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As p a r t  of t h e  Uni ted S ta tes  Na t iona l  Pho tovo l ta i cs  Program, t h e  J e t  Propuls ion 
Labora to ry ' s  F l a t - P l a t e  Solar  Array (FSA) P r o j e c t  has maintained a comprehensive 
r e l i a b i l i t y  and engineer ing sciences a c t i v i t y  addressed toward understanding t h e  
r e l i a b i l i t y  a t t r i b u t e s  o f  t e r r e s t r i a l  f l a t - p l a t e  p h o t o v o l t a i c  a r rays  and t o  
d e r i v i n g  t h e  ana lys is  and design t o o l s  necessary t o  achieve module designs w i t h  a 
30-year u s e f u l  l i f e .  This  paper prov ides an overview o f  t h e  r e l i a b i l i t y  research 
approach be ing  used and h i g h l i g h t s  s i g n i f i c a n t  r e s u l t s  t o  date. 

1. I n t r o d u c t i o n  
Over the  pas t  decade, research d i r e c t e d  a t  

improvin t h e  r e l i a b i l i t y  o f  t e r r e s t r i a l  photo- 
v o l t a i c  VPV) modules has made s u b s t a n t i a l  pro-  
gress. During the  1970s s i g n i f i c a n t  advances 
were f i r s t  made through t h e  systematic i d e n t i f i c a -  
t i o n  o f  f a i l u r e  mechanisms i n  f i e l d  a p p l i c a t i o n  
experiments and through t h e  development and use 
o f  q u a l i f i c a t i o n  t e s t s  d i r e c t e d  a t  these mechan- 
isms. The t e s t  l e v e l s  were c a r e f u l l y  se lected 
and rev ised  w i t h  t ime  so as t o  f a i l  pas t  module 
designs w i t h  a known h i s t o r y  o f  f i e l d  problems 
and t o  pass modules w i t h  good f i e l d  p e r f  ormance. 

A f t e r  t h e  e a r l y  degradation mechanisms such 
as encapsulant de laminat ion and in te rconnec t  
f a t i g u e  were solved t o  t h e  p o i n t  o f  pass ing t h e  
q u a l i f i c a t i o n  tes ts ,  research a t  3PL has been 
i n c r e a s i n g l y  focused on t h e  problem o f  achiev ing 
t r u l y  long-1 i f e  (20- t o  30-year) performance. 
Th is  p u r s u i t  has l e d  t o  t h e  e v o l u t i o n  o f  a  
r e l i a b i l i t y  methodology t h a t  i s  t h e  sub jec t  o f  
t h i s  paper. 

2. A R e l i a b i l i t y  Methodoloqy f o r  Pho tovo l ta i cs  
Achiev ing 20- t o  30-year l i f e  represents a 

formidable chal lenge t o  t h e  module developer 
because of t h e  general lack o f  technology enabl- 
i n g  p r e d i c t i o n  o f  the  r e s u l t s  o f  t h e  complex 
chemical and phys ica l  reac t ions  invo lved  i n  long- 
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term aging. Wi thout  an accurate means o f  p r e d i c -  
t i o n ,  s e l e c t i o n  o f  des ign a l t e r n a t i v e s  and prob- 
lem s o l u t i o n s  must r e l y  upon h i s t o r i c a l  t rends 
and q u a l i t a t i v e  assessments such as q u a l i f i c a -  
t i o n  t e s t s .  This problem i s  obv ious ly  no t  unique 
t o  the  p h o t o v o l t a i c s  indust ry ;  i n  f a c t ,  t h e  d i f f i -  
c u l t y  i s  f a r  g rea te r  w i t h  more complex systems. 
Pho tovo l ta i cs  has an impor tant  advantage over 
more complex a l t e r n a t i v e  technologies; t h e  ve ry  
l i m i t e d  number o f  d i f f e r e n t  types o f  compon- 
ents  invo lved  i n  a PV system al lows a g rea te r  
l e v e l  o f  r e l i a b i l i t y  research and t e s t i n g  per 
mechanism. On t h e  o ther  hand, i f  a component o f  
a  p h o t o v o l t a i c  module has a gener ic  problem, a 
l a r g e  f r a c t i o n  o f  t h e  PV system may be a t  r i s k - - a  
c l a s s i c  case o f  hav ing a l l  o f  your  eggs i n  one 
basket. 

The general nature o f  pho tovo l ta i cs ,  w i t h  i t s  
1  i m i  ted  number o f  f a i l u r e  mechanisms, both a1 lows 
and demands a somewhat d i f f e r e n t  approach t o  
achiev ing long  l i f e  than may be appropr ia te,  o r  
poss ib le ,  w i t h  a l t e r n a t e  technologies. 

Dur ing t h e  pas t  few years, JPL research 
d i r e c t e d  a t  achiev ing 20- t o  30-year module l i f e  
has evolved i n t o  a general methodology w i t h  s i x  
major elements: 

1) I d e n t i f i c a t i o n  o f  key degradation 
mechanisms 

2 )  Establ ishment o f  mechanism-specific 
r e l i a b i l i t y  goals 

3) Q u a n t i f i c a t i o n  o f  mechanism parameter 
dependencies 

4 )  Development o f  degradat ion p r e d i c t i o n  
met hods 

5) I d e n t i f i c a t i o n  o f  c o s t - e f f e c t i v e  
s o l u t i o n s  

6) Tes t ing  and f a i l u r e  analys is  o f  t r i a l  
so lu t ions .  

Although a s u b s t a n t i a l  degree o f  synergism 
e x i s t s  among these elements, i t  i s  use fu l  t o  
address each separately. 
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2.1 I d e n t i f i c a t i o n  o f  Key Degradation Mechanisms 
A t  t h e  r o o t  o f  achiev ing l o n g - l i f e  modules i s  

ensur ing t h a t  a l l  t h e  impor tant  problems are 
i d e n t i f i e d ,  and t h a t  excessive resources are n o t  
expended on "non-problems". This  i s  eas ie r  sa id  
than done. Experience t o  date i n d i c a t e s  t h a t  the  
most convinc ing evidence o f  a  problem i s  w e l l  
documented f i e l d  f a i l u r e s .  Th is  requ i res  c a r e f u l  
mon i to r ing  o f  f i e l d  a p p l i c a t i o n s  w i t h  s t a t i s t i -  
c a l l y  s i g n i f i c a n t  numbers o f  modules, and an 
a c t i v e  p rob lem- fa i lu re  r e p o r t i n g  system. D e t a i l  - 
ed f a i l u r e  ana lys is  t o  i d e n t i f y  t h e  fundamental 
f a i l u r e  mechanism i s  a c r i t i c a l  step. 

F a i l u r e s  observed dur ing  q u a l i f i c a t i o n  
t e s t i n g  are a lso  g e n e r a l l y  i n d i c a t i v e  o f  a  prob- 
lem, b u t  are much less  convinc ing due t o  t h e  
small number o f  samples i n  t e s t  and t h e  lack o f  
q u a n t i t a t i v e  c o r r e l a t i o n  t o  f i e l d  performance. 
S i m i l a r l y ,  good performance i n  non-operat ing 
f i e l d  t e s t  racks, as contrasted t o  performance i n  
opera t ing  p h o t o v o l t a i c  systems, has been found t o  
be a  necessary, b u t  no t  s u f f i c i e n t ,  c o n d i t i o n  f o r  
long  l i f e .  I n  e f f e c t ,  t h e  system i n t e r f a c e  
s t resses such as app l ied  vo l tages and cur ren ts  
have been found t o  p l a y  a  s i g n i f i c a n t  r o l e  i n  
p h o t o v o l t a i c  f a i l u r e  mechanisms. Hot-spot heat- 
i n g  f a i l u r e s ,  shor ts  t o  ground, and i n - c i r c u i t  
arcs are impor tant  examples o f  f a i l u r e s  t h a t  
requ i red  opera t ing  systems f o r  q u a n t i f i c a t i o n .  

Unfor tunate ly ,  none o f  t h e  f a i l u r e - i d e n t i f i -  
c a t i o n  techniques discussed above i s  e f f e c t i v e  i n  
i d e n t i f y i n g  f a i l u r e  mechanisms t h a t  o n l y  show up 
a f t e r  prolonged f i e l d  exposure. For  t h i s  we must 
r e l y  on in termediate leng th  (6-month t o  2-year) 
t e s t s  t h a t  i nc lude  t h e  r e l e v a n t  s t resses and 
achieve acce le ra t ion  l e v e l s  o f  10 t o  50. 

Our experience has shown t h a t  t h e  most r e l i -  
ab le  acce le ra to r  f o r  a  v a r i e t y  o f  mechanisms i s  
increased temperature. However, increased humi- 
d i t y ,  app l ied  vo l tage,  and accentuated s t ress  
c y c l i n g  are a1 so use fu l  acce le ra to rs  f o r  c e r t a i n  
mechanisms. The c e l l  t e s t i n g  a t  Clemson Univer- 
s i t y ,  module t e s t i n g  a t  Wyle Laborator ies,  and 
encapsulant t e s t i n g  a t  Springborn Labora to r ies  
are examples o f  key research a c t i v i t i e s  addressed 
t o  i d e n t i f y i n g  important long-term f a i l u r e  
mechanisms (1, 2 ,  3 ) .  

An a d d i t i o n a l  element o f  these t e s t  programs 
i s  t h e  i n c l u s i o n  o f  a  v a r i e t y  t o  t e s t  a r t i c l e s  
f rom var ious manufacturers. Th is  a l lows separa- 
t i on o f  gener ic  problems f rom manuf acturer-spe- 
c i f i c  o r  process-speci f ic  problems. 

2.2 Establ ishment o f  Mechanism-Specific 
R e l i a b i l i t y  Goals 

Once t h e  key mechanisms have been i d e n t i f i e d ,  
t a r g e t  degradation a1 l o c a t i o n s  must be e s t a b l i s h -  
ed f o r  each, cons is ten t  w i t h  t h e  des i red  economic 
l i f e .  A  c r i t i c a l  step i n  t h i s  process i s  quan t i -  
f y i n g  t h e  economic importance a t  t h e  system l e v e l  
o f  each f a i l u r e  o r  degradation occurrence. For  
some mechanisms such as encapsulant s o i l i n g ,  t h e  
economic impact i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
degradation l e v e l  and i s  e a s i l y  ca lcu lated.  For 
others, such as o p e n - c i r c u i t  o r  s h o r t - c i r c u i t  
f a i l u r e s  o f  i n d i v i d u a l  s o l a r  c e l l s ,  e labora te  
s ta t i s t i ca l -economic  analyses t h a t  inc lude  t h e  
e f f e c t s  o f  c i r c u i t  redundancy, maintenance 
p rac t i ces ,  and l i f e - c y c l e  c o s t i n g  are requ i red  
(4, 5) .  Without such analyses, f a i l u r e  l e v e l s  
cannot be i n t e r p r e t e d  w i t h  meaning. 

Table 1. System L i fe -Cyc le  Energy Cost Impact 
and Al lowable Degradation Levels  fo r  
F l a t - P l a t d  C r y s t a l l i n e  S i l i c o n  Modules. 

Component 
failures 

Power 

Module 
failures 

Life-limiting Encapsulant failure due 35 End of 
wearout to loss of stabilizers life 

'k = Discount rate 

Table 1 l i s t s  13 p r i n c i p a l  f a i l u r e  mechanisms 
f o r  f l a t - p l a t e  c r y s t a l l i n e - s i l i c o n  p h o t o v o l t a i c  
modules, toge ther  ~ 4 t h  t h e i r  economic s i g n i f i -  
cances and t a r g e t  a l l o c a t i o n  l e v e l s  ( 5 ) .  The 
u n i t s  o f  degradation l i s t e d  i n  t h e  t h i r d  column 
p rov ide  a  convenient means o f  q u a n t i f y i n g  t h e  
f a i l u r e  l e v e l s  o f  the  i n d i v i d u a l  mechanisms 
according t o  t h e i r  approximate t ime dependence. 
For example, u n i t s  o f  %/yr i n  t h e  con tex t  o f  
component o r  module f a i l u r e s  r e f l e c t  a  constant  
percentage o f  components f a i l i n g  each year. For 
components t h a t  f a i l  w i t h  inc reas ing  r a p i d i t y ,  
percent  per year per  year (%/y2) i s  t h e  u n i t  
used t o  i n d i c a t e  l i n e a r l y  inc reas ing  f a i l u r e  
ra te .  This f a i l u r e  t rend  i s  most e a s i l y  i n t e r -  
p re ted  by n o t i n g  t h a t  t h e  f a i l u r e  r a t e  a f t e r  (A) 
years i s  (A) t imes t h e  %ly2 value. For those 
mechanisms c l a s s i f i e d  under power degradation, 
t h e  %/y r  u n i t s  r e f e r  t o  t h e  percentage o f  power 
reduc t ion  each year. 

Using t h e  u n i t s  described above, columns 4 
and 5 o f  Table 1  i n d i c a t e  t h e  l e v e l  o f  degrada- 
t i o n  f o r  each mechanism t h a t  w i l l  r e s u l t  i n  a  10% 
increase i n  the  cos t  o f  d e l i v e r e d  energy f rom a  
l a r g e  PV system. Because t h e  mechanisms w i l l  
genera l l y  occur concurrent ly ,  t h e  t o t a l  cos t  
impact i s  t h e  sum o f  the  13 cos t  c o n t r i b u t i o n s .  
Column 6 l i s t s  the  strawman a l l o c a t i o n  o f  a l low-  
able degradation among t h e  13 mechanisms t o  
achieve a  t o t a l  r e 1  i abi  1  i ty  performance consis-  
t e n t  w i t h  expectat ions o f  a  30-year l i f e .  The 
t o t a l  e f f e c t  o f  t h e  a l lowable l e v e l s  i s  a  20% 
increase i n  the  cos t  o f  energy over t h a t  f rom a  
per fec t ,  f a i l u r e - f r e e  system. The d i s t r i b u t i o n  
among t h e  mechanisms r e f l e c t s  t h i s  au thor ' s  best  
judgment i n  l i g h t  o f  l i k e l y  achievable leve ls .  

2.3 Q u a n t i f i c a t i o n  o f  Mechanism Parameter 
Dependencies 

Once the  key f a i l u r e  mechanisms have been 
i d e n t i f i e d  and q u a n t i t a t i v e  goals es tab l i shed  f o r  
f i e l d - f a i l u r e  leve ls ,  t h e  chal lenge i s  t o  achieve 
t h e  l e v e l s  and know t h a t  they have been achiev- 
ed. Th is  ve ry  d i f f i c u l t  phase i s  d iv ided  i n t o  
th ree  research elements: q u a n t i f i c a t i o n  of 
parameter dependencies, development o f  degrada- 
t i o n  p r e d i c t i o n  methods, and i d e n t i f i c a t i o n  of 
c o s t - e f f e c t i v e  so lu t ions .  

The major obs tac le  t o  p r e d i c t i n g  f i e l d  l i f e  
f o r  any s p e c i f i c  mechanism i s  t h e  complex depen- 
dency o f  the  degradation o r  f a i l u r e  r a t e  on t h e  
l a r g e  number o f  f i e l d - s t r e s s  parameters, system- 



opera t ing  parameters, component-design paramet- 
ers, and manuf actur ing-process ing parameters. 
Without a  q u a n t i t a t i v e  understanding o f  t h e  
p r i n c i p a l  parameter dependencies, i t  i s  v i r t u a l l y  
impossib le  t o  make sense ou t  o f  accelerated o r  
f i e l d  t e s t  data. 

I d e a l l y ,  the  most e f f e c t i v e  means o f  q u a n t i f y -  
i n g  the  mechanism parameter dependencies i s  t o  
thoroughly  understand the  chemical and phys ica l  
processes invo lved  i n  t h e  degradation. Unfor-  
tuna te ly ,  t h i s  l e v e l  o f  understanding i s  never 
achieved; ins tead  one must s e t t l e  f o r  a  q u a l i t a -  
t i v e  i n s i g h t  i n t o  the  mechanism physics. Such 
i n s i g h t  i s  inva luab le  i n  i d e n t i f y i n g  t h e  p r i n c i -  
p a l  degradation parameters and q u a l i t a t i v e l y  
understanding t h e i r  i n f luence .  

I n  the  case o f  in terconnect  fa t igue ,  f o r  
example, i t  i s  w e l l  known t h a t  t h e  l e v e l  o f  
f a t i g u e  i s  almost s o l e l y  dependent upon t h e  l e v e l  
o f  peak mechanical s t r a i n  i n  t h e  in te rconnec t  
m a t e r i a l  and on t h e  number of cyc les of s t r a i n  
a p p l i c a t i o n .  Based on t h i s  knowledge, one can 
use phys ica l  p r i n c i p l e s  t o  d e r i v e  t h e  dependency 
o f  f a t i g u e  l e v e l  on in terconnect  geometry, 
m a t e r i a l  c o e f f i c i e n t s  o f  expansion, and module 
temperature and humid i t y  v a r i a t i o n s  ( 6 ) .  

The problem t h a t  remains i s  q u a n t i f y i n g  t h e  
f a i l u r e  s t a t i s t i c s  o f  an in te rconnec t  m a t e r i a l  as 
a f u n c t i o n  o f  peak s t r a i n  and number o f  cycles. 
F igure  1 represents such a de te rmina t ion  based on 
l e a s t  squares f i t t i n g  a general mathematical 
f u n c t i o n  through a l a r g e  q u a n t i t y  o f  emp i r i ca l  
t e s t  data gathered a t  parametr ic  s t r a i n  l e v e l s  
(6 ) .  Th is  l a t t e r  technique of us ing  c a r e f u l l y  
se lected mathematical f u n c t i o n s  t o  u n i f y  and 
i n t e r p o l a t e  among parametr ic  t e s t  data has been 
found t o  be an e x c e l l e n t  way t o  quan t i f y  
mechanism parameter dependencies (2, 6, 7 ) .  
Knowledge o f  t h e  mechanism physics p lays  a key 
r o l e  i n  s e l e c t i n g  t h e  experimental parameters t o  
be measured and i n  choosing t h e  form o f  t h e  
mathematical f u n c t i o n s  t o  be f i t  t o  t h e  data. 

2.4 Development o f  Degradation P r e d i c t i o n  Methods 
Once t h e  parameter dependencies are defined, 

t h e  problem o f  degradation p r e d i c t i o n  i s  
e s s e n t i a l l y  reduced t o  determin ing t h e  t ime 
h i s t o r y  o f  app l ied  s t resses associated w i t h  t h e  
sub jec t  exposure, be i t  30 years o f  f i e l d  weath- 
er ing,  o r  6  months i n  an accelerated t e s t  e n v i r -  
onment. Although t h e  mathematical d e s c r i p t i o n  i s  
easy, n e i t h e r  f u l l y  c h a r a c t e r i z i n g  t h e  parameter 
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F ig .  1. Fa t igue  curves f o r  OFHC 1/4-hard 
copper versus f a i l u r e  p r o b a b i l i t y  ( p ) .  
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Fig.2. In terconnect  f a t i g u e  l i f e  p r e d i c t i o n  
f rom -400C t o  +900C thermal c y c l e  t e s t  
(OFHC 1/4-hard copper). 

dependencies nor accura te ly  model ing t h e  env i ron-  
ment i s  accomplishable w i t h  f i n i t e  resources and 
time. Engineer ing s k i l l  i s  i nvo lved  i n  achiev ing 
an adequately accurate p r e d i c t i o n  w i t h  a v a i l a b l e  
resources. 

For t h e  p r e v i o u s l y  mentioned in terconnect  
f a t i g u e  example, f i e l d  experience ind ica tes  t h a t  
t h e  p r imary  f a t i g u e  c y c l i n g  s t r a i n  f o r  rack-  
mounted modules i s  caused by the  approximately 
460C d i u r n a l  temperature swing experienced. 
This s i m p l i f i e d  c h a r a c t e r i z a t i o n  o f  t h e  app l ied  
environmental s t ress,  coupled w i t h  knowledge o f  
t h e  module's thermal expansion c h a r a c t e r i s t i c s  
and f a t i g u e  c h a r a c t e r i s t i c s  (F ig.  I ) ,  a l lows a 
s u r p r i s i n g l y  accurate p r e d i c t i o n  o f  f i e l d  l i f e ,  
o r  o f  t h e  acce le ra t ion  f a c t o r  o f  a  thermal- 
c y c l i n g  t e s t  (F ig .  2) (6 ) .  

I n  recen t  years a v a r i e t y  o f  environmental 
s t ress  c h a r a c t e r i z a t i o n s  have been developed a t  
JPL. These inc lude  models o f  h a i l  impact 
p r o b a b i l i t y ,  wind load ing  pressures, and a r ray  
vo l tage  and c u r r e n t  dura t ions  ( 5 ) .  I n  a d d i t i o n  
SOLMET weather data tapes have been used exten- 
s i v e l y  t o  model module u l t r a v i o l e t ,  temperature, 
and humid i t y  exposure l e v e l s  ( 2 ) .  These models 
are combined w i t h  complex e lect rochemical  co r ro -  
s ion  and photothermal degradat ion parameter 
dependencies i n  an attempt t o  achieve use fu l  l i f e  
p r e d i c t i o n s  f o r  these mechanisms ( 7 ) .  

2.5 I d e n t i f i c a t i o n  o f  Cos t -E f fec t i ve  So lu t ions  
Although convinc ing l i f e - p r e d i c t i o n s  are o f  

g rea t  ass is tance i n  developing r e 1  i a b l e  modules, 
t h e y  p l a y  an even more impor tant  r o l e  i n  devel- 
op ing c o s t - e f f e c t i v e  modules. Cost e f fec t i veness  
r e q u i r e s  t r a d e - o f f s  o f  degradation rates,  f a i l u r e  
rates,  and l i f e  against  i n i t i a l - m a n u f a c t u r i n g  
costs, f ie ld-maintenance costs, and l o s t  energy 
revenues. 

The a r t  of e s t i m a t i n g  manufactur ing costs  i s  
modestly w e l l  developed, as are techniques f o r  
e s t i m a t i n g  maintenance costs  and l o s t  energy 
revenues f o r  a  p r e d i c t e d  l e v e l  o f  f i e l d  f a i l -  
ures. L i f e - c y c l e  c o s t i n g  serves as an e x c e l l e n t  
mathematical t o o l  f o r  i n t e g r a t i n g  these d ispara te  
economic terms and a l lows cos t -e f fec t i veness  t o  
be quan t i f i ed  and t r a d e - o f f s  t o  be made (4, 6) .  
Models f o r  p r e d i c t i n g  the  system economic impact 



o f  i n d i v i d u a l  f a i l u r e s  are requ i red  here, as they  
were a lso  i n  e s t a b l i s h i n g  t h e  q u a n t i t a t i v e  r e l i a -  
b i l i t y  goals  described e a r l i e r .  A  necessary p a r t  
o f  d e f i n i n g  c o s t - e f f e c t i v e  s o l u t i o n s  i s  r e c o n c i l -  
i n g  and i t e r a t i n g  the  i n i t i a l  goals w i t h  the 
r e a l i t i e s  o f  a v a i l a b l e  technologies used i n  t h e  
most cost-optimum manner. I f  t h e  a v a i l a b l e  tech- 
no logies f a l l  shor t ,  e i t h e r  technology advances 
are requi red,  o r  cos t  t a r g e t s  must be ra ised .  

As an exemplary i d e n t i f i c a t i o n  o f  cos t -  
e f f e c t i v e  so lu t ions ,  Fig. 3  presents the  l i f e -  
c y c l e  energy cos t  (as a  percentage o f  t o t a l  PV 
system c o s t )  f o r  a  v a r i e t y  o f  s o l a r  c e l l  i n t e r -  
connect m a t e r i a l s  as a  f u n c t i o n  o f  t h e  in te rcon-  
nect  th ickness (6 ) .  The p l o t t e d  costs  inc lude  
manufactur ing costs, e f f i c i e n c y  1  osses due t o  
s o l a r  c e l l  shading and I ~ R  losses, and power 
degradation due t o  in te rconnec t  f a t i g u e  f a i l -  
ures. The l a t t e r  are respons ib le  f o r  t h e  r a p i d l y  
r i s i n g  t rend  on t h e  r i g h t  s ide  o f  each cos t  
curve. Such an ana lys is  a l lows q u a n t i t a t i v e  
judgments t o  be made and c o s t - e f f e c t i v e  l e v e l s  o f  
r e l i a b i l i t y  t o  be selected. 

An impor tant  cons idera t ion  i n  t h e  i d e n t i f i c a -  
t i o n  o f  c o s t - e f f e c t i v e  s o l u t i o n s  i s  m in im iz ing  
s e n s i t i v i t i e s  t o  processing v a r i a t i o n s  and design 
u n c e r t a i n t i e s .  I n  F ig.  3 t h i s  imp l ies  avoid ing 
in te rconnec t  c o n f i g u r a t i o n s  associated w i t h  
p o i n t s  on o r  near r a p i d l y  r i s i n g  p o r t i o n s  o f  t h e  
curves. The copper c l a d  mate r ia l s ,  w i t h  t h e i r  
broad f l a t  minimums, are found t o  have a  c l e a r  
advantage i n  t h i s  respect.  

2.6 Tes t ing  and F a i l u r e  Ana lys is  o f  T r i a l  
So lu t ions  

The f i r s t  and l a s t  c r i t i c a l  step i n  any 
r e l i a b i l i t y  program i s  extens ive type-approval 
t e s t i n g  o f  t h e  complete product.  Such t e s t i n g  
cu ts  across t h e  e n t i r e  r e l i a b i l i t y  development 
e f f o r t  f rom beginning t o  end. I t p lays  a  key 
r o l e  i n  t h e  i d e n t i f i c a t i o n  o f  f a i l u r e  mechanisms, 
i n  t h e  i l l u m i n a t i o n  o f  parameter dependencies, i n  
t h e  s e l e c t i o n  o f  c o s t - e f f e c t i v e  so lu t ions ,  and i n  
t h e  v e r i f i c a t i o n  o f  f i n a l  designs. By t h e  end o f  
t h e  r e l i a b i l i t y  e f f o r t ,  t e s t s  w i t h  q u a n t i t a t i v e  
c o r r e l a t i o n  t o  f i e l d  a p p l i c a t i o n  should be a v a i l -  
able, based on t h e  parameter dependencies de te r -  
mined and t h e  p r e d i c t i o n  a lgor i thms developed. A  
key element o f  complete-product t e s t i n g  i s  i n c l u -  
s ion  o f  t h e  s y n e r g i s t i c  reac t ions  between a l l  o f  
t h e  components, i n c l u d i n g  l i k e l y  i n t e r f a c i n g  
components on t h e  u s e r ' s  s ide  o f  t h e  i n t e r f a c e .  
Th is  l a t t e r  cons idera t ion  i s  one o f  t h e  reasons 
f i e l d - a p p l i c a t i o n  data are more convinc ing than 
l a b o r a t o r y  t e s t  data--they inc lude  i n t e r a c t i o n  
w i t h  t h e  user. 

3. Sumary  Remarks 
Achiev ing 3 0 - y e a r - l i f e  f l a t - p l a t e  PV modules 

requ i res  a  systematic approach t o  t h e  i d e n t i f i c a -  
t i o n  o f  f a i l u r e  mechanisms, t o  t h e  establ ishment  
o f  a l l owab le  f a i l u r e  leve ls ,  t o  t h e  development 
o f  f a i l u r e - r a t e  p red ic t ions ,  and t o  t h e  develop- 
ment o f  c o s t - e f f e c t i v e  so lu t ions .  I n  add i t i on ,  
qua1 i t y  c o n t r o l  p r a c t i c e s  must be in t roduced t o  
ma in ta in  t h e  designed-in q u a l i t y  dur ing  t h e  
p roduc t ion  phase. Based on t h i s  methodology, t h e  
r e l i a b i l i t y  o f  f l a t - p l a t e  c r y s t a l l i n e - s i l i c o n  
p h o t o v o l t a i c  modules has s t e a d i l y  increased over 
t h e  pas t  10 years. From 5 - y e a r - l i f e  modules o f  
t h e  e a r l y  1970s have come t h e  10- t o  2 0 - y e a r - l i f e  

Fig.3. L i f e - c y c l e  cos t  c o n t r i b u t i o n  o f  doubly 
redundant in te rconnec ts  as a  f u n c t i o n  of 
m a t e r i a l  th ickness ( 1  m i l  = 0.0254 mm). 
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modules o f  today and a n t i c i p a t i o n  o f  30 -year - l i f e  
modules i n  the  f u t u r e .  
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