated environmental 
t es t s  was conducted on 80 f l a t - p l a t e  modules. 
Twelve design conf igurat ions were represented i n  
the module t e s t  set. I n  p a r a l l e l  w i t h  the t es t i ng  
a c t i v i t i e s  an ana ly t i ca l  s t ruc ture  was developed t o  
cor re la te  various f i e l d  s i t e  exposures and 
accelerated t e s t  leve ls  based upon the de ta i led  
knowledge o f  module failure-mechanism stress 
dependencies and s i t e  st ress levels.  Section 11 
presents the r e s u l t i n g  procedure f o r  reducing a 
t ime-varying f i e l d  exposure t o  an equivalent 
durat ion a t  a s imp l i f ied  or constant s t ress so tha t  
cor re la t ions  can be made between f i e l d  s i t e  
exposures and accelerated tests.  The next step, 
described i n  Section 111, i s  the  app l ica t ion  o f  
accelerated parametric t e s t s  on photovol ta ic  
modules t o  i den t i f y  s i gn i f i can t  f a i l u r e  mechanisms 
and t o  obta in degradati on-rate dependencies. 

The combined ana ly t i ca l  and accelerated parametric 
t e s t  concept i s  presented i n  a generic context and 
then i s  i l l u s t r a t e d  i n  Section I V  by using tempera- 
ture-humidity t e s t  r e s u l t s  from photovol ta ic  
modules as an example. Typical  equivalent f i e l d  
environments are computed for  both roof-mounted and 
ground-mounted arrays and are cor re la ted  through 
two module-failure mechanisms t o  various 
accelerated t e s t  environments. 

P rac t i ca l  app l ica t ion  of the disclosed ana ly t i ca l  
nethod and accelerated parametric t es t i ng  w i l l  a i d  
designers i n  understanding the r e l a t i v e  seve r i t y  of 
various f i e l d - s i t e  environments on t h e i r  products 
and o f f e r s  a means o f  co r re la t i ng  and comparing 
product operat ing condi t ions w i t h  s i t e  and t e s t  
environments . 

11. CORRELATING ACCELERATED TESTS TO FIELD EXPOSURE 

A key element of assessing product 1 i f e t ime  from 
accelerated t e s t s  involves developing a co r re la t i on  
between accelerated t e s t  leve ls  and durat ion and 
between app l ica t ion  st ress l eve l s  and durations. 
The approach used i n  t h i s  study involved f i r s t  the 
computation of f ie ld -opera t ing  stresses (hour ly  
c e l l  temperature and module re la t i ve-humid i ty  
leve ls )  during 20 years of exposure using hour ly  
environmental data fo r  various s i t e s  i n  the  United 
States as recorded on SOLMET weather data tapes. 
:he module c e l l  temperature (TM) and r e l a t i v e  
humidity a t  t h i s  temperature (RH) were derived from 
the recorded a i r  temperature, dew-point tempera- 
ture, wind ve loc i t y  and i r rad iance l eve l  using the 
'ol lawing thermal and humidity models (Refs. 1.2): 

RH = -3- x 100 
where 

Proceedings of the 1983 Institute of Environmental Sciences 29th Annual Meeting
 Los Angeles, CA, April 19-21, 1983, pp. 121-126.



TM = module operat ing temperature OC 
f a  = ambient dry-bulb a i r  Temperature OC 

: = ambiemt dew-point temperature OC 
= wind ve loc i t y  m/s 

S = i r rad iance  l eve l  rnW/cmZ 

RH =module r e l a t i v e  humidity, X 

PH = P(TM) = water sa tu ra t ion  pressure a t  
temperature TM 

Pd = P(Td1 water sa tu ra t ion  pressure a t  
temper a t  ure Td 

and where PITd) and P(TM) are evaluated from: 

where B = 374.12 - T 

Because the f ie ld-exposure analys is  y i e l d s  an 
unwieldy array of more than 100,000 i nd i v i dua l  
hour ly  c e l l  temperature and humidi ty  values, a 
method was developed t o  reduce these data t o  an 
equivalent  exposure (dura t ion)  a t  a constant c e l l  
temperature and humi d i  t y  leve l .  The approach was 
t o  select  a constant s t ress  environment w i t h  a 
l eve l  (60°C, 40% RH) approximating the mean 
module environment and t o  convert t he  exposure o f  
each hour ly  f i e l d  exposure i n t e r v a l  t o  an 
equivalent durat ion a t  t h i s  constant environment. 
The equivalent durat ions for  each of the  i nd i v i dua l  
20-year hour ly  exposure i n t e r v a l s  were then sumned 
t o  y i e l d  the t o t a l  durat ion a t  600C, 40% RH 
equivalent  t o  20 years o f  f i e l d  exposure. 

Calculat ion of the equivalent  durat ions for  each 
hour ly  exposure requires knowledge or  assumpti on o f  
the  r a t e  dependence o f  module degradation on 
temperature and humidi ty  leve l .  Although t h i s  
dependence w i l l  i n  general be d i f fe ren t  f o r  each 
f a i l u r e  mechanism, two h i s t o r i c a l  models were used 
w i t h  the ob jec t i ve  of p rov id ing  i n i t i a l  r e s u l t s  
t h a t  could be updated w i t h  t he  experimental ra te -  
dependence data as i t became ava i l ab le  from the  
t e s t i n g  po r t i on  o f  t he  program. 

The two chosen models were: 

and 

where 

Ai = durat ion of f ield-exposure i n t e r v a l  i (1 h r )  

ti = durat ion a t  6OoC, 40% RH t o  y i e l d  same 
aging as i 

T i  = module temperature dur ing i n t e r v a l  i *C 

RHi = module r e l a t i v e  humidi ty  dur ing i n t e r v a l  i% 

PHOENIX 
MIAMI 
BOSTON 

CELL TEMPERATURE, O C  

Figure 1. Temperature-aging t e s t  durat ion 
equivalent  t o  20-year f i e l d  
exDosure a t  ind ica ted  s i tes .  

The f i r s t  of the two models represents an 
Arrhenius-type temperature dependence w i t h  a r a t e  
doubl ing every 10°C, and no dependence on 
humidity. This i s  a comnon model appl ied t o  many 
f a i  1 ure mechanisms where the i n f  1 uence o f  humi d i  t y  
i s  inconsequenti a1 (Ref. 3 ) .  The second model 
represents the  add i t ion  o f  a humidi ty  in f luence 
w i t h  one percenta e p o i n t  change i n  RH having t he  
same e f f e c t  as a YoC temperature change. This 
r e l a t i onsh ip  has been found t o  approximate the  
change i n  bu lk  r e s i s t i v i t y  w i t h  temperature and RH 
o f  popular photovol t a i c  encapsul ant mater i  a1 s and 
has been used t o  model the  r a t e  dependence o f  
electrochemical and cor ros i  on-type mechanisms 
(Ref. 4). 

Figures 1 and 2 i l l u s t r a t e  the r e s u l t s  o f  applying 
these models together w i t h  the  module thermal and 
humidi ty  models and s i t e  weather data f o r  Miami, 
Boston and Phoenix. The ord ina te  of the  p l o t s  i s  
exposure durat ion; the  abscissa i s  the 
environmental s t ress l eve l  (T or T + RH). The 
equivalent  20-year f i e l  d-exposure durat ion for  the 
analyzed s i t e s  i s  denoted by the box a t  T = 60% 
and T + RH = 100 i n  Figures 1 and 2, respect ive ly .  

With the assumed r a t e  dependence models (Equations 
3, 4 )  the  durat ion a t  t he  reference environmental 
l e v e l  i s  e a s i l y  extrapolated t o  other environmental 
s t ress l eve l s  and i s  denoted by t he  s loping l i n e  i n  
the figures. This l i n e  provides a f i r s t - o r d e r  
est imate o f  the  t e s t  durat ion a t  any environmental 
s t ress  l eve l  required t o  equal 20 years exposure i n  
the chosen s i  t e  environment. 

Because corros ion a c t i v i t y  can be e i t h e r  galvanic 
which proceeds continuously due t o  mater i  a1 
chemical d i f ferences,  o r  e l e c t r o l y t i c ,  which i s  
dr iven by appl i ed photovol t a i c  voltages between 
c e l l - c i r c u i t  and frame components, i t  i s  usefu l  t o  
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modify the site analysis presented in Figure 2 by 
limiting the input weather data to only hours when 
applied photovol taic volta es are present ( 1  .e., 
daylight hours ). The resugting 20-year equivalent 
daylight-only environments are presented in Figure 
3 and are a useful characterization of the 
equivalent electrolytic corrosion exposure duration 
of the various sites. Note that these equivalent 
durations are substantially less than the total 
day-plus-night (galvanic stress) exposure durations 
presented in Fiqure 2. 

I I I I , ,  , 1 1  1 1  1 
70 100 150 

CELL TEMP. l°Cl RH 1%l 
Figure 2. ~emperature-humidity test duration 

equivalent to 20-year field exposure 
at indicated sites. 

I\CTOR OF 2 PER 
0 POINTS IT*  RH) 

CELL TEMP. l*Cl + RH (%I 

Figure 3. Temperature-humidity test duration 
equivalent to 20-year field exposure 
considering only periods at indicated 
sites when applied voltages are 
present (daylight hours only). 

The general site-analysis approach outlined in the 
above examples provides a convenient means of 
comparing the relative severity of various 
operating conditions and of estimating the 
corre 1 at i on between f i el d-expos ure and 
accelerated-test durations. Additional sensitivity 
studies which have been conducted include different 
degradation mechanism rate dependencies, different 
operating temperature conditions (roof mount versus 
round mount), different humidity conditions 

?moisture sealing or long-time-constant parti a1 
sealing) and additional sites. 

111. MODULE PARAMETRIC TESTING 

The next phase of the study was directed at 
identifying the key temperature-humidity failure 
mechanisms of photovoltaic modules and obtaining 
their rate dependencies. Completing this task 
required extensive parametric testing of twelve 
module types at various stress levels. A series of 
long-term module tests were begun in August 1981 at 
Wyle Laboratories (Huntsville, AL) and included a 
test set of eighty PV modules from six different 
manufacturers. The modules represented a variety 
of c o m o n  designs with only one allowable 
configuration change (a reduced length and width to 
match test chamber dimensions). 

Specific objectives of the Wyle parametric tests 
were first to understand the temperaturelhumidity 
and electrical bias degradation mechanisms of 
typical photovoltaic modules and materials. This 
included significant degradation mechanisms that 
would result in module failure or reduced 
performance such as cracked cells, corrosion of the 
metalized cell grids used for current collection, 
discoloration of the encapsulant, corrosion of 
cell-to-cell interconnects, delamination or 
embritt lement of back covers, and diffusion of edge 
seals. Second, the tests would establish generic 
functional relationships among temperature, 
humidity, electrical bias and time for the observed 
module degradation mechanisms. Rate dependencies 
could then be derived for the key degradation 
mechanisms. 

Choosing Environments 

The "first-cut" acceleration test environments and 
exposure durations for the parametric tests were 
obtained from a review of nominal field-site module 
operating conditions and review of the Section I1 
results shown in Figures 1-3. Most of the module 
encapsulation materials are 1imited.to an elevated 
tem- perature level of 100°C Or less. Theref ore, 
a temperature value of 8S°C was selected as a 
first choice Since it was comfortably below the 
lOOOC limit for most encapsulation materials but 
high enough to provide rational test durations of 
less than six months duration. For combined 
environment testing a test environment of 85% 
and 85% relative humidity was selected. This 
choice aligned the module test levels with the 
8501385% RH environment comnon ly used in the 
semiconductor industry and the photovol taic 
cell-reliability testing at Clemson University, 
which uses 850C/85% RH. Also, the Qualification 
Test Program at JPL supporting full- sized module 
procurements uses a 10-cycle humidity-freeze test 
with a predominant upper-bound envirbnment of 
850C/85% RH. 
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Additional temperaturelhumidity environments of 
85OC/70% RH and 70°/85% RH were added to the 
parametric tests to establish separate rate 
dependences on temperature and humidity. Note that 
test-chamber exposures were kept to minimum 
durations by selecting these environments close to 
85OC/85% RH. A 400C/93% RH test level was also 
chosen for the temperaturelhumidity study, as this 
accelerated environment corresponds to European 
qualification test levels and would provide test 
data at a low module operating temperature. 

To separate completely the effects of temperature 
and humidity in causing module degradation, 
constant temperature environments of 85% and 
100°C were also selected and the measured level 
of humidity was kept below 2% RH. 

Figure 4 shows the test sche8ule and fhe six sfress 
environments imolemented at Wyle Laboratories. Two 
modules of each type were subjected to the 
environments described above; one forward biased, 
as shown in Figure 5, and one with its positive and 
negative terminal leads joined to short the module 
electrically . Test results after 180 days of 
lOOOC testing have indicated that module 
encapsulants in the Wyle data set can be 
successfully accelerated at the lOOoC limit. 
Consequently, an environmental stress of 950C/95% 
RH is currently planned as an additional trial test 
level in the parametric study. 

Insoection Details 

A significant part of the parametric testing was 
the visual and electrical performance methods of 
inspecti on used in observing and recording module 
degradation mechanisms. Inspection points were 
scheduled to provide equal increments of exposure 
on a log scale. For example, inspections were 
conducted after 10, 20, 45, 90, 180, and 360 days 
of exposure. Both unaided eye and 40-x microscope 
examinations at each inspection point provided a 
basic means of visual monitoring module physical 
degradation. Significant observations and changes 
wereprecorded on individual module "road maps" as 
they occurred, to provide a time history of 
perfomance. The primary means of recording and 
comparing module visual degradation was through 
color photography at each inspection point. 

Figure 4. Schedule for- €e-ature-humidity 
stress testing. 

w 1  
MODULE 
NEGATIVE TERMINAL 

- EXTERNAL - - POWER SUPPLY 
I - 100 ma 

Figure 5. Voltage-bias circuit for photovoltaic 
module (frame tied to negative-voltage 
terminal 1. 

- .  

I 

t 

U 

0.8 - 

0.6 - 
0.4 - 0.2t , , , , , ,yl 
0.0 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

VOLTAGE (Volts) 
Figure 6. Module &rent-voltage data illustrating 

series resistance increase with exposure 
in 85/85/vol tage-bi as environment. 

Photographs 3 each moduie, with a color key 
standard adjacent to the frame, provided a 
historical record of module degradation versus 
chamber time for each environment test level. The 
photographs allowed the magnitude of degradation on 
one module in an 850C/85% RH chamber to be 
directly compared with that of other modules of the 
same type in the 700C/85% RH, 850C/70% RH or 
400C/93% RH chambers. In this way, failure data 
was correlated and the degradation rate was 
established for visible mechanisms such as 
encapsulant discoloration. 

In addition to the visual inspections, electrical 
performance measurements, Current-Voltage ( I - V I  
curves of each module were obtained and normalized 
to standard reference conditions of 25% and 
100 mWlcm2 in a solar simulator. A comparison of 
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I - V  curves f o r  a g iven modi le  prov ided t h e  
q u a n t i t a t i v e  ( e l e c t r i c a l  1 measure o f  degradat 
associated w i t h  var ious mechanisms. F igure  6 
t h e  reduc t ion  i n  module power due t o  so lar -ce 
g r i d - l i n e  co r ros ion  t h a t  increased t h e  module 
se r ies  res is tance  w i t h  exposure i n  850/85% RH 
forward vo l tage bias. 

I V .  RESULTS 

Test r e s u l t s  are ~ r e ~ e n t e d  f o r  two f a i l u r e  

i on 
shows 

11 
' 5  
and 

mechanisms one t h a t  i s  s o l e l y  temperature-dependent' 
and another t h a t  a r i ses  i n  a combined 
temperature/humidity environment. F igure  7 shows 
data p o i n t s  f o r  a module design f e a t u r i n g  p o l y v i n y l  
b u t y r a l  (PVB) encapsulant from 85% and 100% 
environments. These p o i n t s  have t h e  same magnitude, 
of d i s c o l o r a t i o n  (ye l low ing)  and c o l l e c t i v e l y  
def ine t h e  r a t e  o f  degradation f o r  t h i s  f a i l u r e  , 
mechanism. The PVB r a t e  dependence can now be used 
t o  c o r r e l a t e  t h e  20-year f i e l d  exposure s t ress  f o r  
arrays-ln-Phoenix o r  Boston t o  g u i v _ a l e n t  
accelerated exposures. For example, modules 
subjected t o  116 days of 850C temperature 
correspond t o  a 20-year Boston exposure f o r  PVB 
d isco lo ra t ion .  S i m i l a r l y ,  360 days o f  850C o r  
140 days of lOOoC temperature correspond t o  a 
20-year Phoenix exposure. 

F igure 8 g ives the  degradation r a t e  f o r  g r i d - l i n e  
corrosion, which i s  charac te r i zed  i n  a combined 
environment p l o t  o f  temperature and r e l a t i v e  
humidity.  Since t h i s  f a i l u r e  mechanism i s  d r i ven  
by the module voltage, the  appropr ia te 20-year 
f i e l d  s i t e  environment should be equ iva len t  t o  
day l igh t -on ly  hours. Therefore, t h e  Miami (day) 
and Phoenix (day) durat ions charac te r i ze  t h e  
c o r r e c t  equiva lent  s i t e  environments f o r  
e l e c t r o l y t i c  corrosion. Using t h e  Miami (day p l u s  
n i g h t )  s i t e  environment would represent  u n r e a l i s t i c  

MODULE TYPE A 
0 MODULE TYPE B 

10 

CELL TEMPERATURE. 'C 

F igure  7. Data i i d i F a t i n g ~ p o s u W u r a f i o n  f o r  
equal d i s c o l o r a t i o n  o f  PVB under 
85OC and 100°C t e s t  environments. 

l l I I I I I I I I I I 1 1 1 ]  
70 100 150 200 

CELL TEMP IT1 + RH (51 

F igure  8. Data i n d i c a t i n g  exposure r a t e  dependence 
of g r i d - l i n e  co r ros ion  as measured from 
85/85 and 93/40 t e s t  durat ions f o r  module 
s e r i e s  res is tance  increase of 0.4 ohms. 

f i e l d  condi t ions.  By t r a n s l a t i n g  t h e  r a t e  
dependence f o r  module e l e c t r i c a l  co r ros ion  t o  the 
Miami (day) exposure, 6 days of 85% 85% RH are 
c o r r e l a t e d  w i t h  a 20-year equ iva len t  f i e l d  
environment . 

V. SUMMARY AND CONCLUSIONS 

The a n a l y t i c a l  procedure f o r  c o r r e l a t i n g  t ime- 
va ry ing  f i e l d  exposures t o  constant-s t ress-  
accelerated environments has been descr ibed 
gener i ca l l y .  I t s  a p p l i c a t i o n  requ i res  a d e t a i l e d  
knowledge of product  failure-mechanism s t ress  
dependencies and f i e l d - s i  t e  s t ress  leve ls .  The 
s i t e  s p e c i f i c  na tu re  o f  t h e  procedure can be 
developed w i t h  the  use o f  SOLMET weather data w h i l ~  
product  fai lure-mechanism r a t e s  are obta ined from a'  
s e r i e s  o f  parametr ic  t e s t s  o r  from a fundamental 
understanding o f  t h e  under l y ing  phys ica l  
degradation mechanism. 

The methodology was i l l u s t r a t e d  by us ing  photo- 
v o l t a i c  module degradation r a t e s  obta ined f rom 
long-term environmental t e s t s  and c o r r e l a t i n g  
accelerated t e s t  l e v e l s  t o  equ iva len t  20-year f i e l d  
s i t e  exposures f o r  product  l i f e  assessments. A 
useful means has been presented f o r  c o r r e l a t i o n  and 
comparing f i e l d  s i t e  and q u a l i f i c a t i o n  t e s t  l e v e l s  
and product  opera t ing  cond i t i ons .  A1 so, designers 
can assess benign o r  "worst-case" f i e l d  s i t e s  f o r  a 
given product.  The approach i s  l i m i t e d ,  however, 
i f  accelerated envi rons e x c i t e  degradation 
synergisms. 
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